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Abstract

This study describes the neuroprotective effect of treatment with
salubrinal 1 and 24 h following 15 min of ischemia in a two-
vessel occlusion model of global cerebral ischemia. The
purpose of this study was to determine if salubrinal, an enhancer
of the unfolded protein response, reduces the neural damage
modulating the inflammatory response. The study was per-
formed in CA1 and CA3 hippocampal areas as well as in the
cerebral cortex whose different vulnerability to ischemic dam-
age is widely described. Characterization of proteins was made
by western blot, immunofluorescence, and ELISA, whereas
mRNA levels were measured by Quantitative PCR. The
salubrinal treatment decreased the cell demise in CA1
at 7 days as well as the levels of matrix metalloprotease 9
(MMP-9) in CA1 and cerebral cortex at 48 h and ICAM-1 and
VCAM-1 cell adhesion molecules. However, increases in tumor
necrosis factor o and nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-«kB) inflammatory markers were

Stroke is reported to be one of the major causes of death, the
leading cause of permanent disability and the second-ranked
cause of dementia in developed countries (Donnan et al.
2008; World Health Organization (WHO) 2011). Its main
cause is a reduction in blood flow (ischemic stroke) that leads

observed at 24 h. Glial fibrillary acidic protein levels were not
modified by salubrinal treatmentin CA1 and cerebral cortex. We
describe a neuroprotective effect of the post-ischemic treatment
with salubrinal, measured as a decrease both in CA1 cell
demise and in the blood-brain barrier impairment. We hypoth-
esize that the ability of salubrinal to counteract the CA1 cell
demise is because of a reduced ability of this structure to elicit
unfolded protein response which would account for its greater
ischemic vulnerability. Data of both treated and non-treated
animals suggest that the neurovascular unit present a structure-
dependent response to ischemia and a different course time for
CA1/cerebral cortex compared with CAS3. Finally, our study
reveals a high responsiveness of endothelial cells to salubrinal
in contrast to the limited responsiveness of astrocytes.
Keywords: BBB impairment, inflammation, ischemia,
salubrinal, UPR.
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to an impairment in neural tissue homeostasis. The extent of
brain damage after stroke depends on the ability of the brain
to recover homeostasis (Posada-Duque et al. 2014; Doll
et al. 2015). At the cellular level, ischemia results in
accumulation of unfolded proteins in the endoplasmic
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reticulum (ER stress). This elicits the so-called unfolded
protein response (UPR), which attempts to restore cell
homeostasis and prevent cell death (Kaufman 1999; Walter
and Ron 2011). At a systemic level, ischemia elicits a
protective inflammatory response whose excess results in the
so-called sterile inflammation that contributes to increase the
neural damage (Ceulemans et al. 2010; Corps et al. 2015).
Much evidence supports the crosstalk between UPR and
inflammation, suggesting new targets for stroke therapies
(Aarts et al. 2003; Zhang and Kaufman 2008; Hasnain et al.
2012).

The ischemia-induced inflammatory response has been
reported to modify the blood—brain barrier (BBB), also called
the neurovascular unit (Hawkins and Davis 2005). Inflam-
mation contributes to BBB impairment by increasing
the expression of the cell adhesion molecules (CAMs) in
the endothelium (Jin e al. 2010), as well as promoting the
release of matrix metalloproteases. These enzymes degrade
the extracellular matrix and assist leukocyte migration
through the endothelium, allowing blood proteins to
extravasate into the cerebral parenchyma (Wang et al.
2007; Yilmaz and Granger 2010). In turn, this increases
the BBB permeability and the inflammatory response,
increasing the ischemia-induced damage.

