Am J Transl Res 2017;9(3):1012-1024
www.ajtr.org /ISSN:1943-8141/AJTR0043308

Original Article

Inhibiting endoplasmic reticulum stress by lithium
chloride contributes to the integrity of blood-spinal cord
barrier and functional recovery after spinal cord injury
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Abstract: Endoplasmic reticulum (ER) stress play important roles in the spinal cord injury (SCI), which including
blood-spinal cord barrier (BSCB) disruption. Lithium chloride (LiCl) is a clinical drug for bipolar mood disorders and
contributes to neuroprotection. This study aims to investigate the effects of LiCl on BSCB disruption and the ER
stress pathway induced by spinal cord injury. We examined the integrity of the BSCB with Evans Blue dye and macro-
phages extravasation, measured the microvessels loss, the junction proteins degeneration, the activation ER stress,
and the locomotor function recovery. Our data indicated that LiCl treatment could attenuates BSCB disruption and
improved the recovery of functional locomotion in rats SCI model, reduced the structure damage and number loss
of microvessels, increased the expressions of junction proteins, including p120, B-catenin, occludin, and claudin-5,
via reversed the upregulated ER stress associated proteins. In addition, LiCl significantly inhibited the increase of
ER stress markers and prevents loss of junction proteins in thapsigargin (TG)-treated human brain microvascular
endothelial cells (HBMEC). These findings suggest that LiCl treatment alleviates BSCB disruption and promote the
neurological function recovery after SCI, partly through inhibiting the activation of ER stress.
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after SCI elicits a robust release of neurotoxic
products that can compromise synaptic and
neuronal functions, which eventually induces
extensive neuronal programmed cell death and
permanent neurological deficits as a result [3,
4]. Thus, by targeting the BSCB disruption
should be considered as a feasible approach

Introduction

The blood-spinal cord barrier (BSCB) is com-
posed of a tightly sealed monolayer of endothe-
lial cells and adjacent perivascular cells, includ-
ing astrocytes (astrocytic endfeet) and peri-
cytes. These surrounding perivascular cells

wrap the abluminal capillary surface providing
physical support and stability the BSCB [1].
Junctional complexes between the endothelial
cells, comprised of tight junction (TJ), adherens
junction (AJ), and gap junction, also play a criti-
cal role in maintaining the integrity of the BSCB
[2]. Traumatic spinal cord injury (SCI) is initially
caused by the initial mechanical insult, but SCI
pathology is largely determined by prolonged
secondary processes associated with damage
of the BSCB, including blood infiltration, loss of
microvasculature, and degeneration of junc-
tional complexes. The disruption of the BSCB

for treating neurological deficits after SCI.

Lithium has been the mainstay of treatment for
bipolar disorder for more than 60 years. Lithium
mediates its neuroprotective effects in a variety
of neurodegenerative conditions including
stroke, Alzheimer disease, Parkinson disease,
and Huntington disease [5-7]. A few studies
have proposed that lithium chloride (LiCl) pro-
motes barrier tightness by increasing the
expression and distribution of TJ proteins via
inhibiting Glycogen Synthase Kinase-3p in the
brain [8]. Although there have been encourag-
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ing reposts claiming that LiCl improves loco-
motor functions after SCI [9, 10], as yet the
mechanism by which treatment of LiCl pre-
vents disruption of BSCB after SCI is not fully
understood.

The endoplasmic reticulum (ER) is an important
subcellular organelle that facilitates proper
folding of newly synthesized secretory and
membranous proteins and also serves as an
intracellular Ca?" store [11]. Activation of ER
stress following SCI leads to an accumulation
of unfolded proteins in the ER lumen triggering
the unfolded protein response (UPR). Prolong
ER stress results in inhibition of protein syn-
thesis and depletion of Ca?* from ER stores,
which eventually increases CHOP expression
and activates caspase-dependent neuronal
cell death [12, 13]. Deletion of CHOP protects
loss of microvasculature following SCI [14]. It
has been shown that treatment of lithium
reduced ER stress-mediated apoptosis via
inhibition of caspase-12 and cleavage of cas-
pase-3 in the ER [15]. Protracted lithium pre-
treatment is cytoprotective against thapsi-
gargin (TG) induced cytotoxicity resulting from
ER stress in PC12 cells [16]. Recently, a few
studies have shown that, in rat model of SCI,
inhibition of ER stress upregulated levels of TJ
and AJ protein, and thus improving the BSCB
integrity [17, 18]. However, much less is known
about the effect of LiCl on ER stress in the
BSCB. In the present study, we sought to inve-
stigate the potential therapeutic effect of LiCl
on the BSCB disruption from both in vivo and in
vitro approaches, and out findings demon-
strated that treatment of LICI attenuated ER
stress-induced loss of TJ and AJ proteins, thus
improving the BSCG integrity after SCI.

