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A B S T R A C T

The blood-nerve barrier (BNB) consisting of the perineurium and endoneurial vessels is sealed by tight junction
proteins. BNB alterations are a crucial factor in the pathogenesis of peripheral neuropathies. However, barrier
opening, e.g. by tissue plasminogen activator (tPA), can also facilitate topical application of analgesics. Here, we
examined tPA both in the pathophysiology of neuropathy-induced BNB opening or via exogenous application
and its effect on the cytoplasmatic tight junction protein anchoring protein, zona occludens-1 (ZO-1), the ad-
herens molecule JAM-C and microRNA(miR)-155-5p. Specifically, we investigated whether tPA alone and
barrier opening lead to pain behavioral changes, i.e. hyperalgesia, or whether these effects require further
factors.

Male Wistar rats underwent chronic constriction injury (CCI) or were treated by a single perisciatic appli-
cation of recombinant (r)tPA. CCI elicited mechanical allodynia, tPA mRNA upregulation, macrophage invasion,
BNB leakage for large molecule tracers, downregulation of ZO-1 and JAM-C mRNA/protein, and a loss of im-
munoreactivity of both in perineurium and endoneurial cells. Similarly, after perisciatic rtPA injection, ZO-1 and
JAM-C mRNA as well as cytosolic/membrane protein and ZO-1 immunoreactivity were downregulated, and the
BNB was opened. Neither mechanical hypersensitivity nor macrophage infiltration was observed after rtPA in
contrast to CCI. Mechanistically, miR-155-5p, which is known to destabilize barriers and tight junction proteins
like claudin-1 and ZO-1, was increased in CCI and to lesser extent after rtPA application. In summary, tPA
transiently opens the BNB possibly via miR-155-5p. However, tPA does not provoke allodynia in the absence of a
neuropathic stimulus like a ligation or inflammation.

1. Introduction

Neuropathic pain is defined as pain caused by a lesion or disease of
the somatosensory nervous system. It can arise from several etiologies.
With a prevalence of 7–10% [43], it is not only wearing on the patients
affected but constitutes also significant socioeconomic burden. More-
over, as classical analgesic agents such as opioids are not very effective,
treatment still proves difficult necessitating the identification of new
targets [10].

A number of peripheral molecular mechanisms have been identified
that contribute to neuropathy, e.g. inflammatory or regenerational

pathways. TPA has been recognized as one such factor. tPA causes fi-
brinolytic activity after CCI, thereby facilitating functional recovery of
the affected nerve [49,53]. On the other hand, tPA is associated with
increased neuronal excitability and mechanical hypersensitivity after
peripheral nerve injury or when given intrathecally [4,45]. RtPA is
widely used for lysis therapy in thromboembolic stroke. In addition,
rtPA increases blood brain barrier (BBB) permeability via down-
regulation of the tight junction protein claudin-5, occludin and in-
tracellular scaffolding protein ZO-1 due to increased matrix metallo-
proteinases (MMP)-9 activity [25]. Recently, we could show that in the
peripheral nerve, rtPA downregulates tight junction proteins in the BNB
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via binding to Low Density Lipoprotein Receptor-related Protein 1
(LRP-1) and ERK phosphorylation [47].

The BNB consists of the perineurium surrounding nerve fascicles
and the endothelium of endoneurial blood vessels [32]. Perineurial cells
or endoneurial cells are connected by adherens junctions and sealed by
tight junctions. In the perineurium, we and others have already shown
expression of occludin, claudin-1, claudin-3, claudin-19, tricellulin and
ZO-1 [13,20,26,36]. ZO-1 is required for the organization of the in-
tegral membrane proteins linking junctional molecules such as claudin
and occludin to the actin cytoskeleton via its PDZ domain. It is thus
crucial for tight junctions sealing: In ZO-1 knockout mice, yolk sac
defects lead to embryonic lethality at around E11.5 [16]. Cadherins and
catenin as well as junctional adhesion molecules (JAMs) form adherens
junctions. The family of JAMs comprises JAM-A, eB, and eC and be-
longs to the immunoglobulin superfamily. Through its intracellular C-
terminal type II PDZ binding motif, JAMs interact with scaffolding
molecules such as ZO-1 and the actin skeleton [8,15]. JAM-C has been
primarily identified in vascular and epithelial cells. In the peripheral
nerve, it is found in junctional regions of Schwann cells [37] and is
crucial for the integrity of myelinated peripheral neurons. In peripheral
neuropathy, the BNB is unsealed with a reduction in the scaffolding
protein ZO-1 [20] allowing for the invasion of leukocytes and the dif-
fusion of potentially neurotoxic mediators like cytokines to elicit pain.
After sciatic crush injury, Avari et al. showed downregulation of JAM-C,
followed by recuperation in the further course, correlating with re-
myelination of neurons [3].