One key marker of inflammation is tumor necrosis factor o
(TNF-a), the major pro-inflammatory cytokine (Joussen
et al. 2009), which ignites the canonical nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB)
activation and is considered the main pathway in the
inflammatory response (Rius et al. 2008). TNF-o. promotes
the expression of CAMs and matrix metalloproteases and is
also a strong inducer of ER stress (Xue et al. 2005; Li et al.
2011). In turn, ER-stress is able to induce a non-canonical
activation of NF-«B, inhibiting the canonical NF-xB activa-
tion induced by the inflammatory stimuli (Kitamura 2009;
Nakajima and Kitamura 2013). The earlier UPR pathway is
activated by protein kinase RNA-like endoplasmic reticulum
kinase (PERK) (Nakka er al. 2014). The PERK pathway is
characterized by elF2a phosphorylation (Schroder and
Kaufman 2005; Schroder 2008), which leads to a general
blocking of protein translation (Harding er al. 2000; Fer-
nandez et al. 2002). The elF2a phosphorylation has been
reported to be the necessary and sufficient requirement for
the non-canonical ER-stress-dependent activation of NF-kB
(Jiang et al. 2003; Deng et al. 2004). Salubrinal, an inhibitor
of phosphatase PP1, blocks the dephosphorylation of elF2a
(Boyce et al. 2005), thus enhancing the PERK pathway. This
enhancement could be a protective therapeutic strategy to
prevent vascular inflammation (Halterman et al. 2008; Li
et al. 2011). In fact, treatment with salubrinal prior to
ischemic insult presents a neuroprotective effect (Nakka
et al. 2010) and a recent study has also demonstrated a
neuroprotective role of salubrinal in traumatic brain injury
(Rubovitch et al. 2015).

We hypothesize that the enhancement of UPR would
reduce both ER stress and the inflammatory response, thus
reducing the ischemic damage. In this report, we demonstrate
for the first time the neuroprotective role of salubrinal
treatment administered after an ischemic insult and show that
this agent modifies the inflammatory response triggered by
ischemia. We also show that ischemic insult induces
structure-dependent differences in the BBB permeability.

Material and methods

Animals

Sixty-three-month-old Sprague—Dawley male rats (350-450 g) were
housed at standard temperature (22 £ 1°C) in a 12 h light/dark
cycle with food (Panlab, Barcelona, Spain) and water ad libitum.
The experimental groups were set up as indicated in Table 1.

All experimental procedures were carried out in compliance with
the ARRIVE guidelines, in accordance with the Guidelines of the
European Union Council (63/2010/EU) following Spanish regula-
tions (RD 53/2013, BOE 8/2/2013) for the use of laboratory animals
and were approved by the Scientific Committee of the University of
Leon. All efforts were made to minimize animal suffering and to
reduce the number of animals used.

Transient global cerebral ischemia

Animals injured following a two-vessel occlusion global cerebral
ischemia model (IR) and their corresponding sham-operated controls
(without carotid clamping) were obtained following the procedure
previously described (Vieira ef al. 2014). Briefly, induction of
anesthesia was carried out with 4% isoflurane (IsoFlo, Abbott
Laboratories Ltd, Madrid, Spain) in 3 L/min in 100% oxygen and
then animals were maintained under anesthesia with a flux of 1.5-
2.5% isoflurane at 800 mL/min in 100% oxygen, through a face
mask. After exposing both carotid arteries, the femoral artery was
exposed and catheterized to record blood pressure along the whole
procedure. This pathway was also used to maintain a moderate
hypotension (40-50 mm Hg) by partial exsanguination (about 8 ml
of blood slowly extracted at I ml/min) to prevent the blood flow to the
brain through the paravertebral arteries. To prevent clot formation,
50 Ul heparin/kg was supplied to the animal through this catheter and
50 UI heparin were maintained in 3 mL saline in the syringe used for

Table 1 Experimental conditions

Time of
IR Sham animals Ischemic animals
5h Treated Vehicle
(5IR-Sal) (5IR-Vehicle)
24 h Treated Vehicle Treated Vehicle
(24S-Sal)  (24S-Vehicle)  (24IR-Sal)  (24IR-Vehicle)
48 h Treated Vehicle Treated Vehicle
(24S-Sal)  (24S-Vehicle)  (48IR-Sal)  (48IR-Vehicle)
7 days Vehicle (7D-S) Treated Vehicle
(7DIR-Sal)  (7DIR-
Vehicle)
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storing extracted blood. When hypotension values were stable, the
transient global ischemia was induced by clamping both common
carotid arteries for 15 min. Temperature of the body was maintained
at 36 £ 1°C during surgery with a feedback-regulated heating pad
using a rectal probe. After ischemia, blood was returned to the animal
at 1 mL/min until the arterial blood pressure recovered. After
removing the catheter, the animal was sutured and once conscious-
ness returned it was transported to an air-conditioned room at
22 + 1°C until killed. The same procedure was carried out in sham-
operated rats, except the carotid arteries clamping.