Materials and methods
Animals

Adult female Sprague-Dawley (SD) rats (220-
250 g) were purchased from the Chinese
Academy of Sciences, Shanghai, China. All
experimental procedures were approved by
the ethics committee of Wenzhou Medical
University and performed in accordance with
the Guide for the Care and Use of Laboratory
Animals.

Animal model of SCI

SD rats were maintained in a temperature-con-
trolled environment (23-25°C) with 12 h light/
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dark cycles and free access to food and water.
Aniamls were randomly divided into three
groups: (1) control group, (2) SCI group, and (3)
SCI + LiCl group. Rats were anaesthetized with
2% pentobarbital sodium (40 mg/kg) intrape-
ritoneally with all fur and muscle adjacent to
the spinous processes dislodged to expose the
vertebral column. A laminectomy was per-
formed at the T9 vertebral level to expose the
spinal cord, where a moderate contusion was
done using a vascular clip (15 g forces, Oscar,
China) for 1 min. Then, the incision sites were
closed in layers. In the SCI + LiCl group, LiCl
dissolved in PBS was administered intraperi-
toneally (20 mg/kg/d) 2 h before injury and
after once daily until animals were sacrificed.
An equal amount of PBS was administered to
vehicle-treated rats. Rats in the sham-operated
control group were subjected to the same su-
rgical procedure without compression injury.
Manual urinary bladder emptying was peform-
ed twice daily until bladder function returned in
these animals.

Cell culture and viability assay

Primary cultures of human brain microvascular
endothelial cells (HBMEC) were purchased from
ScienCell Research Laboratories (ScienCell
Research Laboratories, San Diego, CA, USA),
and maintained in endothelial cell medium in a
humidified atmosphere containing 5% CO, at
37°C. HBMEC were expanded and treated with
LiCl alone (10 mM), TG alone (10 uM) or LiCl
plus TG for 24 h. At the end of experiments,
cells were harvested for immunofluorescence
staining, and western blot analyses. For a via-
bility assay, cells were seeded on a 96-well
plate at 7 x 103 cells/well. After treating diffe-
rent drugs in each group for 24 h, HBMEC were
incubated with MTT at 37°C for 4 h. Medium
was removed subsequently and 100 pl of
DMSO was added to each well before measure-
ment. The absorbance was measured at 550
nm with a spectrophotometer (Thermo Electron
Corporation, France), and cell viability was
expressed as a percentage relative to the con-
trol group treated with LiCl alone.

Evans Blue-BSCB disruption

The integrity of the BSCB was examined with
use of Evans Blue dye extravasation, as pre-
viously described [19]. In brief, animals received
a tail injection of 2% Evans Blue dye (4 ml/kg,
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Sigma-Aldrich) 1 day after SCI before sacrifice.
For qualitative measurement of Evans Blue
extravasation, one centimeter of the T9 spinal
cord surrounding the injury site was extracted,
weighed, and snap-frozen in -80°C. Samples
(400 mg) were then homogenized in 400 pL of
N, N’-dimethylformamide (DMF) and incubated
at 70°C for 72 h. Samples were centrifuged at
18,000 rpm for 20 min twice and the super-
natant was collected, Collected samples were
aliquoted (200 pL) into a 96-well glass plate,
and the fluorescence signal was quantified at
an excitation wavelength of 620 nm and an
emission wavelength of 680 nm using a spec-
trophotometer. Data were normalized to the
original sample weight, and Evans Blue concen-
tration was calculated based on a standard
curve of Evans Blue in DMF (data reported as
Evans Blue per spinal cord weight: ug/g). On
the other hand, animals were perfused with
PBS and subsequently with 4% formaldehyde
(PFA). Spinal cords were sectioned into 20-um
thick and the fluorescence signal of Evans Blue
was captured using a fluorescence microscope
and the relative fluorescence intensity was
determined by Image ProPlus (Media Cyber-
netics, Rockville, MD, USA).

