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Peripheral Nerve Injury Alters Blood-Spinal Cord Barrier
Functional and Molecular Integrity through a Selective
Inflammatory Pathway

Stefania Echeverry,' Xiang Qun Shi,' Serge Rivest,> and Ji Zhang!
'The Alan Edwards Centre for Research on Pain, McGill University, Montreal, Quebec H3A 2B2, Canada, and 2Centre de Recherche du Centre Hospitalier de
I’Université Laval, Quebec, Quebec G1V 4G2, Canada

Peripheral nerve lesion triggers alterations in the spinal microenvironment that contribute to the pathogenesis of neuropathic pain.
While neurons and glia have been implicated in these functional changes, it remains largely underexplored whether the blood-spinal
cord barrier (BSCB) is also involved. The BSCB is an important component in the CNS homeostasis, and compromised BSCB has been
associated with different pathologies affecting the spinal cord. Here, we demonstrated that a remote injury on the peripheral nerve in rats
triggered aleakage of the BSCB, which was independent of spinal microglial activation. The increase of BSCB permeability to different size
tracers, such as Evans Blue and sodium fluorescein, was restricted to the lumbar spinal cord and prominent for at least 4 weeks after
injury. The spinal inflammatory reaction triggered by nerve injury was a key player in modulating BSCB permeability. We identified
MCP-1 as an endogenous trigger for the BSCB leakage. BSCB permeability can also be impaired by circulating IL-13. In contrast,
antiinflammatory cytokines TGF-1 and IL-10 were able to shut down the openings of the BSCB following nerve injury. Peripheral nerve
injury caused a decrease in tight junction and caveolae-associated proteins. Interestingly, ZO-1 and occludin, but not caveolin-1, were
rescued by TGF-B1. Furthermore, our data provide direct evidence that disrupted BSCB following nerve injury contributed to the influx
of inflammatory mediators and the recruitment of spinal blood borne monocytes/macrophages, which played a major role in the
development of neuropathic pain. These findings highlight the importance of inflammation in BSCB integrity and in spinal cord

homeostasis.

Introduction

As an interface between the spinal cord and the periphery, the
blood-spinal cord barrier (BSCB) constitutes a physical/bio-
chemical barrier between the CNS and the systemic circulation,
which serves to protect the microenvironment of the spinal cord.
Similar to the blood—brain barrier (BBB), the BSCB is composed
of a monolayer of nonfenestrated endothelial cells, intercon-
nected by tight junctions (TJs) and surrounded by end feet of
astrocytes (Pardridge, 1999). Once thought to be static, the
BSCB/BBB is actually a dynamic structure capable of rapid mod-
ulation. Breakdown of the BBB/BSCB has been reported in
different pathologies affecting the nervous system, including Alz-
heimer’s disease, stroke, multiple sclerosis, and traumatic brain/
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spinal cord injury; and it is mostly associated with in situ damages
in the CNS (Carvey et al., 2009).

Injury to the peripheral nervous system leading to neuropathic
pain triggers multidimensional changes along the pain signaling
pathway (Basbaum etal., 2009). One of the most salient observations
is the inflammatory reaction. After nerve injury, proinflammatory
mediators are released from injured nerve fibers and adjacent im-
mune cells (Scholz and Woolf, 2007). Within the spinal cords, re-
mote injury induces substantial changes in microglia and astrocytes,
which are important players in the central inflammatory response
(Zhang and De Koninck, 2009). In addition, peripheral nerve injury
(PNI) evoked trafficking of immune cells from circulation into the
spinal cord parenchyma (Zhang et al., 2007; Cao and DeLeo, 2008;
Costigan et al.,, 2009). These neuroimmune interactions partici-
pate in the pathogenesis of chronic pain states (McMahon and
Malcangio, 2009; White et al., 2009). As a key component of the
spinal cord microenvironment, the BSCB could play critical roles in
both separating and conjoining the immune system and the CNS.
However, the functional states of the BSCB following PNI have not
been thoroughly explored. Many questions remain unanswered:
whether a remote injury can affect the integrity of the BSCB, and if
so, what are the underlying mechanisms regulating such disturbance
and what are the consequences of a BSCB breakdown in the spinal
cord homeostasis and development of pathological pain.

Two main structural features that contribute to the imperme-
able characteristics of BBB/BSCB are the presence of TJs and
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fewer caveolae in CNS endothelium. TJs form a continuous wall
that limits paracellular flux of solutes and cells across the endo-
thelial barriers (Huber et al., 2001). Caveolae, flask-shaped in-
vaginations of the plasma membrane, participate in vesicle
transport (Couet et al., 2001). How these structures are regulated
in relation to BBB/BSCB function in the context of PNI is again
not known.

In the present study, we analyzed the permeability of the BSCB
following a partial ligation on the sciatic nerve. Our results
revealed that PNI disrupted the integrity of the BSCB and
inflammatory mediators are key regulators of BSCB function.
Disruption of the BSCB following nerve injury causes the influx
of inflammatory mediators and the recruitment of circulating
immune cells into the spinal parenchyma, which play a critical
role in neuroimmune interactions and the development of neu-
ropathic pain.

Materials and Methods

Animals

Male Sprague Dawley rats weighing 250275 g and male/female C57BL/6
mice weighing ~25 g (Charles River) were housed under standard 12 h
light/dark conditions and received food ad libitum. All protocols were
performed in accordance with guidelines from the Canadian Council on
Animal Care and were approved by the McGill University and the Laval
University Animal Care Committees.

Generation of GFP™ chimeric mice

GFP* chimeric mice were generated as described previously (Zhang et
al., 2007). Briefly, recipient C57BL/6 mice were exposed to irradiation
using a cobalt-60 source (Nordion) and then injected via tail vein with
5 X 10° bone marrow cells freshly collected from GFP * transgenic mice.