MiRs are small, ~20 nt long non-coding single-stranded RNAs.
Mature miRNAs form imperfect homology with the 3′UTR in a target
mRNA, thereby preventing translation or promoting mRNA degrada-
tion. MiR-29b is a regulator of claudin-1 in the intestinal barrier [51],
and miR-125 of the BBB [31]. Also miR-155 is known to affect barriers:
overexpression in endothelial cells inhibits endothelial cell proliferation
and migration. Both in vivo and in vitro, it increases vascular en-
dothelial permeability via re-endothelialization [50]. Another recent
study on the BBB showed the effect of miR-155 on endothelial tight
junctions after oxygen-glucose deprivation (OGD). MiR-155 inhibitors
attenuate the effect of OGD, i.e. result in an increase of not only the
direct target claudin-1, but also ZO-1. Moreover, interaction between
these two tight junction proteins is strengthened, leading to endothelial
membrane stabilization [29]. Moreover, the miR destabilizes BBB
function in neuroinflammation: Lopez-Ramirez et al. showed a strong
upregulation of miR-155-5p at the neurovascular unit in human mul-
tiple sclerosis and its rodent equivalent autoimmune encephalomyelitis,
leading to junctional disorganization and increased permeability by
targeting claudin-1 [22]. [29].

In the peripheral nerve, tPA binds to LRP-1 [47]. LRP-1 agonists are
also known to induce miR-155-5p [23]. Thus, an effect of tPA on the
BNB by increasing permeability via miR-155 induction is conceivable.
This study was therefore designed to explore the role of (r)tPA in per-
ipheral neuropathy and after perineural administration, notably its ef-
fect on BNB homeostasis with respect to scaffolding protein ZO-1 and
JAM-C as well as on miR-155-5p. To this end, two conditions, CCI and
perineural rtPA injection, were compared.

2. Materials and methods

2.1. Animals, models and treatment schedules

Animal protocols were approved by the animal care committee of
the provincial government of Würzburg. Male Wistar rats (Janvier labs,
Le Genest-St-Isle, France) weighing 180–250 g, free of pathogenic mi-
croorganisms, were housed in groups of six in cages in a circadian light
rhythm (12 h:12 h light/dark cycle, 21–25 °C, 45–55% humidity) with
food and water ad libitum as well as enrichment tools. Animals were
randomly assigned to treatments so that treated and control animals
were in different number in one cage. Experiments were conducted

during daytime and at indicated time points. Handling procedures were
in accordance with international guidelines for the care and use of la-
boratory animals (EU Directive 2010/63/EU for animal experiments)
and the guidelines of the IASP [14]. Score sheets with defined end
points were used daily for animal well-being.

Three experimental groups were compared in neuropathy experi-
ments at different time points: CCI, sham and naïve (control) rats. CCI
was accomplished by exposing the sciatic nerve at the right mid-thigh
and placing four loose silk ligatures (4/0 Permasilk, Ethicon Inc.,
Somerville, NJ, USA) with about 1-mm spacing around the nerve under
deep isoflurane anesthesia (maintenance with 2 Vol%, FiO2 1.0).
Absence of paw withdrawal indicated adequate surgical anesthesia.
Great care was taken to avoid harming the nerve with surgical tools.
The wound was closed with sutures (Prolene 3.0, Ethicon Inc.,
Somerville, NJ, USA). In sham-operated rats, the sciatic nerve was
briefly exposed without introducing or performing ligatures. [18,35].

For BNB opening, rtPA was applied perineurally. Two experimental
groups were compared: rtPA and solvent-treated control rats. Under
brief isoflurane anesthesia (2 Vol%, FiO2 1.0), the right sciatic nerve
was located using a 22 G atraumatic needle (to avoid intraneural in-
jection) connected to a nerve stimulator (Stimuplex Dig RC; Braun,
Melsungen, Germany) as previously described [54]. The needle was
initially placed according to anatomical landmarks. Perisciatic location
was verified by persistent twitching of the lower leg under reduction of
the current. Rats received either a perisciatic injection of 150 μl 0.9%
NaCl or 10 μg rtPA (Actilyse; Boehringer Ingelheim, Biberach, Ger-
many) in 150 μl 0.9% saline. Both solution were freshly prepared from
sterile flasks to prevent accidental contamination. At indicated time
points, reflexive pain behavior tests were performed before and after
treatment. Tissue samples were taken as outlined. Inhalational iso-
flurane was chosen for its fast and versatile controllability.

Experimental groups with CCI/sham/naïve included 6 animals/
group and with rtPA/saline injection 8 rats/groups based on an a priori
power analysis (G Power 3.1, gpower.hhu.de, [9]) (effect size 1.67,
p < 0.05, t-test). In few experiments (mRNA quantification after tPA),
the n-number is lower due to accidental sample loss during tissue ex-
traction. For qualitative data in immunohistochemistry and BNB per-
meability, three animals/group were analyzed. Primary endpoints in
different cohorts were change in pain behavior, altered tight junction of
adherens junction mRNA or protein expression and altered miR ex-
pression.

2.2. Measurement of BNB permeability

To evaluate the permeability, harvested sciatic nerves were im-
mediately fixed with 1% paraformaldehyde for 1 h and immersed in
2ml of Evans blue albumin (EBA, 5% bovine albumin labeled with 1%
Evans blue; both from Sigma Chemicals) for 1 h. Afterwards, tissue was
embedded in TissueTek O.C.T. compound (Sakura, Finetek Europe B.V.,
AV Alphen aan den Rijn, Netherlands), 10 μm sections obtained and
analyzed by confocal microscopy (Zeiss LSM 710 and 510 META, Jena,
Germany). Semiquantification of endoneurial fluorescence intensities
was performed using ImageJ 1.51. To define the endoneurial region of
interest (ROI), the endoneurial/perineurial border of each nerve was
defined using the brightfield setting and transferred to the fluorescence
image. Pixel values were measured and integrated over the area [33].