Locomotion recovery assessment

Functional deficits induced by SCI in rats were
evaluated using the 21-point Basso-Beattie-
Bresnahan (BBB) locomotion scale and foot-
print analysis. The BBB locomotion scale was
conducted at 1, 3, 7, 14, 21, and 28 d after SCI
in rats. Animals were placed in open experi-
mental field and were allowed to move freely for
5 min. Crawling ability was evaluated according
to the BBB scale, and scores ranging from O
(no limb movement or weight support) to 21
(normal locomotion) were awarded. For foot-
print analysis, both animal’s forepaws and hind-
paws were dipped in red and blue ink (non-
toxic) and were allowed to leave a trail of foot-
prints as they walk across a narrow box (1 m
long and 7 cm wide). The footprints were
scanned, and digitized images were analyzed.

Transmission electron microscopy (TEM) analy-
sis

Spinal cord tissues were fixed in 2.5% gluta-
raldehyde overnight, and then were post-fixed
in 2% osmium tetroxide before blocking with
2% uranyl acetate. Following dehydration in a
series of acetone wash, tissues were embed-
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ded in araldite and sectioned. Toluidine blue
staining was performed and observed using a
Hitachi TEM.

Immunofluorescence

Animals were anesthetized and transcardially
perfused with 0.9% NaCl, followed by 4% PFA at
1 d after injury, T7-T9 spinal cord segments
near the lesion epicenter were fixed in 4% PFA
for 24 h and embedded in paraffin for trans-
verse sectioning (5 um). Sections were incu-
bated with 5% bovine serum albumin (BSA) in a
37°C oven for 30 min following by an overnight
incubation of appropriate primary antibodies at
4°C. Primary antibodies are listed as follows:
rabbit anti-CD68 (1:400, Abcam, Cambridge,
UK), mouse anti-CD31 (1:400, Abcam), rabbit
anti-claudin-5 (1:100; Santa Cruz, CA, USA),
rabbit anti-OCC (1:100, Proteintech), rabbit
anti-PDI (1:400, Abcam), and rabbit anti-CHOP
(1:100; Santa Cruz). After that, sections were
washed at room temperature, and were incu-
bated with goat anti-rabbit Alexa Fluor 488
(1:2000, Abcam), or donkey anti-mouse TR
(1:12000, Abcam) for 1 h [20, 21].

For in vitro study, cells were fixed with 4% FPA
for 30 min at room temperature followed by
blocking with 5% BSA in a 37°C oven for 30
min. After blocking, cells were incubated with
primary rabbit antibody anti-B-catenin (1:400,
Abcam) at 4°C overnight, and secondary goat
antibody anti-rabbit Alexa Fluor 488 (1:1000,
Abcam). The nuclei were stained with DAPI for
5 min at room temperature [22]. Images were
captured by a confocal microscopy. The CD68
positive cells were counted at eight randomly
selected fields from per sample by using the
Image ProPlus.

Western blot analysis

Proteins from the spinal cord tissues and
HBMEC were purified in an NP-40 lysis buffer.
An equal amount of protein was separated by
11.5% gel, transferred onto a PVDF membrane
(Bio-Rad Laboratories) [23]. Membranes were
blocked with 5% milk-TBST for 90 min at room
temperature, and were subsequently incubated
with the primary antibodies: rabbit anti-CD31
(1:2000, Abcam), rabbit anti-p120 (1:1000,
Abcam), rabbit anti-B-caternin (1:1000, Abcam),
rabbit anti-occludin (1:1000, Cell Signal Tech-
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Figure 1. LiCl attenuates BSCB disruption after SCI. After SCI, rat were administered with LiCl intraperitoneally (20
mg/kg/d), and BSCB permeability was measured at 1 d after SCI by using Evans Blue dye (n = 4 per group). A, B.
Representative whole spinal cords and quantification of BSCB permeability data in the sham, SCI, SCI + LiCl group
showing Evans Blue dye permeabilized into the spinal cord. **P < 0.01 vs sham group, #P < 0.05 vs SCI group. C.
Quantification data of EB content of spinal cord (ug/g) in each group. **P < 0.01 vs sham group, #P < 0.05 vs SCI
group. D, E. Representative confocal images of an EB extravasation and quantification of the fluorescence intensity
of EB in each group. Scale bar = 1 mm, **P < 0.01 vs sham group, ##P < 0.01 vs SCI group. F, G. Immunofluores-
cence staining of CD68 and DAPI and quantification of the number of CD68 positive cells in selected area of spinal
cords in each group. Scale bar = 50 ym, **P < 0.01 vs SCI group.
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nology), rabbit anti-claudin-5 (1:300; Santa (Bio-Rad). Data were normalized to total or
Cruz), mouse anti-ATF-6 (1:1000, Abcam), rab- loading controls [24, 25].