Salubrinal treatment

One hour after surgery, all animals were injected intraperitoneally
either with 1 mg/kg of salubrinal (TOCRIS, Bristol, UK) in saline
with 1.5% dimethylsulfoxide, or vehicle. Animals with 48 h and
7 days of IR were injected with a second dose of salubrinal or
vehicle 24 h after surgery.

Tissue dissection and total RNA and protein extraction

After decapitation, brains were quickly removed and placed on a
brain rodent matrix (ASI Instruments, Warren, MI, USA) at 4°C to
obtain 2-mm-thick sagittal slices at a distance of 1 mm to the
medial line. Cornu Ammonis 1 (CAl) and Cornu Ammonis 3 (CA3)
hippocampal regions, as well as the cerebral cortex (Cx) above
them, were dissected under a light microscope. Samples were frozen
in dry ice and stored at —80°C. Total RNA and protein were
extracted from each dissected brain region using the Tripure
Isolation Reagent® (Roche Diagnostics, Barcelona, Spain) follow-
ing the manufacturer’s instructions and then stored at —80°C.

Reverse transcriptase reaction and qPCR
All Quantitative PCR (qPCR) assays in this study were performed
following the Minimal Information for Publication of Quantitative
Real-Time PCR Experiments (MIQE) Guidelines (Taylor et al.
2010). RNA integrity and retrotranscription was performed as
previously described (Anuncibay-Soto et al. 2014). qPCR was
performed in a Step One Plus thermocycler (Applied Biosystems,
Foster City, CA, USA) using the following primers: MMP-9:
(f5'ttctgtecagaccaagggtaca, r5'gegeatggecgaacte, NM_ 031055.1);
vascular adhesion molecule 1 (VCAM-1): (f5'tgctcctgacttgcageaccac,
r3/tgtcatcgtcacagecagcacee, NM_ 012889.1); intercellular adhesion
molecule 1 (ICAM-1): (f5'tgcagecggaaageagatggte, r3’atggacgec
acgatcacgaagc, NM_012967.1); glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH): (f5’gggcagceccagaacatca, r3’tgaccttgeccacagect,
NM_017008).

Optimal qPCR conditions in our assays were obtained using
2 pL of 1/10 cDNA and 300 nM of, using SYBR Green Master
Mix as the fluorescent DNA dye (Applied Biosystems). The
results were analyzed following the 272" method (Livak and
Schmittgen 2001), using gapdh housekeeping gene as a reference
to normalize the Ct values for each gene to be analyzed. Fold
changes were expressed as 27AAC where AACt represents the
transcript variation between the different conditions (ACt;scnemic -
4 Ctsham) and (A Ctsalubrinal'A Ctvehic]e)-

Western blot analysis
Protein samples were resuspended in 8 M urea with 4% sodium
dodecyl sulfate in the presence of a protease inhibitor (complete
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protease inhibitor cocktail EDTA free; Applied Biosystems) and
quantified using a DC Protein Assay Kit (Bio-Rad, Hercules, CA,
USA). Band gels were obtained from 25 pg of each sample as
previously described (Anuncibay-Soto ef al. 2014) using the
following primary antibodies: NF kB raised in rabbit (Abcam,
Cambridge, UK, 1 pg/mL); MMP-9 raised in rabbit (Abcam,
1 pg/mL); ICAM-I raised in rabbit (Abcam, 0.75 pg/mL); GFAP
raised in rabbit (Dako, Glostrup, Denmark, 1 pg/mL); TNF-a
raised in rabbit (Abcam, 1 pg/mL) and PB-actin raised in mouse
(Sigma Aldrich, Madrid, Spain, 0.2 pg/mL).

The resulting bands were digitalized in a GS-800 Calibrated
Densitometer (Bio-Rad) and band optical densities were quantified with
ImageJ Software (NIH, Washington, MD, USA). The corresponding
B-actin bands were used to normalize the optical density of the bands.

Immunofluorescence assays

Another 15 rats with 7 days of reperfusion were killed with an
intraperitoneal dose of 200 mg/kg of sodium pentobarbital (Vetoquinol,
Vernois, France) and immediately perfused via intra-aortic delivery of
4% paraformaldehyde as previously described (Anuncibay-Soto et al.
2014). Fixed brains were cut in 40-pum-thick coronal sections for
immunohistochemical assays.