Induction of peripheral nerve injury and pain behavioral testing
Partial sciatic nerve ligation was performed according to the method of
Seltzer et al. (1990). Rats were anesthetized with isoflurane, and under
aseptic conditions the left sciatic nerve was exposed at high-thigh level.
The dorsal one-third to one-half of the nerve thickness was tightly ligated
with 6-0 silk sutures. Sham-operated rats underwent the same surgical
procedure, but the nerve was exposed and left intact. Survival times were
3,7, 14, 60, and 95 d after surgery. A group of naive rats was included in
the protocol as a control. Mechanical and thermal sensitivities were mon-
itored using well calibrated von Frey hair (Stoelting) and Hargreaves
apparatus, respectively, with the methods described previously (Har-
greaves et al., 1988; Chaplan et al., 1994). Investigators were blinded to
the assignment of the groups. GFP " chimeric mice received a partial
ligation on the left sciatic nerve 10 weeks after irradiation and bone
marrow transplantation and were killed 14 d after surgery to collect
spinal cords.

Induction of experimental autoimmune encephalomyelitis

To induce experimental autoimmune encephalomyelitis (EAE), a group
of female C57BL/6 mice were immunized with 200 ug/mouse MOG
(myelin oligodendrocyte glycoprotein) peptide 35-55 (custom-synthesized
by CS Bio) emulsified in 100 ul of complete Freund’s adjuvant (CFA). Con-
trol group was inoculated with equal volumes of CFA. Mice were adminis-
trated intraperitoneally 200 ng of pertussis toxin dissolved in 200 ul of PBS
on the day of immunization and 48 h later. Mice were monitored daily for
clinical signs of EAE and scored as follows: 0, no abnormality; 1, limp tail; 2,
mild hindlimb weakness; 3, severe hindlimb weakness; 4, complete hindlimb
weakness; 5, quadriplegia or premoribund state; and 6, death. At 10-14 d
following inoculation, mice with clinical scores of 2 were used for BBB/BSCB
integrity evaluation.

Evaluation of BSCB permeability

Evans Blue leakage. Evans Blue (EB) leakage was assessed with a well
established protocol adapted from Xu et al. (2001). EB dye (3% w/v in
saline) [molecular weight (MW), 961 Da; Sigma-Aldrich] was injected
intravenously under anesthesia. Thirty minutes after the injection, rats
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were perfused transcardially with saline and rinsed thoroughly until no
more blue dye flew out of the right atrium. The choroid plexuses and
meninges were removed. Spinal cords and brains were dissected into
different regions: lumbar and thoracic/cervical segments for the spinal
cord, left and right cerebral cortex, and midbrain/brainstem. Each region
was weighed for quantitative measurement of EB extravasation. EB con-
tent within the parenchyma was extracted by incubating the tissue in
formamide for 48 h at room temperature. The diluents were filtered and
subject to spectrophotometric measurements at 620 nm. All measure-
ments were within the range of detection established by the standard
curve. R, of the standard curve was 0.9-1.0. The dye concentration
was calculated as the ratio of absorbance relative to the amount of
tissue (n = 3-10).

Sodium fluorescein leakage. BBB and BSCB permeability was also as-
sessed using a micromolecular tracer dye sodium fluorescein (NaFlu)
(MW, 376; Sigma-Aldrich) according to a modified procedure by Kaya et
al. (2008). Briefly, NaFlu was administered intravenously (10%; 2 ml/kg)
and allowed to circulate for 30 min. Then, rats were transcardially per-
fused with cold saline, for ~12 min to remove intravascular NaFlu. The
choroid plexuses and meninges were removed. Spinal cords and brains
were dissected into different regions: lumbar spinal cord, left and right
cerebral cortex, and midbrain/brainstem. Each region was weighed for
quantitative measurement of NaFlu extravasation. Samples were homog-
enized in 1 ml of PBS and mixed with a vortex for 2 min after the addition
of equal volumes of 60% trichloroacetic acid to precipitate protein. Sam-
ples were later cooled for 30 min and centrifuged at 14,000 X g for 10
min. The concentration of NaFlu in supernatant was measured at exci-
tation wavelength of 440 nm and emission wavelength of 525 nm using a
spectrophotofluorometer. A standard curve of different amounts of Na-
Flu was drawn under identical conditions of the assay for calculating dye
concentrations in brain and spinal cord. All measurements were within
the range of detection established by the standard curve. R, of the stan-
dard curve was 0.85—0.9. NaFlu was expressed as micrograms per gram of
tissue.

Plasma protein extravasations. Plasma protein extravasations were ad-
ditionally evaluated using immunohistochemical labeling with antibod-
ies against the plasma protein IgG (MW, 53 kDa) and fibronectin (MW,
400 kDa). Free-floating lumbar spinal cord sections were immunola-
beled with either rabbit anti-fibronectin (1:500; Millipore Bioscience Re-
search Reagents) or goat anti-rat IgG (1:200; Invitrogen). Vascular
markers CD31 and CD34 were used to delineate blood vessels.

Intrathecal infusion of minocycline

The microglial inhibitor, minocycline hydrochloride (Sigma-Aldrich),
was freshly dissolved in 0.9% sterile, isotonic saline and delivered intra-
thecally at a dose of 150 g per day for 7 d (day 0 to day 7) using an
osmotic pump (Alzet) with a flow rate of 1 ul/h connected to an intra-
thecal catheter (n = 5-8 in each group). The dose for intrathecal mino-
cycline was selected according to previous studies (Ledeboer et al., 2005;
Lin et al., 2007).