bit anti-PDI (1:1000, Abcam), rabbit anti-GRP78

(1:2000, Abcam), and rabbit anti-CHOP (1:300; Statistical analysis

Santa Cruz). After washing, membranes were

incubated with appropriate secondary anti- Statistical analyses were carried out using the
bodies for 1 h at room temperature. Proteins SPSS 2.0 statistical software. Data were
were detected using an enhanced chemilu- expressed as the means + SEM. Statistical
minescence (ECL) kit and imaged by the significance was determined by Student t test
VersaDoc Imaging System (Bio-Rad Labo- if comparing only two experimental groups or
ratories). Signal intensities were densitome- one-way ANOVA followed by Dunnett’spost
trically quantified using Image Lab 3.0 software hoc test if analyzing more than two groups.
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Figure 2. LiCl facilitates improved locomotor recovery from SCI. After SCI,
rat were administered with LiCl intraperitoneally (20 mg/kg/d) once per day
for 28 d, and locomotor recovery was assessed via the BBB scale (n = 8
per group), and footprint analysis. A. The BBB scores in the sham, SCI, and
SCI + NBP groups. *P < 0.05, **P < 0.01 versus the SCI group. B. Footprint
analysis results of each group. Both animal’s forepaws and hindpaws were

respectively dipped in red and blue dye.

Differences were considered to be statistically
significant at P < 0.05.

Results

LiCl attenuates BSCB disruption antor recoved
promotes locomory after SCI

The integrity of BSCB after injury was deter-
mined based on permeability of Evans Blue
dye. Evans blue is a dye that binds albumin and
has been used extensively as a marker of extra-
vascular protein leakage. As shown in Figure
1A-C, increased Evans Blue dye was detected
in the SCI group as compared with the sham-
operated group, suggesting that SCI elicits
BSCB disruption in rats. Interestingly, BSCB
influx of Evans Blue dyes was significantly
reduced in the SCI group that received treat-
ment of LiCl (Figure 1A-C). These results were
further corroborated by rats received LiCl
showing a concentration-dependent decrease
in Evans Blue dye fluorescence in the injured
spinal cords at 1 d after SCI when compared to
the no-treatment group after SCI (Figure 1D,
1E). During SCI, BSCB disruption causes influx
of pro-inflammatory factors and other normally
impermeable toxic molecules. Significantly
increased inflammation as determined by
enhanced CD68, a macrophage-specific mark-
er, was observed in animals 1 d after SCI. Our
results demonstrated that reduced staining for
CD68 + cells in LiCl-treated rats after SCI com-
pared to the non-treated group (Figure 1F, 1G),
suggesting LiCl attenuated influx of inflamma-
tory cells into the BSCB induced by SCl in rats.

Hindlimb locomotor function was evaluated 4
weeks after injury in rats using the Basso,
Beattie and Bresnahan (BBB) scale and foot-
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print analysis. Sham rats
showed no altered locomotor
function while both SCI expe-
rimental  groups showed
reduced BBB scores indicat-
ing there locomoter functions
were significantly impaired.
BBB scores were not different
between animals received LiCl
and with no treatment 1, 3,
and 7 d after injury. However,
rats received treatment of LiCl
showed improved BBB scores
as compared to their non-
treated controls at 14, 21 and
28 d after injury (Figure 2A). Furthermore, foot-
print analyses also demonstrated that LiCl
improved forelimb-hindlimb coordination in rats
28 d after injury, which was contrast to non-
treated SCI group showing inconsistent coordi-
nation and extensive drags (Figure 2B). Taken
together, these findings suggested that LiCl
improved BSCB disruption accelerating loco-
motor recovery in rats after SCI.