An epitope-retrieval step was conducted transferring the
sections to 0.05% Tween-20 in 10 mM sodium citrate buffer,
pH 6.0, at 80°C for 30 min followed by blocking in 20% goat
serum with 0.2% TritonX-100 in phosphate-buffered saline for
1 h at 21°C. Sections were incubated overnight at 4°C with anti-
NeuN antibody raised in mouse (1 : 500) (Millipore, Darmstadt,
Germany) and then with a rabbit anti-mouse IgG conjugated with
Alexa-568 (1 : 500)(Life Technologies, Carlsbad, CA, USA).
Nuclei were counter-stained with 4',6-diamidino-2-phenylindole
(Sigma, Madrid, Spain) and sections mounted using Fluoromount
G Mounting Medium (Life Technologies). The number of cells
stained with NeuN in different areas was measured following the
principles of the optical dissector method (serial random sections,
section sampling fraction, area sampling fraction, and thickness
sampling fraction) (Gundersen ef al. 1988; Zarow et al. 2005).
Six equidistant non-overlapping 40-pm-thick sections between
Bregma —1.8 to —4.3 mm (rostro-caudal axis), following Paxinos
and Watson (1996), were analyzed per animal using optical
dissectors with 50 x 50 pm grid squares and a height of 30 pm
for the fractionator volume (5 pm of both the top and the bottom
of the section with putative damage from the cutting process were
discarded). Five equidistant dissectors in the layer III of the
frontoparietal cortex, motor area between 1 and 5 mm lateral to
the midline, 5 equidistant dissectors in hippocampal CAl and 4
in hippocampal CA3 areas were analyzed per section. Final
results are expressed as the number of cells/mm3. Image
acquisition was carried out with a Nikon Eclipse TE-2000
Confocal Microscope (Nikon Instruments, Amsterdam, Nether-
lands). Image processing and analysis were performed using
ImageJ Software (NIH).

C-reactive protein

Blood samples from each animal were centrifuged at 1500 g for
15 min and the supernatant was frozen at —80°C until the ELISA
test for C-reactive protein (RayBiotech, Norcross, GA, USA) could
be performed following the manufacturer’s instructions.
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Statistical analysis

Graph Pad Prism 6.0 Software (Graph Pad Software Inc, La Jolla,
CA, USA) was used for statistical analyses. Quantitative results are
expressed as mean + SEM. Two-way anova following by Bonfer-
roni post hoc test, one-way aNova following by Tukey post hoc test
or Student’s r-test followed by unpaired #-test were conducted
setting the confidence level at 95%.

Results

Salubrinal effect on UPR-PERK pathway

The treatment previous to the ischemic insult with salubrinal
has been reported to increase the elF2a phosphorilation in
the first hours after the insult (Nakka er al. 2010). We
observed that the post-ischemic treatment with salubrinal
also increased the elF2a phosphorylation 5 h after ischemia
in treated vs. non-treated insulted animals. We analyzed it to
prove the UPR enhancement in the model here presented
(Fig. 1a). This effect disappeared at 24 h. (Fig. 1b).

Inflammation markers

C-reactive protein, TNF-o, and NF-xB were used as
inflammation parameters. C-reactive protein blood levels
were measured at 48 h and appeared significantly increased
as a consequence of IR. Salubrinal treatment following IR
did not present significant changes (Fig. 1b). TNF-a levels
were almost undetectable in Cx both at 24 and 48 h after the
insult; however, hippocampal levels were noticeable at both
times (Fig. 2a and b). Significant ischemia-dependent TNF-o
increases were observed in CAl comparing 48IR-vehicle
with 48S-vehicle animals (Fig. 2b) and in CA3 comparing
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24IR-vehicle with 24S-vehicle animals (Fig. 2a). Also,
strikingly higher levels of TNF-o were observed in both
structures comparing 48IR-vehicle with 24IR-vehicle ani-
mals. Interestingly, the treatment with salubrinal decreased
the TNF-a levels in sham animals both at 24 and 48 h but
resulted in increases that were significant in 24IR-Sal
compared to 24IR-vehicle and non-significant when 48IR-
Sal were compared to 48IR-vehicle animals. Significant
interactions between salubrinal treatment and IR were
observed in CAl at 24 h.