Immune modulation of BSCB function

Recombinant proinflammatory or antiinflammatory molecules were
dissolved in sterile 0.9% saline and delivered either intravenously or
intrathecally into naive or nerve-injured animals. Detailed protocols are
listed in Table 1.

Permeation to circulating IL-13

BSCB permeation to circulating IL-18 was assessed using '*’I-labeled
IL-1p according to a previously described method (Pan et al., 2003).
Briefly, '2°I-IL-18 was dissolved in 0.9% saline and a bolus of 150 ul of
the radiolabeled IL-1 (0.7 nCi) was injected into the left ventricle. The
blood sample was collected 10 min later from the right ventricle. The
animals were then perfused with saline and lumbar spinal cords were
collected. The '*I radioactivity in serum and in lumbar spinal cord was
measured separately using a gamma counter (PerkinElmer). The ratio of
radioactivity in the spinal cord to that of serum was plotted against
exposure time, the latter being the theoretical value of steady-state serum
radioactivity. Ten minute exposure to '*’I-IL-13 was chosen based on
the fact that, during this short period, the radioactivity in the tissue
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Table 1. Experimental protocols forinmune modulation of BSCB integrity
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Molecules Animals Duration Administration route Doses (source)

Rat recombinant MCP-1 Naive rats 3d Intrathecal (osmotic pumps) 2.5 g (PeproTech)

Rat MCP-1 neutralizing antibody Nerve-injured rats 3d (day 0 to day 3) Intrathecal (osmotic pumps) 3 g (PeproTech)

Recombinant TGF-B1 (mammalian derived) ~ Nerve-injured rats 3d (day 0 to day 3) Intrathecal (osmotic pumps) 2 g (PeproTech)

Recombinant IL-10 (mammalian derived) Nerve-injured rats 3d (day 0today3) Intrathecal (osmotic pumps) 3 g (PeproTech)

Recombinant TGF-B1 (mammalian derived) ~ Naive rats 3d Intrathecal (osmotic pumps) 2 g (PeproTech)

Recombinant TGF-B1 (mammalian derived) ~ Nerve-injured GFP * chimericmice  14d (dayOtoday 14)  Intrathecal, punction (every3d) 1 wg/injection (PeproTech)
125|_recombinant human IL-18 Naive rats 10 min Intravenous 20-5000 immune units (PerkinElmer)
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incubated overnight at 4°C with the following
antibodies: zonula occludens-1 (ZO-1) (1:200;
Cell Signaling), occludin (1:100; Cell Signal-
ing), caveolin-1 (1:250; Cell Signaling), TGF-3
receptor I (TGF-B-RI) (1:200; Santa Cruz),
and p-Smad2/3 (1:500; Santa Cruz). For load-
ing control, blots were probed with B-actin an-
tibody (1:10,000; Sigma-Aldrich). Density of
specific bands from Western blotting was
quantified with a computer-assisted imaging
analysis system (Image Pro Plus). Three sepa-
rate experiments where each treatment group
consists of pooled microvessels from two ani-
mals were included.
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Figure 1.

baseline.

parenchyma represents most likely intact '2*I-cytokine rather than de-
graded products (Pardridge, 1999). A control group was included in
which '?°I-IL-18 was dissolved in 3% EB. After measurement of the
radioactivity, the spinal cord samples were incubated in formamide for
48 h in the dark to extract and assess EB content in the parenchyma as
described above.

Microvessel isolation

Spinal microvessels from naive and injured rats (day 3) were isolated
according to the method described by Hoehn et al. (2002). Rats were
decapitated under anesthesia, and spinal cords were removed quickly.
The meninges were excised and the lumbar segments were homogenized
in microvessel isolation buffer containing protease inhibitor (Sigma-
Aldrich). Dextran (26% m/v) was added to the homogenate afterward at
4°C. Samples were then gently vortexed and centrifuged (5600 X g; 4°C)
for 10 min, and the supernatant was discarded. Pellets were resuspended
in fresh microvessel isolation buffer and passed through a 70 um filter
(BD Biosciences). Filtered homogenates were pelleted by centrifugation
at 3000 X g for 10 min. The supernatant was removed, and the pellet,
which was enriched in spinal microvessels, was collected for protein ex-
traction. The purity of collected microvessels was verified with immuno-

0 10 20 30 40 50 60 70 0 10 20 30
Time post-injury (days)

Development of neuropathic pain following injury on sciatic nerve. Shortly after the partial ligation on the sciatic
nerve, rats develop mechanical allodynia and thermal hyperalgesia in the ipsilateral hindpaws. Withdrawal threshold of both
ipsilateral (4) and contralateral (B) paws to calibrated von Frey hair stimulation decreased significantly, starting from day 3 until at
least day 63 after injury. Withdrawal latency to noxious heat stimuli was also decreased at ipsilateral side (€), and to a less extent
at the contralateral paw (D). N = 6/group. Values are presented as means == SEM. *p < 0.05, **p << 0.01, ***p << 0.001 from

40 50 60 70

Immunohistochemistry

To identify the expression of TGF-f receptors
on endothelial cells, immunofluorescent stain-
ing was performed on spinal microvessels ex-
tracted as explained above. Microvessels were
fixed with 4% PFA for 30 min and incubated
overnight at 4°C with rabbit anti-TGF-B-RI
polyclonal antibody (1:250; Santa Cruz Bio-
technology) and rat anti-CD31 (for endothelial
cells; 1:250; BD Biosciences), followed by a
60 min incubation at room temperature in
fluorochrome-conjugated goat secondary an-
tibody. 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI) was
also used as a nuclear counterstain (1:10,000; Sigma-Aldrich).