2.3. Western blotting

Sciatic nerve tissue close to the site of injury (CCI) or in the area of
rtPA application was harvested. Per sample, nerves of two rats were
pooled. Samples were homogenized in lysis buffer for Triton X-100
soluble proteins (25mM Tris pH 7.6, 120mM NaCl, 2mM ethylene-
diaminetetraacetic acid (EDTA), 25 mM NaF, 1% (v/v) Triton X 100)
containing protease inhibitors (Complete, Roche Applied Science) [54].
Triton X-100, a non-ionic detergent, permeabilizes cell membranes and
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is often used in lysis buffers. In this study, we compared the Triton-X-
100 soluble fraction, presumed to contain mainly cytosolic proteins,
and an insoluble fraction, inferred to contain cell membrane proteins as
described before [34,41]. Triton-X-100 soluble (“cytosol”) fractions
were obtained by homogenization with minipistil and sonification
(3× 5 s/3 s break), followed by a centrifugation at 4500×g for 10min
and subsequent centrifugation of the remaining supernatant at
40,000×g for 30min. The Triton X-100-insoluble pellet (“membrane
fraction”), was resuspended in an equal volume of extraction buffer
(25mM Hepes pH 7.6, 2mM EDTA, 25mM NaF, 1% (w/v) sodium
dodecyl sulfate (SDS)). Extracted protein was diluted in lysis buffer and
incubated with BCA protein assay reagent (Pierce, Rockford, IL, USA)
for quantification on a plate reader (Tecan, Grödig, Austria). Aliquots of
protein were mixed with SDS containing buffer (Laemmli buffer), de-
natured at 95 °C for 5min, fractionated on SDS polyacrylamide gels and
subsequently blotted onto PVDF membranes (PerkinElmer, Boston, MA,
USA). Proteins were detected using specific antibodies: rabbit poly-
clonal anti-ZO-1 (1:200; 1A12, Thermo Fisher Scientific, Waltham, MA,
USA), rabbit polyclonal anti-JAM-C (1: 500; ABT31, Merck Millipore,
Darmstadt, Germany) and as protein loading control β-actin (mouse
anti-β-actin 1: 20,000; A3854, Sigma Aldrich, St. Louis, MO, USA).
Peroxidase-conjugated goat anti-rabbit IgG, goat anti-mouse IgG and
the chemiluminescence detection system Lumi-Light PLUS Western
blotting kit (Roche, Mannheim, Germany) were used to detect bound
antibodies. Quantification was done by densitometry (Alpha Innotech,
Santa Clara, CA, USA; FluorChem FC2 Imaging systems, Multilmage II):
The density of the spots was quantified as integrated density value
(IDV) per area (IDV=mean grey value of ROI x area of ROI).

2.4. Immunofluorescence and confocal microscopy

Under very deep isoflurane anesthesia (4 Vol%, FiO2 1.0), rats were
perfused with 4% paraformaldehyde (PFA). Sciatic nerves were re-
moved and post-fixed in 4% PFA for about 120min and were cryo-
protected overnight at 4 °C in 10% sucrose. The nerves were embedded
in Tissue Tek O.C.T. Compound and were frozen in liquid nitrogen.

Frozen sciatic nerve tissue was cut in sections and fixed with icecold
(−20 °C) ethanol. Sections were prepared from nerve tissue proximal to
the site of injury (CCI) or within the area of rtPA application. Tissue
sections were permeabilised with 0.5% Triton-X100 (in phosphate-
buffered saline) and blocked in 2% goat serum in phosphate-buffered
saline. In a next step, they were incubated with primary antibodies
rabbit anti-JAM-C (1:500; ABT31, Merck Millipore, Darmstadt,
Germany) and monoclonal mouse anti-ZO-1 (1:200; 1A12, Invitrogen/
Thermo Fisher Scientific, Waltham/MA, USA) overnight, following se-
quential incubation with secondary antibodies: goat anti-rabbit IgG
Alexa Fluor 594 (1:500; A21207, Invitrogen/Thermo Fisher Scientific,
Waltham/MA, USA), and/or goat anti-rabbit Alexa Fluor 488 or 647
(1:500; Life Technologies/Thermo Fischer). DAPI (Roche, Mannheim,
Germany) was used to stain the nuclei. ProTag Mount-Fluor was em-
ployed for mounting the sections (Biocyc, Luckenwalde, Germany), and
confocal laser-scanning microscopy was performed (Zeiss LSM 710 and
510 META, Jena, Germany).

Quantification of staining signal intensities was performed using
ImageJ 1.50 g. The inner perineurium was used as ROI and pixel values
were measured and integrated over the area.