NF-xB levels were detectable in all the structures studied
(Fig. 2c and d). Significantly increased levels of this protein as
a consequence of the IR were observed only in CA3 at 24 h.
After salubrinal treatment we observed significant increases in
NF-kB in Cx when comparing 24IR-Sal with 24IR-vehicle
animals, and in CAl when comparing 24S-Sal with 24S-
vehicle animals (Fig. 2¢). This contrasts with the significant
decreases observed for 48IR-Sal with respect to 48IR-vehicle
animals (Fig. 2d). The same comparisons in CA3 revealed a
diametric response to that observed in Cx and CA1l with a
salubrinal-dependent decrease at 24 h and a salubrinal-
dependent increase at 48 h. A significant interaction between
salubrinal treatment and IR was observed in Cx at 48 h.

Neurovascular unit

GFAP is used as an inflammatory marker of the brain (Wang
et al. 2007). IR animals treated with salubrinal showed a
significant decrease in their GFAP levels at 24 h in Cx and
CAl when compared with sham animals (Fig. 3a). This
effect disappeared at 48 h (Fig. 3b). In turn, CA3 displayed a

24 h

Fig. 1 Effects of salubrinal on unfolded
protein response (UPR) and inflammation.
Salubrinal treatment elicited an
enhancement of UPR in the different
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(a) phosphorylated elF2a (38 kDa) at 5 IR
hours, (b) phosphorylated elF2a (38 kDa) at
24h IR hours and (c) C-reactive protein at
48 IR hours. The averages of the
densitometric analysis corresponding to
five rats (mean + SEM) normalized with
respect to B-actin (40 kDa) are indicated
above the bands. *indicates significant
differences between the IR-Sal and IR-
vehicle groups. *indicates significant
differences between IR and sham in
treated and non-treated animals. In all
cases p<0.05 by two tails unpaired
Student’s t-test, n = 5.
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different response, with no changes under the different
conditions at 24 h and significant increases as a result of the
ischemic insult (48 IR-vehicle vs. 48S-vehicle), in contrast
with the significant decreases as a result of the salubrinal
treatment (48IR-Sal compared to 48S-Sal). Also, salubrinal
treatment significantly increased the CA3 GFAP protein
levels in sham animals at 48 h. This effect also seemed to
appear at 24 h but we failed to detect any statistical
significance (Fig. 3b).

Matrix metalloproteinase 9 (MMP-9) protein levels
appeared significantly increased as a consequence of the
ischemia in all the structures at 48 h but only in the Cx at
24 h (Fig. 3c and d). The treatment with salubrinal resulted
in significant decreases in MMP-9 levels in Cx and CAl
(48IR-Sal compared with 48IR-vehicle). Interestingly, this
comparison in CA3 revealed a diametrically opposed effect
with a significant salubrinal-induced increase in MMP-9
levels. A significant interaction between ischemia and
salubrinal was observed in Cx at 48 h.

MMP-9 transcript level did not reveal significant differ-
ences in any of the structures studied when ischemic vehicle
animals where compared to sham vehicle animals (Fig. 4a
and b). The treatment with salubrinal resulted in significant
MMP-9 transcript level decreases in all the structures when
ischemic-treated animals were compared with the corre-
sponding sham-treated animals at 24 h (Fig. 4a). However,
at 48 h, only CAl still showed these significant transcript
decreases observed in the treated animals (Fig. 4b). Similar

levels of MMP-9 transcripts were observed between sham
animals treated and non-treated with salubrinal, except in
CAl at 24 h (Fig. 4c). Interestingly, these comparisons in
ischemic animals revealed that salubrinal induced significant
decreases in CAl and CA3 at 24 h and in CAl at 48 h
(Fig. 4c and D).

ICAM-1 protein levels significantly increased as a conse-
quence of the IR in CA3 at 24 h as well as in CA1 and in Cx
at 48 h (Fig. 3e and f). The treatment with salubrinal in IR
animals showed a trend to decrease the ICAM-1 levels in
CA1 and Cx that was significant in CA3 at 24 h and in Cx at
48 h. Interestingly, the treatment with salubrinal was able to
increase the ICAM-1 levels in CA3 of sham animals at 24 h,
but decreased them in the Cx.