The following antibodies were also used to examine the spinal micro-
glial activation and immune cell trafficking following nerve injury. Free-
floating sections from lumbar spinal cords were incubated overnight at
4°Cwith rabbit anti-ionized calcium-binding adaptor molecule 1 (Iba-1)
polyclonal antibody (for microglia, 1:1000; Wako Chemicals) and anti-
CD3 monoclonal antibody (for T-lymphocytes, 1:200; AbD Serotec),
followed by a 60 min incubation at room temperature in fluorochrome-
conjugated goat secondary antibody. Anti-CD2 monoclonal antibody
(1:100; AbD Serotec) was incubated for 72 h, at 4°C, and followed by
tyramide signal amplification (PerkinElmer).

Image acquisition

Images were acquired using an Olympus BX51 microscope equipped
with a color digital camera (Olympus DP71) or Olympus confocal laser-
scanning microscope (Fluoview 1000). GFP ™ cells were counted by a
blind investigator in four different regions of interest [ipsilateral dorsal
horn (DHi), contralateral dorsal horn (DHc), ipsilateral ventral horn
(VHi), and contralateral ventral horn (VHc)], in mice treated with sa-



10822 - J. Neurosci., July 27,2011 - 31(30):10819-10828

line or with recombinant TGF-B1. Only
ramified GFP * cells within parenchymal gray
matter were included. Colocalization of Iba-1
with GFP and the distribution of GFP ™ cells
outside of Glut-1-labeled vessels were ensured
with confocal Z stacks at 0.8 wm intervals and
visualization in three-dimensional orthogonal
planes. Similar approaches were applied to the
quantification of CD2 * and CD3 " cells in the
dorsal horns of the spinal cords.

Statistical analysis

To determine statistical significance, unpaired
t test was used for the difference between
groups (TGE-B1/MCP-1/IL-1B/IL-10 treated
vs saline treated at each time point); paired ¢
test was used for the difference between ipsilat-
eral and contralateral sides within the same
group; two-way ANOVA followed by Bonfer-
roni’s post tests were used for the analysis of
behavioral data. A value of p < 0.05 was ac-
cepted as statistically significant. Values are
presented as means = SEM.

Results

Development of neuropathic pain
following peripheral nerve injury
Hypersensitivity to mechanical and ther-
mal stimuli are characteristic behaviors
developed following nerve injury. In this
study, shortly after the lesion on the sciatic
nerve, rats exhibited mechanical allodynia
(Fig. 1 A, B) and thermal hyperalgesia (Fig.
1C,D), which lasted for at least 2 months,
the end of the testing period.

Peripheral nerve injury leads to leakage
of different size molecules into the
lumbar spinal cord parenchyma

BSCB permeability following sciatic nerve
injury was assessed by different approaches.
Intravenous administration of dyes with
molecular weight >180 Da precludes pas-
sage across an intact barrier. As one of the
largest tracers, EB (MW, 961 Da) has a
high affinity for plasma protein albumin
in blood circulation, which gives rise to a
high-molecular complex (EB-albumin,
68,500 Da) with limited penetration of the
BSCB and BBB in normal conditions. Al-
though the injury occurred on the sciatic
nerve and the spinal cord was physically
intact, the EB content within the lumbar
spinal cord (1 cm segment around the
L4-L5 level) was significantly increased
when compared with naive rats (Fig. 2A).
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Figure2. Peripheral nerve injury impairs BSCB permeability. A, Evans Blue (MW, 961 Da; EB-albumin, MW, 68,500 Da) extrav-
asation within lumbar spinal cords at different time points after nerve injury. Note there is a prominent increase of EB content
within lumbar spinal cords during the first 4 weeks after nerve injury, which returns to normal levels at 2 months. B, Quantification
of EB leakage in different regions of the spinal cord and brain at day 3 after injury; the increase of EB is only significant in the lumbar
spinal cord. ¢, NaFlu (MW, 376 Da) content at different time points after nerve injury. At late time points (2 months), while BS(B
permeability to EB is back to normal levels, the passage of small molecular (NaFlu) through BSCB is at the similar levels of naive
animals as well; however, the increase of NaFlu at day 3 after injury is dramatic. D, NaFlu content in lumbar and brain regions at day
3 afterinjury. A significant extravasation is only observed in the lumbar segment. E, Leakage of plasma protein IgG and fibronectin
in the spinal parenchyma 3 d after nerve injury with preference in the ipsilateral side. Endothelium markers (D31 and (D34
delineated blood vessels and confirmed the presence of plasma protein in the parenchyma. F, Evans Blue extravasation is gener-
alized throughout the spinal cord and brain in EAE mice. Values are presented as means = SEM. **p < 0.01, *p << 0.05 versus
naive or sham; *p << 0.05 versus thoracic segment. N = 6 —10/group. Scale bar, 50 pm.

The leakage was most prominent at early time points, day 3 to day
7 after injury (p < 0.01), and remained significant at least for 1
month (p < 0.05). Two months after the nerve ligation, BSCB
permeability to EB returned to normal levels as seen in naive rats.
No significant increase of EB was detected in the thoracic spinal
cord and in the brain of rats with sciatic nerve injury (Fig. 2B). To
confirm whether there is any leakage of small molecules at
chronic stages (>2 months) or diffused propagation into other
CNS regions, we applied intravenously one of the smallest trac-

ers, NaFlu (MW, 376 Da) in rats having nerve injury. The content
of NaFlu within lumbar spinal cords at 2 and 3 months after nerve
injury was similar to that of naive and sham-operated animals,
whereas the increase of NaFlu in lumbar spinal cords at 3 d after
injury was dramatic (Fig. 2C). The extravasation of NaFlu was
again restricted locally to the lumbar spinal cord (Fig. 2D). To
further localize anatomical distribution of the leakage, additional
assessment was performed by using immunolabeling with anti-
bodies against rat IgG and fibronectin, two plasma proteins that
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should not be found in normal spinal cord parenchyma. As
shown in Figure 2 E, while no positive IgG or fibronectin stain-
ing was detected in naive spinal cords, IgG- and fibronectin-
immunopositive deposits were found within the spinal cord of