LiCl prevents endothelial cells damage after
SCi

The disruption of BSCB is associated with
endothelial cell (EC) death and vascular remo-
deling. We performed immunostaining for
CD31, an EC-specific marker, in animals. Our
results demonstrated reduced CD31 staining
in the non-treated SCI group as compared with
the sham group. Nevertheless, a significantly
increased CD31 expression was found in LiCl-
treated rats 1 d after injury (Figure 3A-C). ECs
and the surrounding parenchyma in spinal cord
were further examined using electron micro-
scopy, (Figure 3D). Capillary ECs showed orga-
nelle swelling and formation of numerous large
vacuoles in their cytoplasm, and intracellular
edema of the ECs was also observed in the SCI
group with no treatment. Furthermore, TJs
between the ECs were hardly found in the non-
treated SCI group. In contrast, LiCl treatment
effectively protected capillary ECs from SCI,
intact TJs were noted in these animals after
injury.

LiCl prevents loss of AJ and TJ proteins after
SCI

Both TJ and AJ proteins play an important role
in sealing the gap between ECs, which is es-
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Figure 3. LiCl preventes endothelial cells damage after SCI. A, B. Western blot and quantification of CD31 at 1 d
after injury in the sham, SCI, and SCI + NBP groups. n = 4 per group, **P < 0.01 vs sham group, ##P < 0.01 vs SCI
group. C. Immunofluorescence staining of CD31 and DAPI at 1 d after injury in each group. Scale bar = 10 ym, n =
4 per group. D. Representative transmission electron microscope photographs at 1 d after injury in each group. n
= 4 per group. E-endothelial cell, A-axon, Tj-tight junction, Asterisks indicate extracellular and intracellular edema.

sential for the integrity of BSCB [26]. One day
after injury, the expression of pl120 and
B-catenin were significantly decreased in the
SCI group compared with the sham-operated
rats. Decreased levels of oocludin (OCC) and
claudin-5 were found in the SCI group 1 d after
injury (Figure 4C, 4D). Interestingly, treatment
of LiCl prevented reduced pl120, [B-catenin,
OCC, and claudin-5 in rats after injury (Figure
4A-D). Reduced TJ and AJ protein expression
was in agreement with immunostaining ana-
lyses showing that attenuated OCC and clau-
din-5 signals were detected in rats after injury,
whereas LiCl treatment reversed these findings
in animals with SCI (Figure 4E, 4F). Taken
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together, these observations suggest that LiCl
prevented loss of TJ and AJ protein expression
associated with BSCB disruption during SCI.

LiCl Inhibits the activation of ER stress after
SCI

Previous work demonstrated that ER stress
markers were elevated due to an acute SCI
[17]. We found that significant increases of ER
stress associated protein, such as GRP78, PDI,
ATF-6, and CHOP in the SCI group 1 d after inju-
ry. Treatment of LiCl markedly reduced levels of
these proteins in animals during SCI (Figure
5A-D). An observed increase of PDI and CHOP

Am J Transl Res 2017;9(3):1012-1024
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Figure 4. LiCl prevents loss of tight junction (TJ) and adheren junction (AJ) proteins after SCI. A, B. Western blot and
quantification of p120 and B-catenin at 1 d after injury in the sham, SCI, and SCI + NBP groups. n = 4 per group,
*P < 0.05 vs sham group, ##P < 0.01 vs SCI group. C, D. Western blot and quantification of Occludin (OCC) and
Claudin-5 at 1 d after injury in each group. n = 4 per group. *P < 0.05 vs sham group, #P < 0.05, ##P < 0.01 vs SCI
group. E, F. Immunofluorescence staining of OCC and Claudin-5 at 1 d after injury in each group, nuclei are labeled
with DAPI. Scale bar = 10 uym, n = 4 per group, arrows indicate microvessels.

immunostaining in the SCI group was reversed
by treatment of LiCl after injury (Figure 5E, 5F).
Furthermore, the level of cleaved caspase-12,
a downstream molecule of CHOP, was markedly
increased in the injured spinal cord of animals,
and this increase was attenuated by treatment
of LiCl (Figure 5G, 5H). These results indicated
that LiCl effectively inhibited cell death medi-
ated by increased ER stress after SCl in rats.
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LiCl prevents loss of AJ and TJ proteins in TG-
treated HBMEC

In parallel to our in vivo study, we examined
whether inhibition of ER stress was involved in
the protective effect mediated by treatment of
LiCl in vitro. HBMEC treated with TG exhibited a
reduce in p120, B-catenin, OCC, and claudin-5
protein levels when compared with controls