ICAM-1 transcript levels appeared significantly
increased by IR in CA3 at 24 h (Fig. 5a and c) and in
Cx and CALl at 48 h (Fig. 5b and d). The treatment with
salubrinal resulted in blocking or decreasing the effect of
the IR both at 24 and 48 h (Fig. 5a and b). In sham
animals, the salubrinal treatment did not elicit an intrinsic
effect on ICAM-1 transcript levels, but decreased them
significantly in all structures in 48IR animals (Fig. 5S¢ and
d). Significant interactions between salubrinal treatment
and IR were observed in CA3 at 24 h and in all structures
at 48 h.

VCAM-1 transcript levels increased significantly as a
consequence of IR in Cx and CA1 at 48 h but only in Cx at
24 h. These ischemia-induced increases in VCAM-1 mRNA
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levels were abolished or decreased by the treatment with
salubrinal (Fig. 6). Of note, the salubrinal treatment resulted
in a tendency to increase these transcripts in CA3 both at
24 h and 48 h that was significant in the comparison
between IR-treated and non-treated animals (Fig. 6a and c).
No intrinsic effect of salubrinal on these transcripts was
observed in sham animals (Fig. 6c and d). Significant
interactions between salubrinal treatment and IR were
observed for Cx at 24 and 48 h, in CA3 at 24 h, and in
CALl at 48 h.

Cell demise

An IR-induced significant decrease in the number of NeuN-
labeled cells was observed in pyramidal layers of CA1, CA3,
and Cx. The treatment with salubrinal significantly reduced
the neuronal demise only in the CA1l pyramidal layer
(Fig. 7a and b).

Discussion

The inflammatory response after global ischemia is
structure-dependent

TNF-o levels observed in this study reveal a lower inflam-
matory response in Cx compared to hippocampus, suggesting
that hippocampus would be more prone to sterile inflamma-
tion. In addition, the inflammatory response is different in
CA3 and CAl. Thus, CA3 presented a faster response that
disappeared at 48 h, compared to the delayed and striking
response at 48 h observed in CAl. This suggests that the
hippocampal sterile inflammation is limited to CAl and
could account for its greater neuronal demise at 7 days, in
accordance with the greater ischemic-induced vulnerability
described for CA1 (Kirino et al. 1985; Petito et al. 1987,
Zhu et al. 2012). Moreover, the treatment with salubrinal
brings forward the TNF-o peak in CAl from 48 to 24 h and

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 10.1111/jnc.13651
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increases the TNF-o levels in CA3 at 24 h, indicating that
enhancing UPR-PERK pathway modifies the time course of
the inflammation, which would be in agreement with the
increases of NF-kB observed at 24 h. Of note, salubrinal acts
at a local level and does not modify the inflammation
markers in blood, as reveals the lack of response of
C-reactive protein in the blood.
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UPR inhibits NF-kB activation by inflammatory stimuli
(canonical pathway) but ER stress is able to activate NF-xB
through the non-canonical pathway, as described in cell culture
(Jiang et al. 2003; Deng et al. 2004). Thus, the similarity in the
NF-«B levels in Cx and CA1, despite their striking differences
in the TNF-o inflammatory stimulus, suggests an almost
exclusively non-canonical expression of NF-xB in Cx, in a
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similar way as reported in cell culture (Nakajima er al. 2011).
In CA1, NF-xB levels could mirror the balance between the
activation of the canonical and non-canonical pathways. Thus,
the similarity in NF-kB levels and differences in TNF-a levels
support the idea of different inflammatory properties for Cx
and CA1, although additional experimental support is required
to prove it. In addition, the salubrinal-induced decrease in CA3
NF-kB levels at 24 h contrasts with the later CAl and Cx
decrease (at 48 h), suggesting a delayed response in these
structures. The faster IR-dependent increases in CA3 TNF-a
levels compared to those in CA1 provides additional support
for the idea of different properties in BBB permeability
between these structures.

How long lasting is the salubrinal effect? Our data on
phosphorylated elF2o showed a salubrinal-induced enhance-
ment of UPR-PERK pathway at 5 h, in agreement with
previous reports (Nakka ef al. 2010). The inflammatory
effect elicited by elF2a phosphorylation does not require
sustained phosphorylation in cell culture (Kitamura 2009)
which would agree with our data where elF2a show similar
phosphorylation for treated and non-treated ischemic animals
at 24 h. We think that the second dose of salubrinal has no
effect on the inflammatory markers, since it resulted in a
decrease in NF-kB levels and in TNF-a levels in treated and
non-treated IR animals at 48 h.