rats following sciatic nerve injury. The signal (extracellular aggre-
gates) was essentially located in the ipsilateral side. Extravasation
of IgG and fibronectin was confirmed by costaining with the
vascular markers CD34 and CD31 (Fig. 2E). To better under-
stand the scope of the nerve injury-triggered BSCB disruption, we
used the same protocol to compare the EB leakage in EAE mice,
an animal model of multiple sclerosis where the BBB/BSCB im-
pairment has been well established (Hawkins and Davis, 2005;
Fabis et al., 2007). As illustrated in Figure 2 F, EAE-associated EB
leakage is much more pronounced and diffused in different seg-
ments of the spinal cords and in the brain. In contrast, peripheral
nerve injury-triggered BSCB compromise is most likely restricted
in the corresponding lumbar spinal cord.

Microglial activation is not required for BSCB disruption

To understand whether nerve injury modulates the BSCB perme-
ability directly or such effect depends on the activation of resident
microglial cells in the spinal cord, we infused intrathecally a mi-
croglial inhibitor minocycline from day 0 to day 7. As reported
previously (Lin et al., 2007), such a treatment significantly pre-
vented the increase of Iba-1 immunoreactivity (IR) (Fig. 3A,B)
and partially reduced pain development (Fig. 3C). However, mi-
nocycline did not affect the extravasation of EB (Fig. 3D), when
compared with saline (intrathecally)-treated animals, which sug-
gest that BSCB disruption is not dependent on microglial activa-
tion in the spinal cord.

Inflammatory mediators modulate BSCB function

MCP-1 is critical in nerve injury-induced BSCB disruption

The chemokine MCP-1 is released by damaged neurons follow-
ing nerve injury (Zhang and De Koninck, 2006). To assess the
role of endogenous MCP-1 in BSCB integrity, we intrathecally
infused an antibody against MCP-1 (3 ug) in injured animals. Com-
pared with injured animals infused with saline, MCP-1 antibody
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significantly reduced EB extravasation in
the spinal cord at day 3 after injury (Fig. 4 A)
(p < 0.05 vs saline). Next, we intrathecally
infused naive animals with recombinant
MCP-1 (2.5 ug) for 3 d and then assessed
permeability of BSCB to EB. Exogenous
MCP-1 evoked an increase of EB content in
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the spinal parenchyma in naive animals
similar to that seen in nerve-injured animals
at day 3 (Fig. 4B) (p < 0.01 vs naive).
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Systemic IL-13 induces EB extravasation
in the spinal cord

Low doses of IL-13, 10-50 immune units
(TU) injected intravenously did not provoke
any significant increase of EB content in the
spinal cord (Fig. 3C). However, higher con-
centrations of IL-183, 1000-5000 IU did
dose-dependently increase the EB perme-
ation in the spinal cord, which is significant
at 5000 IU (p < 0.001 vs saline) (Fig. 4C).
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TGF-B1 and IL-10 block EB extravasation
in the spinal cord following peripheral
nerve injury

To evaluate whether TGF-B1, as an anti-
inflammatory cytokine, is effective in pre-
venting nerve injury-induced BSCB
disruption, we administrated TGF-B1 (2
ug) in rats having ligation on the sciatic
nerve. Three day intrathecal infusion (from day 0 to day 3) of
TGF-B1 successfully prevented the EB extravasation into the spi-
nal cord following PNI (p < 0.01 vs saline) (Fig. 4D). Similar
blocking effects were observed using another antiinflammatory
cytokine IL-10 (Fig. 4 D). TGF-B1 did not alter the normal phys-

iological properties of the BSCB in naive animals (Fig. 4D).

Figure 5.

Peripheral nerve injury alters tight junction complex

protein expression

In view of the critical roles of tight junctions in maintaining BSCB
integrity, we examined the effect of PNI on the expression of some
proteins important to tight junction structure and function, includ-
ing plasma protein ZO-1 and membrane protein occludin. As cave-
olae complexes play an important role in transcytosis of numerous
substrates (Tuma and Hubbard, 2003; Kirkham and Parton, 2005),
including immune mediators (Middleton et al., 1997), we also
sought to determine whether the expression of caveolin-1, the major
structural protein of caveolae (Cohen et al., 2004; Stan, 2005) was
altered in the spinal cord by nerve injury. Western blot analysis was
performed using microvessels isolated from lumbar spinal cord seg-
ments (Fig. 5A). In comparison with naive or sham-operated rats, all
three examined proteins, ZO-1 (Fig. 5B), occludin (Fig. 5C), and
caveolin-1 (Fig. 5D), were downregulated 3 d after a partial ligation
on the sciatic nerve, when maximal disruption of the BSCB was
observed. Relative levels of targeted protein expression were deter-
mined by densitometric analysis and shown in Figure 5E.