2.5. PCR

Sciatic nerve tissue (site of the ligation in CCI or area of rtPA in-
jection) was dissected. Total RNA was extracted with Trizol
(Invitrogen) and 1 μg was transcribed to cDNA using the high capacity
cDNA-kit (Applied Biosystems, Life technologies) following manufac-
turer's instructions. GAPDH was used as a reference gene for quantifi-
cation. qPCR analysis was performed with the following custom-made
primers (MWG Eurofins, Ebersberg, Germany) using the SYBRGreen

method: tPA (fw TCAGATGAGATGACAGGGAAATGCC, and rev ATCA
TACAGTTCTCCCAGCC); ZO-1 (fw CACGATGCTCAGAGACGAAGG, and
rev TTCTACATATGGAAGTTGGGGATC); JAM-C (fw TGCTGCTCTTCA
GGGGCTGCGTGAT, and rev AACACATCTGTGCGACCGGCCAGGT),
GAPDH (fw AGTCTACTGGCGTCTTCAC, and rev TCATATTTCTCGTG
GTTCAC). A prior melt-curve analysis did not reveal formation of
primer-dimers or several products. qPCR analysis was carried out by a
7300 Real-Time PCR System (Applied Biosystems, Thermo Fischer)
with the following program: 95 °C for 10min, and 40 cycles at 95 °C for
15 s and 60 °C for 1min. Samples were analyzed as triplicates. Relative
mRNA abundances to GAPDH were calculated by the ΔΔCt method
(threshold cycle value, [21]). To compare different samples, the control
condition (untreated animals) was set at 1.

2.6. Neurohistology

Sciatic nerves were obtained 7 d after CCI or 7 d after rtPA. The time
points were chosen because a certain time interval after nerve damage
is necessary for immune cell infiltration and necessary to see possible
damage [38,39]. Sections proximal to the site of injury (CCI) or in the
area of rtPA application were analyzed. Infiltration of nerves with
macrophages was analyzed in 10-μm cryosections using a monoclonal
mouse anti-rat antibody to CD68 (ED1, Linaris, Germany). An avidin-
biotin complex (Vector Laboratories) was utilized as a secondary
system. Staining was visualized with 3,3″-diaminobenzidine tetra-
hydrochloride (DAB) [47].

2.7. Behavioral testing

Before and after CCI or rtPA injection, mechanical allodynia was
determined using the von Frey test. A series of von Frey filaments
(Aesthesio® set, UGO BASILE) were assessed to record the withdrawal
threshold of the hind paw and identify mechanical allodynia response
and touch sensitivity after surgery or drug injection. Treatments were
randomized and blinded. In general, the filaments were applied to the
plantar surface of the hind paw and were held for 1–3 s, until the fi-
laments were bent to an angle of 45°. Each paw received stimuli from
different forces of the filament, with a 30-s recovery period between
each application. The 50% paw withdrawal threshold of von Frey fi-
laments response was determined using Dixon's up and down method
[6].

2.8. Quantification of miR expression

For miR expression analysis, 70 ng of total RNA was applied for
reverse transcription to synthesize cDNA of miRNA using TaqMan MiR
Reverse Transcription Kit (Thermo Fischer). qRT-PCR analysis was
performed using TaqMan Universal Master Mix II, No UNG (2×)
(Thermo Fischer) and primers designed for miRs (Thermo Fischer):
mmu-miR-155-5p (ID 002571) and U6 snRNA (ID 001973). These miR
primers had identical sequences in the rat (rno-miR). U6 was used as an
endogenous control for normalization. 20 μl of the reverse transcription
mix was amplified by PCR with the following program: 95 °C for
10min, and 40 cycles at 95 °C for 15 s and 60 °C for 1min. Each sample
was analyzed in triplicates. Relative miR abundances to U6 snRNA were
calculated by the ΔΔCt method (the threshold cycle value) with the
control condition (untreated animals) set at 1.

2.9. Statistical analysis

Data are presented as mean ± SEM. Two groups were compared by
t-test for independent variables. Multiple measurements with one or
two variables (e.g. time and treatment) were analyzed by One- or Two-
Way ANOVA or by repeated measurements (RM) Two-Way ANOVA, as
appropriate, and described in the figure legends. Multiple testing cor-
rection was performed using Holm-Sidak post-hoc test. Differences
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were considered significant if p < 0.05.

3. Results

3.1. Tissue plasminogen activator upregulation and BNB opening after CCI

To explore the role of tPA in the BNB, we first quantified tPA mRNA
in the sciatic nerve after CCI. tPA mRNA was increased around 4.4-fold
compared to sham-operated animals prominently 7 d after CCI, while
we found no changes at earlier time points. Mechanical hypersensitivity
measured by von Frey test occurred soon after nerve injury and de-
veloped into a full-fledged neuropathic phenotype within 7 d (Fig. 1).
No adverse events occurred in the CCI or sham group.