Am J Transl Res 2017;9(3):1012-1024
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Figure 5. LiCl Inhibits the activation of ER stress after SCI. A-D. Western blot and quantification of GRP 78, PDI, ATF-6
and CHOP at 1 d after injury in the sham, SCI, and SCI + NBP groups. n = 4 per group, **P < 0.01 vs sham group,
#P < 0.05, ##P < 0.01 vs SCI group. E, F. Immunofluorescence staining of PDI and CHOP at 1 d after injury in each
group, nuclei are labeled with DAPI. Scale bar = 10 um, n = 4 per group. G, H. Western blot and quantification of
cleaved caspase 3 at 1 d after injury in each group. n = 4 per group, *P < 0.05 vs sham group, #P < 0.05 vs SCI
group.
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Figure 6. LiCl prevents loss of TJ and AJ proteins in TG-treated HBMEC. HBMEC were treated with TG (10 uM) or
together with LiCl (10 mM) or LiCl alone for 24 h. A-D. Western blot and quantification of p120, B-catenin, OCC and
Claudin-5 in the control, TG, and TG + LiCl and LiCl groups. *P < 0.05, **P < 0.01 vs control group, #P < 0.05 vs TG
group. E. Immunofluorescence staining of B-catenin in each group, nuclei are labeled with DAPI. Scale bar = 10 ym.

(Figure 6A-D). However, LiCl incubation rever-
sely up-regulated p120, B-catenin, OCC, and
Claudin-5 protein expression in HBMEC treated
TG (Figure 6A-D). These results were also in
agreement with subsequent immunofluores-
cence staining demonstrating that HBMEC
treated with TG showed that 3-catenin immu-
nostaining was reduced, yet a higher level of
B-catenin immunostaining was observed the
LiCl-treated group (Figure 6E).

LiCl inhibits ER stress in TG-treated HBMEC

Our in vitro study also showed that levels of ER
stress associated proteins, including GRP78,
PDI, ATF-6, and CHOP were significantly
increased in HBMECs when treated with TG,
which were reversed by treatment of LiCl
(Figure 7A-D). However, no effect of PBA alone
on these proteins was observed. We also stu-
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died the effect of TG on HBMEC viability. In MTT
assays, TG inhibited cell viability and this inhi-
bition was partly reversed by LiCl treatment
(Figure 7E). These results suggested that LiCl
effectively inhibited ER stress-associated apo-
ptosis in HBMEC in vitro.

Discussion

Under normal physiological conditions, the
BSCB represents a tight barrier between the
circulating blood and central nervous system
(CNS). The dense junction proteins, which seal
the space between adjacent endothelial cells,
play an important role in maintenance of inte-
grity of the BSCB. SCl induced by initial mechan-
ical insult resulted in rapid, permanent dama-
ges in microvasculature leading to endothelial
dysfunction and increased BSCB leakage [27].
In our study, the BSCB was disrupted and per-

Am J Transl Res 2017;9(3):1012-1024
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Figure 7. LiCl inhibits ER stress in TG-treated HBMEC. HBMEC were treated with TG (10 uM) or together with LiCl (10
mM) or LiCl alone for 24 h. A-D, Western blot and quantification of GRP78, PDI, ATF-6, and CHOP in the control, TG,
and TG + LiCl and LiCl groups. *P < 0.05, **P < 0.01 vs control group, #P < 0.05, ##P < 0.01 vs TG group. E. MTT
results of LiCl -treated HBMEC induced by TG. **P < 0.01 vs control group, #P < 0.05 versus TG group.

meability was significantly increased at 1 d
after SCI, which was effectively prevented by
LiCl treatment. Moreover, treatment of LiCl
reduced the infiltration of macrophages follow-
ing the disruption of BSCB. ECs and their TJs
and AlJs are the primary components of the
BSCB, thus, loss of ECs and their junction pro-
teins may directly result in microcirculation dis-
ruption, and eventually induced extensive cell
death in spinal cord neurons, glial cells, and
axons [28]. In line with previous studies, our
results demonstrated that severely reduced
ECs, altered microvasculature, and damaged
surrounding parenchyma were observed in rats
after SCI, whereas LiCl significantly attenuated
these damages. Furthermore, our previous
reports showed that the levels of AJ and TJ pro-
teins are dramatically decreased at 1 or 3 d
after SCI, supporting the notion that changes in
the expression and distribution of AJ and TJ pro-
teins are closely related to the permeability of
BSCB during [18, 29]. Our data showed that
p120, B-catenin, OCC, and claudin-5 were
markedly degraded at 1 d after SCI, but LiCl
reversed the degradation of these molecules.
Our in vitro study also showed that treatment
of LiCl enhanced the expression of AJ and TJ
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proteins in HBMEC, which was consistent with
previous study supporting our in vivo study. As
a result, treatment LiCl could effectively
improve the locomotor recovery after SCI [8].
Taken together, our result suggests that treat-
ment of LiCl has a therapeutic effect in main-
tenance of the BSCB integrity, and therefore
improves SCI in animals.