TGF-p1 prevents the downregulation of tight junction
proteins following peripheral nerve injury

To determine how TGF-B1 prevents the BSCB dysfunction asso-
ciated with nerve injury, we examined the effects of TGF-B1 on
the expression of tight junction proteins. Intrathecal infusion of
TGEF- 1 was able to prevent the downregulation of tight junction
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Downregulation of tight junction proteins following peripheral nerve injury. Microvessels isolated from the spinal
cord were positive for endothelium markers, VWF and Glut-1 (A). The expression of tight junction-associated protein Z0-1 (B),
occludin-1(€), and caveolin-1, a major player in the formation of caveolae (D), was significantly lower in microvessels of animals
day 3 after nerve lesion than controls (naive and sham). Quantitative assessment of protein levelsis illustrated in E. Three separate
experiments in which each treatment group consists of pooled microvessels from two animals were included. Values are presented
asmeans == SEM. *p < 0.05, **p << 0.01. Scale bar, 20 pm.

proteins ZO-1 and occludin following PNI (Fig. 6 A, B,D). How-
ever, TGF-B1 failed to rescue the nerve injury-associated
downregulation of caveolin-1 (Fig. 6C,D). We have reported
previously that, as a potent antiinflammatory cytokine, TGF-31
inhibited the neuronal MCP-1 expression and reduced the spinal
cytokine level in the same nerve injury model through its pleio-
tropic effects on neurons and glia (Echeverry et al., 2009). To
further explore the mechanism of TGF-B1 in modulating BSCB
integrity, we examined the direct effects of TGF-B1 on endothe-
lial cells. TGF-B-RI was detected in isolated endothelial cells (Fig.
6 E). Neither nerve injury nor exogenous ligand modified signif-
icantly the quantity of the receptor on microvessels (Fig. 6 F).
However, intrathecal infusion of TGF-B1 did activate the
Smad?2/3 signaling pathway in endothelial cells, evidenced by an
increase of phosphorylated Smad2/3 (Fig. 6G). Therefore, we
think that TGF-B1 regulates BSCB integrity through its direct
effects on endothelial cells and its indirect effects in inhibiting
local inflammation.

Peripheral nerve injury promotes cytokine penetration and
immune cell infiltration into the spinal cord parenchyma
Permeation to circulating cytokine IL-13

'25T_labeled recombinant human IL-18 was used as a tracer to test
whether the disruption of the BSCB caused by PNI could be
accompanied by a passive influx of proinflammatory cytokines
into the CNS parenchyma. We first coadministrated '**I-IL-13
(0.7 uCi/150 pl) with EB, to identify a minimal dose for the
detection of radioactivity and to ensure the increased entrance of
IL-1B occurred through preexisting compromised BSCB pro-
voked by PNI, not due to the interference of injected IL-18 as
seen in Figure 4C. As shown in Figure 7A, the EB content was
similar in '*°I-TL-1B-injected and in saline-injected rats, either
naive or nerve-injured animals, which confirms that the dose of
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Infiltration of GFP™ bone marrow-derived
monocytes/macrophages and CD2 ™/
CD3™ lymphocytes into the spinal cord
We previously reported a remarkable and
selective infiltration of circulating mono-
cytes into the spinal cord parenchyma af-
ter PNI (Zhang et al., 2007). However,
whether a compromised BSCB is required
and plays a critical role in such cell recruit-
ment is unknown. As shown in Figure 4 D,
TGF-B1 has the ability to restore BSCB
function. Here, we injected intrathecally
recombinant TGF-B1 in GFP ™ chimeric
mice, starting from the day of the injury
R? (day 0) and until day 14, to evaluate
whether a compromised BSCB is neces-
sary for GFP " cell infiltration in the spinal
cord parenchyma. Consistent with our
previous findings, a striking number of
GFP ™" cells, derived from bloodborne
monocytes/macrophages were detected in
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the ipsilateral side of the L4-L5 spinal
cord in injured animals (Fig. 8 A). These
recruited GFP ¥ cells were differentiated
into ramified microglia and located in the
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Figure 7.  Peripheral nerve injury induced disruption of BSCB provided access to circulating
immune mediators into the spinal cord parenchyma. 4, Intracardiacinjection of **I-IL-18 (0.7
(/150 wl) did not affect BSCB permeability to EB in either naive or nerve-injured rats. B,
There was a significant increase in the uptake of '>°I-IL-18 in the lumbar spinal cord 3 d after
sciaticnerve injury compared with control groups. Values are presented as means == SEM. *p <
0.05, **p < 0.01 versus naive.

IL-1B used in this experiment, with 10 min exposure, did not
alter the BSCB permeability. However, '*’I radioactivity detected
in the spinal parenchyma was significantly higher in rats 3 d after
PNI than those in naive rats (Fig. 7B).

0.1 T
d3+ saline d3+ TGFB1

TGF-B1 alters tight junction protein levels in spinal cord microvessels. Intrathecal administration of TGF-31 (2.5 g
for day 0 to day 3) successfully prevents the decrease in tight junction protein levels Z0-1 (4, D) and occludin (B, D) observed after
peripheral nerve injury. Levels of caveolae structural component caveolin-1, however, remained unchanged (C, D). The receptor for
TGF-B1 (TGF-B-RI) is found in isolated spinal cord endothelial cells, confirmed by the colocalization with vascular marker CD31.
DAPI staining (blue) was used for cellular identification (E). The protein levels of the TGF-3-RI remain unchanged after peripheral
nerve injury, with or without TGF-31 infusion (F). TGF-31 treatment induced the phosphorylation of signaling pathway proteins
Smad2/3 (pSmad2/3) in spinal cord microvessels (G). Three separate experiments in which each treatment group consists of pooled
microvessels from two animals were included. Values are presented as means == SEM. *p << 0.05 versus d3 + saline. Scale bar, 10 um.

parenchyma, beyond blood vessels (Fig.
8A). The immune cell trafficking was al-
most completely prevented in injured an-
imals following recombinant TGF-f1
administration (Fig. 8A). The number of
ramified GFP ™ cells in TGF-B1-injected
mice (5.42 = 0.67 in DHiand 4.91 = 0.94
in VHi) was significantly lower than that
injected with saline (29.08 * 1.17 in DHi
and 30.25 = 8.92) (Fig. 8A). Although the
most predominant phenotype of cells in-
filtrating into the spinal cord is monocyte/
macrophages, we also found few CD2*
and CD3 " lymphocytes recruited into
the CNS. This T-cell trafficking was pre-
vented at the presence of TGF-f1 (Fig.
8C,D).

d3  d3+ TGFp1

*

Discussion

The present study provides evidence that PNI can impair BSCB
permeability in a transient and restricted manner, which is me-
diated by the chemokine MCP-1 released from damaged neu-
rons. The compromised BSCB allows penetration of both
inflammatory molecules and immune cells into the spinal cord,
participating in the central inflammatory response, a critical pro-
cess for the development of neuropathic pain.