Next, we explored barrier leakiness and expression of tight and
adherens junction proteins after CCI. CCI led to an opening of the BNB:
1 d after CCI, EBA (68 kDa) had permeated the BNB, was taken up by
the nerve and significantly accumulated in the endoneurium, which
was not observed in sham-operated animals (p < 0.05) (Fig. 2A, B). In
line with this, mRNA of ZO-1 and JAM-C were downregulated in the
operated nerve already 6 h after surgery. ZO-1 mRNA was decreased by
52% compared to sham control, a trend that only intensified over the
period observed: After 14 d, it was reduced by 84% compared to sham,
and 80% compared to naïve animals (Fig. 2C). ZO-1 protein expression
developed likewise: After 6 h, expression in the nerve was decreased by
56% compared to sham control and persevered further in the process,
with a minimum of 10% of sham expression, or 11% compared to naïve
control after 1 d. Notably, in sham-operated animals, an initial decrease
compared to naïve controls (at 6 h) was observed which recovered
quickly. (Fig. 2D). JAM-C was downregulated in a similar manner: After
6 h, mRNA was reduced by 68% compared to sham-operated animals
and by 79% after 14 d (Fig. 2E). On the protein level, expression dif-
fered between Triton X-100 soluble (“cytosol”) and insoluble (“mem-
brane”) fractions of the sciatic nerve: In the former, the expression
pattern was initially similar to that of ZO-1, with a decrease around
50% after 6 h and 1 d. However, it remained at a rather stable level over
the period observed, with a downregulation by 44% after 14 d (Fig. 2F).
JAM-C expression in the Triton X-100 insoluble fraction (“membrane”),
in contrast, was downregulated significantly only after 1 and 14 d
(Fig. 2G).

ZO-1 immunoreactivity was prominent in both perineurium and
endoneurium. A similar distribution pattern applied to JAM-C, how-
ever, with intense crescent-shape immunoreactivity also found in the
endoneurium, presumably Schwann cells surrounding axons within the
sciatic nerve. In line with the mRNA and protein results, im-
munohistochemistry stainings of the nerve 1 d after CCI revealed a
lower fluorescence intensity for both proteins (Fig. 3). While ZO-1
immunoreactivity was visibly downregulated in both perineurium and
endoneurium (Fig. 3A), JAM-C immunofluorescence decreased mainly
in the endoneurium (Fig. 3B). Moreover, the perineurial structure ap-
peared less defined. While preparations from sham-operated animals
showed a well-defined dense line of immunoreactivity, it was less in-
tense and fragmented after CCI. This was further confirmed by

semiquantification of fluorescence intensity (Fig. 3C): Compared to
naïve controls or sham-operated animals, ZO-1 intensity was decreased
by 38% and 42%, respectively, after CCI. Similarly, JAM-C intensity
was decreased by 45% and 41%, respectively.

3.2. Increased permeability of the BNB by rtPA without nerve damage

To elucidate the effect of tPA on BNB permeability and tight/ad-
herens junction protein expression, we applied exogenous rtPA in vivo.
A single perisciatic rtPA injection (10 μg) led to a barrier breach within
2 h after application, as shown by the EBA permeability test with in-
creased fluorescence in the endoneurium of the sciatic nerve. This was
not observed in sham-operated animals. (Fig. 4A, B). No other clinical
adverse events (e.g. bleeding, symptoms of hemorrhagic stroke) were
observed after rtPA application, animals roamed around unaltered. As
shown by qPCR, mRNA of ZO-1 and JAM-C were both downregulated
after 2 h, ZO-1 by 40% (Fig. 4C); JAM-C by 15% (Fig. 4E). A similar
pattern emerged on the protein level: Within 1 h after injection, ZO-1
expression in the sciatic nerve decreased by 43%, a robust effect ob-
served for the entire 24 h (Fig. 4D). Interestingly, JAM-C expression
differed between Triton X-100 soluble and insoluble (“cytosol” and
“membrane”) of the nerve: While expression in the former was de-
creased by 30–33% over the entire 24 h (Fig. 4F), downregulation in the
latter was far stronger, with a reduction by 62% after 1 h and 57% still
after 24 h (Fig. 4G).

These observations were endorsed by immunohistochemistry
(Fig. 5). Moreover, the perineurial barrier after rtPA treatment pre-
sented less distinct, lacking structure and homogeneity, comparable to
the observations after CCI (Fig. 5A). In the high resolution, we could
demonstrate that both proteins were visibly co-localized in the peri-
neurium (Fig. 5B). Qualitative observations were partly confirmed by
semiquantitative analysis: Fluorescence intensity for ZO-1 decreased
2 h after rtPA injection (36.8 ± 22.1%, n= 3, p=0.0454) while it did
not change significantly for JAM-C (88.8 ± 24.4%, n= 3, p= 0.6701)
t-test (Fig. 5C).

We have previously shown that a single perineurial application of
rtPA functionally unseals the BNB for up to 5 d [47]. In contrast to CCI,
single injection of rtPA did not elicit alterations of paw withdrawal
threshold for up to one week, as tested by von Frey filaments (Fig. 6A).
Moreover, histological screening for macrophage infiltration showed
intact neural structures and no macrophage invasion after a single rtPA
injection inducing barrier permeability for 5 d (Fig. 6B). This was in
sharp contrast to a massive macrophage infiltration 1 week after CCI.

3.3. miR-155-5p upregulation both in CCI and after rtPA

Six hours after CCI, miR-155-5p was around 8-fold upregulated in
the sciatic nerve compared to baseline expression and ~2-fold com-
pared to sham. Such pattern was consistent for the entire observational
period of 14 d (Fig. 7A). After rtPA injection, miR-155-5p was sig-
nificantly increased, albeit to a much lesser degree, about 1.2-fold
(Fig. 7B).

