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Abstract: Aim: Constitutive genetic deletion of the adaptor protein p66Shc was shown to protect from
ischaemia/reperfusion injury. Here, we aimed at understanding the molecular mechanisms underlying
this effect in stroke and studied p66Shc gene regulation in human ischaemic stroke. Methods and Re-
sults: Ischaemia/reperfusion brain injury was induced by performing a transient middle cerebral artery
occlusion surgery on wild-type mice. After the ischaemic episode and upon reperfusion, small interfering
RNA targeting p66Shc was injected intravenously. We observed that post-ischaemic p66Shc knockdown
preserved blood-brain barrier integrity that resulted in improved stroke outcome, as identified by smaller
lesion volumes, decreased neurological deficits, and increased survival. Experiments on primary human
brain microvascular endothelial cells demonstrated that silencing of the adaptor protein p66Shc preserves
claudin-5 protein levels during hypoxia/reoxygenation by reducing nicotinamide adenine dinucleotide
phosphate oxidase activity and reactive oxygen species production. Further, we found that in peripheral
blood monocytes of acute ischaemic stroke patients p66Shc gene expression is transiently increased and
that this increase correlates with short-term neurological outcome. Conclusion: Post-ischaemic silenc-
ing of p66Shc upon reperfusion improves stroke outcome in mice while the expression of p66Shc gene
correlates with short-term outcome in patients with ischaemic stroke.
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Methods 

 

In vivo p66
Shc

 silencing 

In vivo p66
Shc

 silencing was performed as described
1
. Briefly, predesigned siRNA targeting p66

Shc
 (sense: 5’-

UGAGUCUCUGUCAUCGCUG[dT][dT]-3’; antisense: 5’-CAGCGAUGACAGAGACUCA[dT][dT]-3’ 

(Microsynth) were injected intravenously randomized. As a negative control, a scrambled siRNA was used 

(sense: 5’-UACACACUCUCGUCUCU[dT][dT]-3’; antisense: 5’-AGAGACGAGAGUGUGUA[dT][dT]-3’) 

(Microsynth). 1.6 nmol of siRNA were incubated with a mixture of 150 mmol/L NaCl solution–jetPEI
®
 

(Polyplus Transfection
TM

) delivery reagent for 15 min before injecting into the tail vein of the mouse. To 

localise the distribution of sip66
Shc

 in cerebral arteries, wt mice were injected with fluorescence dye-labelled 

p66
Shc

 siRNA (Alexa546-sip66
Shc

, Qiagen), as previously reported
1
. 1.6 nmol of Alexa546-sip66

Shc
 were 

incubated with a mixture of 150 mmol/L NaCl solution–jetPEI
®
 (Polyplus Transfection

TM
) delivery reagent 

for 15 min before injecting into the tail vein of the mouse. 24 h after Alexa546-sip66
Shc

 injection, the brain 

was removed, cut into ~1 mm³ large pieces and digested under constant movement by collagenase I (0.2%; 

Worthington) and DNAse (0.01%; Worthington) for 30 min at 37°C. Tissue digest was filtered through 100 

µm cell strainers to obtain single cell solutions. Cells were stained with anti-mouse CD45-APC and anti-
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mouse CD31-AlexaFluor 488, fixed and nuclei counterstained with Hoechst 33342. Cell suspensions were 

acquired on a Fortessa flow cytometer (Becton Dickinson). 

 

Magnetic resonance imaging (MRI) 

Lesion development was monitored after MCAO on a Bruker PharmaScan 47/16 (Bruker BioSpin GmbH) 

operating at 4.7 T and equipped with a volume resonator operating in quadrature mode for excitation and a 

four element phased array surface coil for signal reception. Anaesthesia was induced using 3% isoflurane 

(Abbott) in a 4:1 air/oxygen mixture. During MRI acquisition, mice were kept under isoflurane anaesthesia 

(1.5%). During the scan session body temperature was monitored with a rectal temperature probe (MLT415, 

ADInstruments) and kept at 36±0.55°C using a warm water circuit integrated into the animal support (Bruker 

BioSpin GmbH).Tri-pilot scans were used for accurate positioning of the animal head inside the magnet. For 

diffusion-weighted imaging (DWI) a four-shot spin echo-echo planar imaging (SE-EPI) sequence with TE/TR 