BBB/BSCB disruption has been observed in many CNS pa-
thologies as a consequence of direct trauma or inflammation in
the CNS parenchyma (de Vries et al., 1997; Hawkins and Davis,
2005; Banks and Erickson, 2010). Recent work has shown that
insults in the periphery can also open the BBB/BSCB. Injection of
complete Freund’s adjuvant into the hindpaw increased BBB per-
meability (Brooks et al., 2005). Injury on peripheral nerves al-
tered BSCB function (Gordh et al., 2006; Beggs et al., 2010). Here,
we describe a detailed spatial and temporal kinetics of BSCB al-
teration associated with partial ligation on the sciatic nerve (Selt-
zer etal., 1990). The BSCB displayed an early, but transient (up to
1 month), extravasation of large plasma proteins (EB-albumin com-
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plex; MW, 68,500 Da), as well as small mol-
ecules (NaFlu; MW, 376 Da) into the spinal
cord parenchyma. This was restricted to the
corresponding lumbar segment, without
any significant impact in other regions of
the spinal cord or the brain. The BSCB com-
promise was consistent, both temporally
and spatially, with the spinal inflammatory
reaction following PNI (Basbaum et al.,
2009; Zhang and De Koninck, 2009). How-
ever, it is in contrast with the extensive and
diffused BBB/BSCB disruption in EAE mice
observed by us and others (Bennett et al.,
2010), which is accompanied by a general-
ized inflammatory reaction in the disease
pathology.

Much progress has been made toward
illustrating the mechanisms underlying
the spinal inflammatory reaction in re-
sponse to PNI. Among various inflamma-
tory mediators released in the spinal cord,
the chemokine MCP-1 stands out as an
important trigger of microglial activation
(Zhang et al., 2007). Some in vitro and in
vivo studies have shown that MCP-1 may
also regulate endothelial function (Stama-
tovic et al., 2005; Ge et al., 2008). We dem-
onstrated here that MCP-1 is necessary
for BSCB disruption following peripheral
nerve injury, because MCP-1 antibody
treatment prevented the increase of per-
meability to EB, and recombinant MCP-1
delivered in naive animals mimicked the
effects seen in nerve-injured rats. The ex-
pression of CCR2 on brain endothelium
(Dzenko etal., 2005), especially on the ab-
luminal surface (Andjelkovic et al., 1999),
supports the findings that parenchymally
deposited MCP-1 has the ability to open
the BSCB and to stimulate immune cell
trafficking across the BSCB. Together
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Figure 8.  Peripheral nerve injury-induced disruption of BSCB provided access to circulating immune cells into the spinal cord
parenchyma. A, GFP ™ bone marrow-derived cells infiltrated into the spinal cords after PNI, which differentiated into Iba-1~"
microglia. Intrathecal injection of TGF-31 prevented the entrance of circulating immune cells at 14 d after nerve injury. Evidence
on localization of infiltrated GFP * bone marrow-derived cells in the parenchyma is shown by coimmunostaining with vessel
marker Glut-1. Scale bars: left, 250 wm; middle, 10 wm; right, 20 um. B, Quantitative analysis of GFP ™ cells in the spinal cords of
GFP chimeric mice after PNIand TGF-31 treatment. C, To compare with naive animals, there was amarked infiltration of (D2 * and
(D3 ™ lymphocytes into the ipsilateral side of spinal cords after peripheral nerve injury (white arrows). Intrathecal injection of
TGF-B1 prevented the entrance of circulating lymphocytes at 7 d after nerve injury. Scale bar, 50 m. D, Quantitative analysis of
(D2 and (D3 * cells in the dorsal horns of spinal cords of rats after nerve injury and TGF-/31 treatment. TGF-31 successfully
reduced the number of cells invading the spinal parenchyma. N = 6/group. Values are expressed as means = SEM. *p << 0.05,

with our previous report (Zhang et al.,
2007), we implicate MCP-1, released by
damaged neurons, not only as a necessary
chemoattractant for microglial activation but also as an impor-
tant player for regulating BSCB function. The key role of
neuronal-derived MCP-1 in altering BSCB integrity is further
supported by the fact that activated microglia, where MCP-1 ex-
pression is absent (Zhang and De Koninck, 2006), is not required
for opening the BSCB.

