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fore and 2 min after intravenous (IV) injection of ultrasmall 
superparamagnetic iron particles. Vascular density (per 
mm 2 ) was derived from the ratio [ΔR 2 /(ΔR 2  * ) 2/3 ]. Blood brain 
barrier leakage was assessed using T 1 W images before and 
after IV injection of Gd-DOTA. Additionally, microvessel im-
munohistology was done.  Results:  3 successive stages were 
observed: 1) ‘Acute stage’ from day 1 to day 3 post-stroke 
(D1–D3) characterized by high levels of angiopoietin-2 
(Ang2), vascular endothelial growth factor receptor-2 
 (VEGFR-2) and endothelial NO synthase (eNOS) that may be 
associated with deleterious vascular permeability and vaso-
dilation; 2) ‘Transition stage’ (D3–D7) that involves trans-
forming the growth factors β1 (TGFβ1), Ang1, and tyrosine 
kinase with immunoglobulin-like and endothelial growth 
factor-like domains 1 (Tie1), stromal-derived factor-1 (SDF-1), 
chemokine receptor type 4 (CXCR-4); and 3) ‘Subacute stage’ 
(D7–D25) with high levels of Ang1, Ang2, VEGF,  VEGFR-1 and 
TGFβ1 leading to favorable stabilization and maturation of 
microvessels. In vivo MRI appeared in line with  the angio-
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 Abstract 

  Background:  Microvasculature plays a key role in stroke 
pathophysiology both during initial damage and extended 
neural repair. Moreover, angiogenesis processes seem to be 
a promising target for future neurorestorative therapies. 
However, dynamic changes of microvessels after stroke still 
remain unclear, and MRI follow-up could be interesting as 
an in vivo biomarker of these.  Methods:  The aim of this study 
is to characterize the microvascular plasticity 25 days after 
ischemic stroke using both in vivo microvascular 7T-MRI (vas-
cular permeability, cerebral blood volume (CBV), vessel size 
index (VSI), vascular density) and quantification of angiogen-
ic factor expressions by RT-qPCR in a transient middle cere-
bral artery occlusion rat model. CBV and VSI (perfused vessel 
caliber) imaging was performed using a steady-state ap-
proach with a multi gradient-echo spin-echo sequence be-
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genic factors changes with a delay of at least 1 day. All MRI 
parameters varied over time, revealing the different aspects 
of the post-stroke microvascular plasticity. At D25, despite a 
normal CBV, MRI revealed a limited microvessel density, 
which is insufficient to support a good neural repair.  Conclu-

sions:  Microvasculature MRI can provide imaging of different 
states of functional (perfused) microvessels after stroke. 
These results highlight that multiparametric MRI is useful to 
assess post-stroke angiogenesis, and could be used as a bio-
marker notably for neurorestorative therapy studies. Addi-
tionally, we identified that endogenous vessel maturation 
and stabilization occur during the ‘subacute stage’. Thus, 
pro-angiogenic treatments, such as cell-based therapy, 
would be relevant during this subacute phase of stroke. 

 © 2014 S. Karger AG, Basel 

 Introduction 

 Stroke is the second leading cause of death worldwide 
and the first cause of disability. Except management in 
stroke care units including rehabilitation, early throm-
bolysis or intake of aspirin, and encouraging results of 
preliminary trials related to serotonin reuptake inhibitors 
 [1] , no effective treatment exists to improve functional 
recovery beyond the first hours. As all clinical trials fo-
cused on neuroprotection failed, other targets are being 
investigated. Aside neurogenesis, apoptosis, and inflam-
mation processes  [2] , angiogenesis plays a key role during 
neural repair  [3, 4] , and is a promising target for future 
neurorestorative therapies  [5] . Angiogenesis has been re-
lated to neuronal survival and functional recovery in hu-
mans and animals  [6, 7] . Currently, one should rather 
consider the ‘glio-neurovascular unit’ such as the func-
tional integration of EC, astrocytes, neurons, and extra-

cellular matrix (ECM)  [8] . After stroke, cell–cell signaling 
within this glio-neurovascular unit is altered, mediating 
acute and subacute events over hours to months  [9–18] , 
as reviewed by Beck and Plate at a molecular level  [19] . 
In  this review, authors however acknowledge that data 
arises from different animal models (e.g., transient or 
permanent occlusion in rat or mice).