Fig. 1. CCI leads to tPA upregulation and allodynia. A Wistar
rats underwent CCI or sham operation. Ipsilateral sciatic
nerves were harvested at indicated time points for up to 14 d,
tPA mRNA measured and compared to sham (* p < 0.05) or
to naïve controls (# p < 0.05). n= 5–6, two-way ANOVA,
Holm-Sidak post hoc test. B Paw withdrawal thresholds (g) to
measure mechanical allodynia were obtained using the von
Frey method before or after CCI surgery for up 7 d. The ip-
silateral (white) and the to the contralateral side (black) were
compared (* p < 0.05 compared to contralateral side, #
p < 0.05 compared to baseline value at 0 h). n=7, two-way
RM ANOVA and Holm-Sidak post hoc test. All data is pre-
sented as mean ± SEM.
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4. Discussion

In this study, we demonstrate that exogenous application of rtPA as
well as ligation of the sciatic nerve in neuropathy result in a decrease of
ZO-1 and JAM-C expression but with different kinetics, immunological
responses, tissue damages and behavioral consequences. Moreover,
local rtPA application and to a larger extend CCI lead to an upregula-
tion of miR-155-5p.

4.1. tPA in neuropathy

In our study, we provide evidence that tPA is part of a pathway for
barrier regulation. While tPA is widely known for its antithrombotic
effect as plasmin generator, it is also relevant for barrier tightness: tPA
expression on brain microvascular endothelial cells is strongly asso-
ciated with BBB permeability [46]. This leaking effect is postulated to
work via MMP-9 and -3 in brain endothelial cells, which both degrade
tight junction proteins [28], such as claudin-5, occludin, and ZO-1.
Moreover, knockdown of endogenous tPA reduces MMP-9 activity after
middle cerebral artery occlusion [48]. The question whether tPA is
beneficial or damaging after injury remains to be solved. Abe et al. have
described a neuroprotective effect of tPA deficiency after spinal trauma
[1]. In contrast, tPA application leads to enhanced functional recovery
after neuronal trauma [53]. However, we do not regard those ob-
servations as contradictory: As outlined above, one key feature of tPA
comprises fibrinolysis and decrease in collagen and myelin. Thus, a

positive effect on functional recovery seems plausible as fibrin deposi-
tion, adhesions and scarring may be reduced. At the same time, these
very mechanisms may impair features of the barrier homeostasis.
Hence, both phenomena could be just two sides of one mechanism. In
accordance with Yong et al. [49], we observed temporal upregulation of
endogenous tPA after peripheral nerve injury. As tPA can be produced
in Schwann cells [2], an effect on ZO-1 and JAM-C seems plausible. TPA
binds to LRP-1 expressed on Schwann cells [11,24] and perineurial cells
[54]. Binding of rtPA to LRP-1 can induce c-Jun phosphorylation sug-
gesting that Schwann cell LRP-1 functions as an injury-detection re-
ceptor in the PNS [11]. Moreover, application of exogenous tPA en-
hances regeneration and functional recovery due to axon sprouting,
clearance of myelin and fibrinogen as well as decrease in collagen scars
[53].

4.2. Sequelae of rtPA-induced BNB opening

Compared to CCI-induced neuropathy with tPA upregulation, sev-
eral differences need to be pointed out after a single perineural injec-
tion of rtPA. First, effects of rtPA have a quick onset: 2 h after appli-
cation, transcriptional and mechanistic effects such as BNB opening can
be seen. Downregulation of tight and adherens junction protein as well
as upregulation of miR-155-5p are less pronounced compared to CCI.
Moreover, the application is not accompanied with, and thus does not
induce inflammatory or neuropathic features such as macrophage in-
filtration. This confirms results of earlier studies with rtPA [47]. While

Fig. 2. BNB impairment and reduced tight junction protein and adherens junction protein expression after CCI. A One day after CCI surgery or sham operation, the
sciatic nerve was harvested and permeability analyzed by ex vivo EBA immersion. n= 5, representative sample. Scale bar 200 μm. B Semi-quantification of en-
doneurial fluorescence intensity. * p < 0.05 (t-test). C-G At indicated time points after CCI surgery (grey) or sham operation (black), ZO-1 (C, D) and JAM-C (E, F-G)
mRNA or protein were quantified. For mRNA quantification in sciatic nerves values from naïve mice were set at 1 (white). Original blots are displayed above the
respective densitometric quantification (D, F, G). Protein expression of JAM-C was analyzed separately in the Triton X-100 soluble (F) and insoluble fraction (G),
considered to contain “cytosolic” and “membrane” proteins, respectively. E ZO-1 was only quantified in the soluble fraction, in comparison to β-actin (45 kDa). #
p < 0.05 compared to naïve animals, * p < 0.0.5 compared to sham-operated animals. n=6, two-way ANOVA and Holm-Sidak post hoc test. All data are presented
as mean ± SEM. IDV= integrated density value.
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it could be shown in earlier work that rtPA modulates nociception by
facilitating entry of pro- or analgesic drugs, it does not have an intrinsic
modulatory effect. Therefore, we think that rtPA is also a suitable en-
hancer to deliver drugs to peripheral nerves e.g. in regional anesthesia.