Beggs et al. (2010) have demonstrated that electrical stimula-
tion of the sciatic nerve at intensity sufficient to activate C-fibers
can trigger a delayed increase in BSCB permeability. The phe-
nomenon can be explained by a neurogenic inflammation fol-
lowing electrical stimulation. Activation of C-fibers stimulates
the release of substance P and CGRP (calcitonin gene-related
peptide) from small peptidergic neurons (Zieglgénsberger et al.,
2005), and subsequent release of other inflammatory mediators
including cytokines (Sahbaie et al., 2009). All these molecules can
be good candidates to affect BSCB permeability. This is probably
why there was a delay in the increase of BSCB permeability fol-
lowing C-fiber stimulation, and moreover stimulation of A-fibers
alone was not able to modify BSCB integrity. It should be noted

**p < 0.01 versus controls (naive and sham); *p << 0.05, *p < 0.01, **p < 0.001 versus saline.

that, in addition to act as a local anesthetic, lidocaine also has
powerful antiinflammatory properties (Sinclair et al., 1993; Cra-
ner et al., 2005; Gu et al., 2008). Therefore, the observed effects
using lidocaine may not be entirely attributed to the blockade of
electrical activities. Further investigation is needed to clarify
whether central release of MCP-1 depends on electrical firing.
Cytokines are important molecules of the immune system
involved in the alteration of the BBB/BSCB integrity (McColl et
al., 2007), and their roles in neuropathic pain have been exten-
sively studied (Ren and Torres, 2009). Elevated serum levels of
proinflammatory cytokines have been reported in neuropathic
pain patients (Davies et al., 2007; Yu et al., 2009). A dose-
dependent effect of systemic IL-13 on EB extravasation suggests
that circulating inflammatory molecules also have the capability
to modulate the BBB/BSCB permeability. Systemic IL-18-
induced alterations in BSCB can be mediated through a direct
interaction with the IL-18 receptor located in the endothelium
(Konsman et al., 2004) or indirectly, through IL-13-stimulated
release of other chemokines having their corresponding recep-
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tors on blood vessels (Shaw and Greig, 1999; Ubogu et al.,
20006).

Further support for such an inflammation-mediated regula-
tion of BSCB/BBB function is that, while proinflammatory mol-
ecules promoted the openings of BSCB, antiinflammatory
cytokines, TGF-B1 or IL-10, which have been shown to be able to
inhibit spinal microglial activation and to reduce the expression
of proinflammatory molecules (Moore et al., 2001; Echeverry et
al., 2009; Soderquist et al., 2010), prevented the disruption of
BSCB triggered by nerve injury. These antiinflammatory cyto-
kines were effective in relieving experimental neuropathic pain
(Echeverry et al., 2009; Soderquist et al., 2010).

The molecular and cellular mechanisms underlying the detri-
mental effects of nerve injury on BSCB permeability remain un-
known. Regulation and redistribution of TJ-associated proteins
have been postulated as key players. Accompanied by a signifi-
cant increase of BSCB permeability, a rapid decrease of cytoplas-
mic ZO-1 and transmembrane occludin have been found in
spinal microvessels 3 d after injury. In addition, the loss of TJ
proteins can be rescued by exogenous TGF-£1, in parallel with
the recovery of the BSCB integrity. We assume that observed
effects of TGF-B1 in modulating T] protein expression and BBB/
BSCB function might yield from its antiinflammatory effects,
although they may be attributed to a direct activation of endo-
thelial cells. TGF-1 receptors are present on the surface of these
cells and the Smad2/3 signaling pathway is activated in response
to the ligand (Ronaldson et al., 2009). Another structural feature
that can contribute to the relative impermeability of BBB/BSCB is
caveolae-associated changes. Endothelial cells allow transport of
substances from the blood to the CNS via several routes among
which transcytosis is highly mediated by caveolae complexes.
Caveolae functions rely on caveolin-1, a scaffolding protein that
drives the formation of plasma membrane caveolae and anchors
them to the actin cytoskeleton. Caveolin-1 is increased in differ-
ent pathological conditions associated with alterations of BBB
permeability through enhanced transcytosis (Nag et al., 2009).
However, we have detected a significant decrease of cavelolin-1
protein expression in microvessels isolated from lumbar spinal
cords of rats having PNI. These results might indicate a lack of
major involvement of the transcytosis route in PNI-triggered
BSCB compromise. Recent work, however, has also highlighted
the role of caveolin-1 in the organization of TJ protein (Nusrat et
al., 2000). Interestingly, reduced expression of caveolin-1 has
been shown to cause TJ-associated protein disruption in a mech-
anism dependent on endothelial cell exposure to MCP-1 (Song et
al., 2007). Whether changes of caveolin-1 are relevant to BSCB
alterations and whether such changes can affect the spatial reor-
ganization of TJ in our context are not clear and warrant more
experiments for clarification.

Loss of BSCB integrity may have manifold consequences
(Banks and Erickson, 2010), through which circulating immune
mediators could reach the spinal cord. Our results provided clear
evidence that systemic IL-183 has access to the CNS via a disrupted
BSCB. Although the active transport was not tested in this study,
the passage of IL-13 most likely corresponded to a passive diffu-
sion into the spinal cord parenchyma since the human IL-1 used
in this study cannot cross the BSCB through active mechanisms
in the rat (Plotkin et al., 2000). Increasing evidence suggests that
proinflammatory cytokines enhance pain via central mechanisms
(DeLeo and Yezierski, 2001; Kawasaki et al., 2008). We demon-
strated here that, in addition to being produced in situ by acti-
vated glial cells and/or damaged neurons, cytokines, such as
IL-183, can also be available by permeation from blood to the
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spinal cord. The breakdown of BSCB allowed the entrance of
circulating immune cells. PNI-induced recruitment of GFP ™"
cells was also significantly reduced in the spinal cord parenchyma
of chimeric mice treated with TGF-B1. The ability of circulating
immune cells to populate the CNS is further supported by
T-lymphocyte infiltration observed in rats having spared nerve
injury (Costigan et al., 2009) or partial sciatic nerve injury (cur-
rent study) and in mice having spinal nerve transection (Cao and
DelLeo, 2008). The cross talk between the immune and nervous
systems through impaired BBB/BSCB may have significant im-
pact on long-term molecular and cellular changes in pain path-
ways and persistent pain behavior. Another significant clinical
consequence of these findings that deserves to be mentioned is
that the period in which BSCB remains more permeable may
directly influence the pharmacokinetics of drugs that are admin-
istered systemically.
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