  In vivo, a longitudinal analysis of cerebral microvascu-
lature changes may be monitored using magnetic reso-
nance imaging (MRI) at preclinical and clinical levels 
 [20] . Data have been collected using a transient (60 min) 
three-vessel occlusion model in rats  [21] , a permanent 
embolic stroke model in rats  [22, 23] , and a transient (60 
min) intraluminal occlusion model in rats  [24] .

  It thus appears of interest to characterize if a relation 
could be established between molecular changes and mi-
crovascular changes observed in vivo by MRI after stroke. 
More specifically, is MRI sensitive to the angiogenic mo-
lecular events? What is the delay between angiogenic mo-
lecular changes and microvascular changes? In the pres-
ent study, we monitored microvascular changes at a mo-
lecular level – using biological assays – and at an 
integrated level – using microvascular MRI in a transient 
(90 min) stroke model in rats (n = 47) during 25 days.

  Material and Methods 

 All animal procedures were run according to the French laws 
(permits 381106 for AM, 380820 for CR and A3851610008 for 
 experimental and animal care facilities) with the approval of the 
local ethical committee (agreement number 004). Anesthesia was 
induced by inhalation of 5% isoflurane (Abbott   Scandinavia AB, 
Solna, Sweden) in 30% O 2  in air and maintained with 2–2.5% 
isoflurane through a facial mask (for surgical and imaging pro-
cedures). Rectal temperature was monitored and maintained at 
37.0 ± 0.5   °   C.

Abbreviations used in this article

αSMA Alpha smooth muscle actin IV Intravenous
Ang1 Angiopoietin 1 MCAo Middle cerebral artery occlusion
Ang2 Angiopoietin 2 mNSS Modified neurological severity score
ART Adhesive removal test ROI Region of interest
BBB Blood brain barrier SDF-1 Stromal-derived factor-1
CBV Cerebral blood volume TGFβ1 Transforming growth factor β1
CXCR-4 Chemokine receptor type IV USPIO Ultrasmall superparamagnetic iron oxide
EC Endothelial cell VEGF Vascular endothelial growth factor
ECM Extracellular matrix VEGF-R1 Vascular endothelial growth factor – receptor 1
eNOS Endothelial nitric oxide synthase VEGF-R2 Vascular endothelial growth factor – receptor 2
FGF-2 Basic fibroblast growth factor VSI Vessel size index
IC Intracerebral vWF von Willebrand factor
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  Transient Middle Cerebral Artery occlusion (MCAo) Model 
and Experimental Groups 
 Forty seven male Sprague Dawley rats weighing 280–330 g 

(7–8 weeks old) underwent a surgery at D0. Animals were ran-
domly allocated to the MCAo or sham group. In 34 rats, a 90 min-
focal brain ischemia was induced by intraluminal occlusion of 
the  right MCA (MCAo) (silicon rubber-coated monofilaments: 
0.37 mm diameter, Doccol Corp., Sharon  , Mass., USA) according 
to our previously described method  [25–27] . Hemorrhagic and 
partial lesions (only striatal or cortical) were excluded from our 
study. Thirteen sham-operated rats underwent the same surgery 
without MCA occlusion. Eight MCAo and 9 sham rats were fol-
lowed during 25 days for behavior and MRI analysis. At days 1, 2, 
3, 7, 16, and 25, three MCAo rats were anesthetized and beheaded 
for RT-qPCR analysis. Immunohistochemistry was realized on the 
brains of two MCAo rats at D3, D7, D16, and D25.