=29.4/3000 ms was used, starting with 4 dummy scans. Twelve 1-mm thick slices with an interslice distance 

of 1.3 mm were acquired with a FOV of 3.3 cm x 2 cm and a matrix size of 128 x 128, resulting in a nominal 

voxel size of 257 μm x 156 μm. Diffusion-encoding was applied in x-, y- and z-direction (gradient pulse 

duration = 7 ms, gradient pulse separation = 14 ms) with b-values of 100, 200, 400, 600, 800, and 1000 

s/mm
2
, respectively. The total acquisition time was 3 min 48 s. A T2-weighted spin-echo sequence 

(TurboRARE) was used with TE/TR= 85/3180 ms, RARE factor = 8 with four averages. Twelve 1-mm thick 

slices with an interslice distance of 1.3 mm were imaged with a FOV of 2 cm x 2 cm and a matrix size of 200 

x 200, resulting in a nominal voxel size of 100 μm x 100 μm. The total acquisition time was 5 min and 18 s. 

MRI recordings were done in a blinded way by an independent person.  

The lesion was determined on maps of the apparent diffusion coefficient (ADC) derived from diffusion-

weighted images as areas of significant reduction of the ADC compared to the unaffected, contralateral side. 

The lesion in the T2-weighted image was determined as hyperintense areas compared to the contralateral 

hemisphere. Lesion volumes were quantified blinded by drawing region of interests around the areas of 

reduced ADC and hyperintensities in T2-weighted images in five MRI slices using a ROI tool (Paravision, 
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Bruker). Brain infarct volumes were calculated by summing the volumes of each section and correcting for 

brain swelling, as described
2
. 

 

Evans blue extravasation 

Determination of BBB permeability after MCAO was done by evaluating Evans blue extravasation, as 

described
3
. Briefly, 0.15 ml of 5% Evans blue (Sigma) was injected into the tail vein of each mouse 1 h before 

culling. Following transcardial perfusion with saline, ipsilateral brain hemisphere was homogenised in 0.1 

mol/L PBS and centrifuged at 1000 rcf for 15 min. The resulting supernatant was incubated for 18 h at 4°C in 

100% trichloroacetic acid. Following centrifugation at 1000 rcf for 30 min, Evans blue absorbance in the 

supernatant was measured spectrophotometrically at 610 nm wavelength and Evans blue concentration was 

calculated from standard solutions.    

 

Immunofluorescence staining  

Frozen brains were cut into 6 µm thick slices on a cryostat (Leica Cm 1900). Immunofluorescent analysis was 

performed as described
4
. Briefly, following fixation in 4% paraformaldehyde for 1 h at room temperature 

(RT), brain slices were washed in TBS-T (0.1 mol/L Tris-HCl, 150 mmol/L NaCl, 0.2% Triton X-100, pH 

7.4), blocked for 2 h at RT in TBS-T containing 5% donkey serum, and incubated with primary antibodies. 

Anti-claudin-5 (Invitrogen), anti-VE-cadherin (Millipore), and anti-occludin (BD Transduction 

Laboratories
TM

) antibodies were diluted 1:100 in TBS-T containing 2.5% donkey serum. The biotin-XX 

isolectin GS-IB4 conjugate (Life Technologies
TM

) was used at 1:200 dilution. Secondary antibody Cy3-

AffiniPure F(ab')2 Fragment Donkey Anti-Mouse IgG (H+L) (Jackson ImmunoResearch) and Cy2-

Streptavidin (Jackson ImmunoResearch) were used at 1:400 dilution. Brain slices were mounted on slides in 

hydromount mounting medium (national diagnostics) and images were taken using a Leica Dm4000 B 

microscope. Stained area of claudin-5, VE-cadherin, or occludin was measured using ImageJ Software and 

normalised to the total endothelial cell surface (assessed by isolectin B4 staining). 
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Quantitative real-time PCR  

Determination of p66
Shc

 gene expression was done as previously described
5
. TaqMan

®
 Gene Expression 

Assays (Applied Biosystems
TM

) was used for real-time PCR and performed on a 7500 Fast Real-Time PCR 

System (Applied Biosystems
TM

). Each reaction included 2 µl of cDNA, 1 µl of specific TaqMan
®
 MGB 

probes and primers for human p66
Shc

 or mouse p66
Shc

 (predesigned by Applied Biosystems
TM

), 10 µl of 

TaqMan
®
 Universal PCR Master Mix (Applied Biosystems

TM
), and 7 µl of H2O (total 20 µl). TATA box 

binding protein (TBP) (Applied Biosystems
TM

), or ribosomal 18S RNA (Applied Biosystems
TM

) was used as 

an endogenous control. For quantification, the 2
-ΔCt

 method was used. p66
Shc

 transcript levels in PBM of 

ischaemic stroke patients were expressed as percentage of controls. p66
Shc

 transcript levels in MCA of sip66
Shc

 

mice were expressed as percentage of siScr mice.  