4.3. ZO-1 and the ZO-1/JAM-C complex as a crucial player in BNB
homoeostasis

ZO-1 is a cytoplasmatic TJ-associated protein, organizing its com-
position by connecting tight junction proteins to the cortical actin cy-
toskeleton (reviewed in [12]). Moreover, it determines the poly-
merization status of claudins [40]. ZO-1 deficiency disrupts TJs, and
reduced ZO-1 levels are associated with barrier breakdown in many
neurological disorders [16]. We have previously shown that ZO-1 is
robustly downregulated in the blood spinal cord barrier after CCI [35].
JAM-C is one of the adherens junction proteins linked to the cytoske-
leton through ZO-1. While mainly described in leukocyte migration, it
has been also studied in nerve injury: Avari et al. showed down-
regulation after sciatic crush injury, followed by recuperation in the
further course, correlating with remyelination of the nerve [3]. Inter-
estingly, JAM-C and ZO-1 were also transiently and slightly down-
regulated in sham animals. Apparently, the sham surgery alone with

exposure of the sciatic nerve results in a minor trauma, possibly with a
transient posttraumatic inflammatory reaction. This confirms the im-
portance of comparison to a sham group to exclude confounding factors
stemming from the surgery itself.

Whereas our and others' previous research was mainly focusing on
other tight junction proteins such as claudins or occludin in the BNB
[20,26], a functional complex of ZO-1 and the adherens junction pro-
tein JAM-C seems central for regular neuronal function: As it is highly
expressed in Schwann cells, it not only shields the nerve from external
influence but also contributes to proper neuronal conduction. This is
confirmed by the phenotype of the JAM-C KO mice which exhibit a
thick and loose myelin sheath and defect nerve conduction, leading to
motor abnormalities such as decreased stride length and grip strength
[37]. Moreover, its role in pain is underlined by transgenic studies: In a
Schwann cell conditional KO model, hypersensitivity was observed [5].
In our study, we found JAM-C not only in Schwann cells but also in the
perineurium, where immunoreactivity is significantly lowered in neu-
ropathy but only as a trend after rtPA application. Furthermore, re-
duction in JAM-C protein is location-dependent on a subcellular level,
with a decrease mainly in the cytoplasm: After both CCI and rtPA, the
abundance of JAM-C in the “membrane protein” fraction recovers in-
termittently while JAM-C mRNA and “cytosol” protein are consistently

Fig. 3. Changes in immunoreactivity of JAM-C and ZO-1 after
CCI. A Sections of the sciatic nerve 1 d after CCI were stained
with a mouse monoclonal anti-ZO-1 Ab and compared to
sham operation. Dotted lines mark the barrier between the
perineurium (P) and endoneurium (E). B Similarly, staining
with a rabbit polyclonal anti-JAM-C Ab was performed in CCI
and sham rats and co-stained with DAPI. n=6, re-
presentative samples. Scale bar 50 μm. C Semi-quantification
of fluorescence intensity for ZO-1 and JAM-C in naïve control,
sham-operated and CCI mice. n= 6, # p < 0.05 compared to
naïve, * p < 0.05 compared to sham.ANOVA and Holm-
Sidak post hoc test.
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decreased. Interestingly, a more pronounced decrease of tight junction
protein mRNA and proteins in the cytosol has also recently been de-
scribed for several tight junction proteins such as claudin-1, claudin-19,
and tricellulin in the blood spinal-cord barrier [35].

Two explanations for the discrepancy can be discussed, changes in
protein degradation or intracellular shuffling: Altered conditions in CCI
and rtPA might lead to a temporary reduction of protein degradation.
However, given the intermediate recovery (at d 7 in CCI, and 2 h after
rtPA, i.e. at full phenotype) in the membrane as opposed to cytosol, an
intracellular translocation leading to a depletion in the cytoplasmatic
pool is conceivable. This would explain the observed downregulation in
mRNA as well as the discrepancy between both fractions. After initial
downregulation (1 d after CCI, 1 h after rtPA), the membrane protein is
partly recuperated through shift from the cytosol (7 d after CCI, 2 h
after rtPA). However, such translocation cannot compensate for the
reduction in the long run: Due to reduced transcription and translation,
membrane protein is eventually reduced as well. Interestingly, how-
ever, barrier function was impaired at the time points of partial re-
covery in both models. Here, factors other than quantitative changes
should be considered. It is known, for example, that phosphorylation of
claudins or occludin regulate barrier permeability and pore functions,
depending on the site of modification [7,17].