Different response to ischemia in different cell types of the
neurovascular unit

The distinct levels of TNF-o in Cx, CAl, and CA3 reveal
local differences in the inflammatory response. These

(d) salubrinal effect on VCAM-1 transcripts at 48 h

CAl CA3

treatment on neurovascular unit VCAM-1
mRNA levels. Fold changes (2724%Y at 24
and 48 h showing the effect of ischemia (a
and b) and the effect of salubrinal (c and d)
on VCAM-1 transcripts. The controls
[respective sham animals in (a) and (b),
and respective non-treated animals in ¢ and
d)] are represented by a value of 1, dotted
line. Statistics between the different
conditions are represented by *when IR
are compared, by *when treatments are
compared and a *for significant interactions
between IR and treatment. One symbol
p <0.05 two symbols p<0.01, by
two-way ANOvA, n = 5.

differences also appeared after the salubrinal treatment,
adding consistency to the data. It is not clear to what extent
the different cells that form the BBB contribute to their local
properties and we hypothesized that local inflammatory
properties in the different structures mirror not only differ-
ences in the neuronal response, but also differences in the
neurovascular unit. To prove this hypothesis we studied the
ischemic response of the cell types that form the neurovas-
cular unit in different brain structures.

Astrocytes

Following salubrinal treatment, GFAP decreases at 24 h in
CA1l and Cx while no changes are detected at 48 h,
contrasting with the lack of response at 24 h and the
decrease at 48 h in CA3. This supports the idea of a delayed
response in CA3 with respect to CAl and Cx and our
hypothesis of local properties for the BBB. In addition, our
data together with the lack of response to salubrinal reported
at 72 h after spinal cord injury (Ohri et al. 2013) suggests
that ER stress in astrocytes is limited to a few days rather
than a lack of responsiveness.

Pericytes

Pericytes are the main producers of MMP-9 (Takata et al.
2011), a typical marker of BBB impairment (Rosenberg
et al. 1992, 1996; Ueno et al. 2009) that in our hands
exhibited a general ischemic-induced BBB impairment at
48 h. The early increase in MMP-9 expression and the
maintenance of this high expression level in Cx compared
with the delayed MMP-9 increase in CA1 suggest that BBB

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 10.1111/jnc.13651
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damage occurs more rapidly in Cx. Given the reduced
vulnerability to ischemia of Cx compared to CAl (Kirino
et al. 1985; Petito er al. 1987; Zhu et al. 2012), the faster
peak in Cx MMP-9 expression supports the idea that
vulnerability depends on an intrinsic neuronal resistance to
ischemia (Tecoma and Choi 1989) rather than a greater
protective role of the neurovascular unit in this structure. The
different time courses of BBB impairment in the different
structures studied also provides support for local inflamma-
tory properties in the neurovascular unit.

Salubrinal treatment was not able to prevent the early BBB
impairment observed in Cx; however, its effects on MMP-9
at 48 h reveal two critical aspects: (i) the enhancement of

(white columns) and treated (black columns) with salubrinal. Significant
differences as a consequence of IR are represented by * and
significant differences between treatments are indicated by *. (one
symbol p < 0.05, two symbols p < 0.01, one-way ANOVA, n = 5).

differences between CA1l, CA3, and Cx by salubrinal,
supporting structure-dependent properties in the neurovas-
cular unit following ischemia, and (ii) the ability of salubrinal
to prevent or at least minimize the late BBB impairment in
CAl and Cx. The MMP-9 mRNA levels at 24 h suggest that
the response observed in the protein at 48 h has already been
elicited 24 h earlier in all the structures studied. The
decreased levels of both MMP-9 mRNA and protein in
CAl and Cx after the treatment with salubrinal suggest that
the UPR enhancement helps to decrease the BBB impair-
ment. Interestingly, salubrinal was not able to prevent the
BBB impairment in CA3 in spite of the ability of this agent
to increase the elF2a phosphorylation.