The mechanisms by which BSCB breakdown
occurs, progress and the consequences of
a compromised barrier are manifold [30].
Previous works show that ER stress-targeted
therapeutic strategies effectively protects the
spinal cord against protracted damage that
occurs in the sub-acute phase by alleviating
inflammatory and ischemic injury [14]. Our pre-
vious studies have shown that prolonged ER
stress might activate an apoptotic pathway by
activating CHOP and caspase-12 causing PC12
cells apoptosis and secondary injury after SCI
[31, 32]. Furthermore, in a model of SCI, we
previously showed that inhibition of ER stress
by PBA, a specific ER stress inhibitor, prevented
loss of TJ and AJ proteins, and eventually result-
ed in improved BSCB integrity [17]. Other stu-
dies also showed that protracted lithium pre-
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treatment of PC12 cells inhibited an intracel-
lular calcium increase, up-regulated the anti-
apoptotic protein Bcl-2, and blocked Bcl-2
down-regulation against TG-induced ER stress
[16]. In this study, we first reported that LiCl
treatment effectively inhibited the increase of
the up-regulated ER stress associated proteins
at 1 day after SCI, which was concurrent with
LiCl conferring protection against BSCB dis-
ruption. Furthermore, the activation of ER
stress induced by TG was attenuated by LiCl,
and TG-mediated degradation of AJ and TJ pro-
teins was prevented as a result in HBMEC. In
sum, these results indicated that ER stress
plays an important role in BSCB disruption, LiCl
prevented BSCB disruption via inhibiting ER
stress in rats after SCI. Previous findings
showed that inhibition of GSK-3( by LiCl also
increased the half-life of occludin and clau-
din-5, and therefore produced a gradual and
sustained increase in transendothelial electri-
cal resistance in HBMEC [10]. The signaling
mechanisms by which LiCl prevents the loss of
ECs and the integrity of the BSCB remain
unclear. Several molecular mechanisms possi-
bly underlying this phenomena are as follows:
1) treatment of LiCl might attenuate accumu-
lation of misfolded and unfolded proteins in the
ER lumen through inhibition of GSK-3( activity,
thus preserve both AJ and TJ proteins expres-
sion; 2) LiCl might inhibit GSK-33-mediated
mitochondria dependent apoptotic pathway
and increased ER stress, and therefore reduce
loss of ECs and neuronal death under patho-
logical conditions of SCI.

Today lithium is licensed for clinical use for
treating bipolar mood disorders. Over the past
years, LiCl has generated considerable excite-
ment for its potential therapeutic effects for a
wide variety of neurological disorders [5-7]. In
this study, we first demonstrate that LiCl played
a critical role in maintaining the BSCB integrity,
which significant improved functional recovery
in animals, and this protective effective was
mediated by via down-regulation of ER under
pathological conditions such as SCIl. Taken
together, the present study has paved the
pathway for new treatment of SCI.

In conclusion, our research demonstrated that
the increased permeability of Evans Blue dye,
enhanced filtration of macrophage, loss of
microvasculature, and degradation of junction-
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al complexes such as p120, B-catenin, OCC
and claudin-5 under pathological conditions of
SCI. Strikingly, treatment of LiCl inhibited acti-
vation of ER stress, which preserved the inte-
grity of the BSCB, and as a result improved
locomoter deficits were observed in rats after
SCI. In addition, treatment of LiCl significantly
inhibited ER stress-mediated loss of TJ and AJ
proteins and cell death in HBVECs. In sum,
these data demonstrate that LiCl is considered
to be a potential therapeutic agent for treating
BSCB disruption induced by SCI.
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