4.4. MiR-155-5p as a facilitator of BNB opening

MiR-155-5p can act upon several genes relevant in the BNB. Most
notably, it has been shown to directly target claudin-1 in several bar-
riers, e.g. in the BBB [22,29,30]. Thus, miR-155-5p opens the barrier
probably via downregulation of claudin-1. ZO-1 and JAM-C down-
regulation is shown in our study after both exogenous rtPA (cf. [47])
and CCI (cf. [26]). miR-155-5p is a major miR upregulated in macro-
phages in response to diverse proinflammatory stimuli in athero-
sclerosis or in arthritis [23]. It seems to sustain activity of LRP-1. Ac-
tivation of LPR-1 via MMP9 results in downregulation of claudin-1 in
the perineurium and barrier breakdown[13].In our study here, we
showed a pronounced upregulation of miR-155-5p in the sciatic nerve
after CCI and, albeit to lesser degree, after rtPA application. Interest-
ingly, surgery itself as in sham animals seemed to mildly increase miR-
155-5p expression. This is more pronounced after CCI, corresponding
with hyperalgesia and macrophage infiltration. Therefore, miR-155-5p
upregulation can be interpreted as a response to inflammatory stimuli
like the ligature, possibly LPR-1-dependent. Several intracellular path-
ways are involved in barrier opening. For example, perineurial barrier
opening and claudin-1 transcription are dependent on the ERK [47] and
the wnt/catenin pathway [36]. Erk phosphorylation is increased after
rtPA-induced barrier opening [47]. Barrier opening can be reversed by
inhibitors of the glycogen-synthase kinase 3, possibly via an increase of
catenin and the homeobox transcription factor cdx2, binding the

Fig. 4. BNB impairment and tight junction protein and adherens junction protein downregulation after a single perineural rtPA injection. A Wistar rats received a
perisciatic injection of 10 μg rtPA, sciatic nerves were harvested after 2 h and immersed ex vivo in EBA and compared to the contralateral side. n= 5, representative
sample. Scale bar 200 μm. B Semiquantification of endoneurial fluorescence intensity after rtPA. * p < 0.05,n= 5, t-test. C, E ZO-1 and JAM-C mRNA levels were
measured in the sciatic nerve after 2 h. ZO-1 (D) and JAM-C (F, G) protein expression were analyzed 1–24 h after rtPA or solvent injection in relation to β-actin
(45 kDa). JAM-C was quantified in the Triton 100-X soluble and insoluble (“cytosolic” and “membrane”) fraction. Original representative blots are shown above the
respective densitometric quantification. * p < 0.05 compared to solvent control. n= 8, one-way ANOVA, Holm-Sidak post-hoc test. All data are presented as
mean ± SEM. IDV= integrated density value.
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claudin-1 promoter [27,36,52]. This is in line with a study by Wu et al.
They showed that miR-155 regulates the wnt/catenin pathway [44].
Much less is known about the influence of miR-155 on other tight
junctions or adherens junction proteins. Further experiments are ne-
cessary to elucidate by which pathway miR-155 exerts an effect on the
barrier. Interestingly, tPA is upregulated only several days after CCI
while ZO-1 and JAM-C as well as miR-155-p show earlier alterations. In
contrast, rtPA application induces changes in all three genes. This in-
dicates a relationship more complex and multifaceted than mere one-

way regulation between (r)tPA, miR-155-5p and tight junction proteins
and adherens junction proteins. It has been shown that other miRs can
regulate barrier function, e.g. miR-29b [51]and miR-183 [47]. Their
role is often complex and depending on the context.

In summary, miR-155, LRP-1 activation, Erk phosphorylation and
reduced wnt signaling via decreased catenin translocation open the
BNB and downregulate tight and adherens junction proteins.

Fig. 5. Altered barrier structure and loss of ZO-1 and JAM-C immunoreactivity after perineural rtPA injection. Wistar rats were injected perineurally with 10 μg rtPA
or solvent (control). A After 2 h the sciatic nerve was harvested and stained with a rabbit polyclonal anti-JAM-C Ab (green) and a mouse monoclonal anti-ZO-1 Ab
(red). Scale bar 100 μm. B A further magnification enlarges the perineurium. Representative samples. Scale bar 20 μm. n=3. C Semiquantification of fluorescence
intensity for ZO-1 (top) and JAM-C (bottom). * p < 0.05, n= 3, t-test.

Fig. 6. No long-term mechanical hypersensitivity or macro-
phage infiltration after a single perisciatic rtPA application. A
10 μg rtPA was applied perineurally. Paw withdrawal
thresholds were measured before and at indicated time points
after rtPA application for up to 14 d and compared to the
contralateral side. n= 5, p > 0.05 two-way RM ANOVA.
Data presented as means ± SEM. B Seven days after rtPA
application or after CCI, sections of the sciatic nerve were
stained with a mouse monoclonal anti-CD68 antibody (re-
presentative samples. n= 3, scale bar 75 μm).
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4.5. Limitations of the study

In this study, we used a common model, CCI, to study neuropathic
pain. Other models like spared nerve injury, chemotherapy-induced or
diabetic neuropathy might provide further insight whether barrier
breakdown is a more general phenome in neuropathy or whether this is
limited to this type of neuropathy which is characterized also by im-
mune cell infiltration. The application of the 3R criteria (replacement,
refinement and reduction) influence the study because the models
chosen have a rather mild phenotype and not a large impact on quality
of life of these animals [42].

5. Conclusions

In summary, we provide evidence that both exogenous rtPA and CCI
with consequent tPA overexpression lead to breakdown of the BNB,
including downregulation of the ZO-1/JAM-C complex. However, rtPA
application has different kinetics and on its own does not lead to hy-
peralgesia. MiR-155-5p, known to regulate tight junction proteins, is
increased mainly after CCI but also perineural rtPA application. Future
studies could elucidate the therapeutic potential of miR-155-5p antag-
omirs or tPA blockers in neuropathic pain in patients or miR-155-5p
could be used as a biomarker for neuropathic pain [19].
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