© 2016 International Society for Neurochemistry, J. Neurochem. (2016) 10.1111/jnc.13651
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Endothelial response

Changes in the role of endothelial cells in the properties of
the BBB have been related with age. Thus, embryonic neural
progenitor cells have been reported as inducers of BBB
properties in cerebral endothelial cells (Weidenfeller et al.
2007). Also, ICAM-1 and VCAM-1, the key players in the
adhesion of circulating blood cells to the endothelium
(Norman et al. 2008; Li et al. 2011), present aging-
dependent differences in various brain areas after ischemic
insult (Anuncibay-Soto et al. 2014). Here, we show that
structural differences in the endothelial cells also appear in
young adult animals. Therefore, local differences in expres-
sion and time course of adhesion molecules support a role for
endothelial cells in local differences in the neurovascular unit
in response to the ischemic insult.

The time-course pattern of MMP-9 expression after the
ischemic insult seemed to be delayed 24 h with respect to
that observed for ICAM-1, suggesting an increased adhesion
between endothelium and circulating blood cells at 48 h in
CA1 and Cx. The treatment with salubrinal also reproduced
the delayed time-course of expression for these molecules.
Therefore, the consecutive steps played by these molecules in
BBB impairment, described for middle cerebral artery
occlusion (Wang et al. 2007) also appear in global ischemia.

Ischemia-induced changes in ICAM-1 expression in CA3
appeared 24 h earlier than in Cx and CAl. This is
corroborated by the VCAM-1 increase in CA3 at 24 h after
salubrinal treatment, contrasting with its decreased or absent
effects on Cx and CAl. This provides additional support for
differences in adhesion properties between CA3 and the
other structures studied. Therefore, all the markers here
analyzed are consistent and reinforce the idea that, following
ischemia, the neurovascular unit in CA3 presents different
properties than in CA1 and Cx. Further studies are necessary
to determine if these differences also exist in naive animals or
are a consequence of ischemic insult.

Neuroprotective role of post-ischemic UPR-PERK pathway

modulation

Treatment with salubrinal decreased the levels of both
CAMs and MMP-9 in CA1 and Cx, giving credence to the
ideas that (i) a reduction in leukocyte transmigration would
help to reduce BBB impairment and (ii) the neuroprotec-
tive role of salubrinal involves the inflammatory response.
This molecular correlation is not clear in CA3 but
contributes to the hypothesis of differences in neurovas-
cular unit properties following ischemia between different
brain structures.

Is the salubrinal treatment helpful for neuronal protection?
The reduction in neuronal demise in CA1 7 days after injury
in salubrinal-treated animals and the decrease in BBB
impairment (measured as MMP-9 levels and supported by
the rest of molecules here studied) support a neuroprotective
effect for this agent, involving crosstalk between the

inflammatory response and UPR. The smaller UPR response
in CA1 using a global ischemia model (Llorente et al. 2013)
suggests a reduced ability of CAl to ignite the UPR that
could be compensated by the salubrinal treatment. This
reduced UPR could explain its greater vulnerability to
ischemia and salubrinal would neuroprotect CAl by pro-
moting its limited UPR which in turn, would modify the
inflammatory response.

In accordance with the idea of the dual role of inflamma-
tion, both protective and deleterious (Ceulemans et al. 2010),
the comparable and strikingly high levels of TNF-o at 48 h
in both treated and non-treated animals suggests that levels of
sterile inflammation have been reached at 48 h in the
hippocampus. Since salubrinal was able to increase inflam-
mation at 24 h followed by reducing the BBB impairment at
48 h, we think that the effect of salubrinal on inflammation at
24 h is still protective.

Conclusion

In conclusion, this study shows that salubrinal treatment
presents a neuroprotective role in CA1l. We suggest that CA1
presents a limited UPR against the ischemia and salubrinal
treatment enhances this response thus reducing the cell
delayed mortality. We also suggest that the neurovascular
unit presents structure-dependent inflammatory properties to
ischemic injury and differences in the time course of the
inflammatory response for CA1/Cx and CA3, which is also
supported by the salubrinal treatment. In addition, our study
demonstrates the responsiveness of endothelial cells and, to a
much lesser degree, of astrocytes to the salubrinal treatment.
Therefore, the salubrinal treatment affects different cell
populations in different ways, resulting in local rather than
systemic effects. Finally, this study demonstrates that UPR
modulators are able to modify the inflammatory response.
The effectiveness of salubrinal when administered after the
ischemic insult suggest therapeutic possibilities for UPR
modulators in stroke that, up to date, have not been taken into
account.
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