 

siRNA transfection in HBMEC 

siRNA transfection in HBMEC was done as described
6
. HBMEC were incubated with predesigned siRNA 

targeting p66
Shc

 (sense: 5′-AUGAGUCUCUGUCAUCGCU[dT][dT]-3′; antisense: 5’-

AGCGAUGACAGAGACUCAU[dT][dT]-3’) (Sigma-Aldrich) for 4 h in serum-free and antibiotics-free 

EBM-2 medium (Lonza) at final concentration of 25 nmol/L using Lipofectamine
®
RNAiMAX Reagent 

(Invitrogen), followed by incubation in normal growth medium for another 20 h. Scrambled siRNA (sense: 5’-

GAUCAUACGUGCGAUCAGA[dT][dT]-3’; antisense: 5’-UCUGAUCGCACGUAUGAUC[dT][dT]-3’; 25 

nmol/L) (Sigma-Aldrich) or vehicle alone were used as negative controls. 

 

Immunoblotting 

Immunoblot analysis was performed as previously described
6
. For animal experiments, basilar arteries were 

homogenised and lysed in 50 mmol/L Tris-HCl pH 7.5, 150 mmol/L NaCl, 1 mmol/L EDTA pH 8.0, 1 

mmol/L NaF, 1 mmol/L DTT, 10 μg/μl aprotinin, 10 μg/μl leupeptin, 0.1 mmol/L Na3VO4, 1 mmol/L PMSF, 

and 0.5% NP-40. For cell culture experiments, cells were lysed in 50 mmol/L Tris-HCl pH 7.5, 150 mmol/L 

NaCl, 1 mmol/L EDTA pH 8.0, 1 mmol/L NaF, 1 mmol/L DTT, 10 μg/μl aprotinin, 10 μg/μl leupeptin, 0.1 
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mmol/L Na3VO4, 1 mmol/L PMSF, and 0.5% NP-40. SDS-PAGE was performed for protein separation. 

Antibodies against anti-SHC (BD Transduction Laboratories
TM

), and anti-Shc/p66 (pSer36) (Calbiochem) 

were used at 1:1000 and 1:100 dilutions, respectively. Antibodies against p-eNOS (Thr495), p-eNOS 

(Ser1177), and eNOS (all from BD Transduction Laboratories
TM

) were used at 1:5000, 1:2000 and 1:2000 

dilutions, respectively. Both, anti-Claudin-5 (Invitrogen) and anti-human-HIF-1α (BD Transduction 

Laboratories
TM

) antibodies were used at 1:1000 dilution. Anti-VE-Cadherin (Millipore) and anti-Occludin 

(BD Transduction Laboratories
TM

) antibodies were diluted at 1:2000 and 1:500 dilutions, respectively. Blots 

were normalised to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein levels (1:20000 dilution; 

Millipore). Anti-rabbit and anti-mouse secondary antibodies were from SouthernBiotech.  

 

Measurement of O2
-
 production  

Electron spin resonance (ESR) spectroscopy was applied to measure O2
−
 production, as described

6, 7
. O2

-
 

production was determined on a ESR spectrometer (Bruker) in cells suspended in Krebs-HEPES solution 

(Noxygen) containing 200 μmol/L 1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine 

hydrochloride (Noxygen), 5 μmol/L sodium diethyldithiocarbamate trihydrate (Noxygen), and 25 μmol/L 

deferoxamine methanesulfonate (Noxygen) and by using following instrumental settings: center field, 3469.0 

G; sweep width, 10.00 G; microwave frequency, 9.76 GHz; microwave power, 19.91 mW; modulation 

frequency, 86.00 kHz; modulation amplitude, 2.60 G; and number of scans, 10. A temperature-controlled 

system maintained the temperature at 37°C.  

 

Measurement of NO bioavailability 

ESR spectroscopy was applied to measure NO bioavailability, as described
1, 6, 8

. After incubation with Krebs-

HEPES – Fe(DETC)2 solution for 1 h at 37ºC, cells collected in Krebs-HEPES solution (Noxygen) were snap 

frozen in liquid nitrogen and measured on an ESR spectrometer (Bruker) using the following instrumental 

settings: center field, 3455.00 G; sweep width, 80.00 G microwave frequency, 9.78 GHz; microwave power, 

39.72 mW; modulation frequency, 86.00 kHz; modulation amplitude, 10.34 G; and number of scans, 10. 
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