  In vivo MRI Experiments 
 Based on a previous study where microvascular events were 

detected up to 3 weeks after MCAo  [25] , MRI sessions (7T, Bruker 
Avance III, MRI facility of Grenoble IRMaGe) were set at D3, D7, 
D16, and D25. Breath rate was maintained constant between ani-
mals during each MRI session by adjusting the anesthesia level. All 
MRI data were acquired with the same positions and the same geo-
metrical characteristics. T 2  weighted (T 2 W) images (TR/TE = 
2,500/60 ms, voxel size = 234 × 234 × 1,000 μm) were acquired to 
measure volume lesion. Cerebral blood volume (CBV) and VSI 
(perfused vessel caliber) imaging were performed using a steady-
state approach. Briefly, a multi gradient-echo spin-echo sequence 
(TR = 4,000 ms, spin-echo = 40 ms; seven gradient-echoes from 
2.3 to 15.6 ms; voxel size: 234 × 234 × 1,000 mm 3 ; seven slices) 
was applied, 2 min before and after intravenous (IV) injection of 
an  intravascular ultrasmall superparamagnetic iron particles 
 (USPIO, P904 ® , Guerbet, Roissy, France; 200 μmol iron/kg body 
weight). BBB leakage was assessed using T 1 W images (TR/TE = 
300/4.8 ms) acquired 3 min before and after IV injection of 0.2 
mmol/kg Gd-DOTA (Dotarem ® , Guerbet). For technical reasons, 
data were available from 7–8 MCAo rats and 8–9 sham rats at D3, 
D7 and D16, and 4 MCAo rats and 6 sham rats at D25.

  The region of interest (ROI) corresponding to the whole isch-
emic lesion was manually delineated by a blinded operator on 
T 2 W images, as previously described  [25] . In sham rats, the ipsi-
lateral ROI was drawn to obtain a mean ipsilateral volume equal 
to the mean lesion volume of the MCAo group for each MRI ses-
sion.

  CBV and VSI maps were computed using home-made software 
within Matlab (MathWorks, Natick, Mass., USA). Vascular den-
sity per mm 2  was derived from the ratio [ΔR 2 /(ΔR 2  * ) 2/3 ] according 
to equation 7 of Wu et al.  [28] . CBV, VSI, and vascular density were 
measured in the same ROI, from non-excluded pixels (voxels were 
excluded in case of erroneous fitting (CBV <0%) or when outside 
the range of validity of the method, i.e., CBV >17%, VSI >50 μm). 
CBV, VSI, and vascular density only reflect the functional vessels. 
BBB permeability was calculated on the T 1 W images as the signal 
enhancement (SE, %) induced by Gd-DOTA extravasation.

  Behavioral Tests 
 Behavioral tests were carried out by a blind operator at D2, 

D6,  D15, and D22 after surgery on the 8 MCAo rats and the 9 
shams followed by MRI. The modified Neurological Severity Score 

(mNSS) assessed walk, placing, and beam balance (0: no deficit, 18: 
highest deficit). Adhesive Removal Test (ART) was used to assess 
the asymmetry in dexterity and sensitivity. An adhesive paper was 
applied on each forelimb and the time of their removal was noted 
(maximum delay of 120 s). All rats were trained for 3 days before 
surgery (3 trials per day for each test).

  SYBRGreen Real-Time RT-qPCR 
 To measure the expression level of genes of interest at D1, D2, 

D3, D7, D16, and D25, three additional MCAo animals were 
deeply anesthetized and beheaded for each time point. Three 
sham animals (D25) were used for reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR) experiments and 
served as reference for the 2 –ΔΔCT  method (CT, cycle threshold). 
Total RNA was extracted from frozen hemispheres with TRIzol ®  
reagent (Invitrogen, Life Technologies Ltd., Paisley, UK) using a 
Magnalyser (Roche Products, Indianapolis). Total RNA quantifi-
cation was performed on a spectrophotometer (Nanodrop 
ND2000, Thermo Fisher Scientific, Wilmington, Mass., USA). 
Reverse transcription was performed under the conditions rec-
ommended by the manufacturer (GoScript ® , Promega, Madison, 
Wisc., USA). Thirteen primers were designed using Primer3 pro-
gram (online suppl. data 1; for all online suppl. material, see www.
karger.com/doi/10.1159/000368597) and qPCR was performed 
on a Stratagene thermocycler ®  (Agilent technologies, Massy, 
France) using the SYBRGreen method  [29] . The specificity of each 
PCR product was assessed using the dissociation reaction plot. 
Relative gene expression was calculated with the 2 –ΔΔCT  method, 
using the level of GAPDH and the expression in the 3 fake samples 
as normalization factors. Samples were duplicated for each gene 
analysis.

  Immunohistochemistry 
 At D25, brain of one sham rat and at D3, D7, D16, and D25, 

brains of two additional MCAo were removed and stored at 
–80   °   C. Frozen sections (12 μm thick) were incubated overnight 
at 4   °   C with primary antibodies, washed with PBS, and incu-
bated 1 h at room temperature with secondary antibodies. The 
degree of stabilization of vessels was assessed using a double 
staining blood vessel (von Willebrand Factor)/pericytes (alpha-
smooth muscle actin). Primary antibodies against von Wille-
brand Factor (rabbit-anti-vWF, DakoCytomation, Glostrup, 
Denmark, 1:   400) and alpha-smooth muscle actin (mouse-anti-
αSMA, Sigma, 1:   400) were employed. Secondary antibodies 
FITC-donkey-anti-mouse IgG (Invitrogen, Eugene, Oreg., USA, 
1:   500) and Rhodamine-conjugated-donkey-anti-rabbit IgG 
(Jackson Laboratories, West Grove, Pa., USA, 1:   200) were used. 
Images were obtained using an epifluorescence microscope 
(Nikon Eclipse E600, Japan) and a CCD camera (Olympus, 
Rungis, France).

  Statistical Analysis 
 Results are expressed as mean ± standard error of the mean 

(SEM) for RT-qPCR and behavior results. Results are expressed as 
mean ± standard deviation (SD) for MRI data. Paired t test was 
used for within-group comparison. Between-group comparison 
was performed using a Mann-Whitney test. A repeated measure 
analysis of variance was applied for behavioral data after testing 
the homogeneity-of-variance hypothesis (Levene-test). A p value 
 ≤ 0.05 was considered significant.
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  Results 

 MCAo Induces a Severe Deficit at the Acute Stage with 
Partial Recovery Afterwards 
 Behavioral data and lesion volumes served as valida-

tion of our MCAo model. Cerebral lesion was confirmed 
in MCAo animals, which revealed higher mNSS and left 
forelimb ART scores compared to the shams (online sup-
pl. data 2). The highest functional impairment was ob-
served, two days after injury. At D25, the rats partially 
recovered (mNSS) but the deficit was maintained for 

ART. Lesions were homogeneous in volume and location 
between animals (the mean cortico-striatal lesion volume 
was maximal at D3: 223.5 ± 43.4 mm 3  with a stabilization 
afterwards, data not shown).

  ‘Acute Stage’ from D1 to D3: High Expression Levels of 
Ang2, VEGFR-2 and eNOS Precede Vasodilation and 
BBB Permeability 
 No significant changes in CBV, VSI, BBB permeability, 

and vascular density values were noted in sham rats during 
the 3 weeks ( fig. 1 a, b). At D3, the BBB was permeable in 
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  Fig. 1.   a  The evolution of cerebral blood 
volume (CBV), vessel size index (VSI), sig-
nal enhancement, and vascular density ob-
served by MRI at D3, D7, D16, and D25 
after middle cerebral artery occlusion 
(MCAo) into the lesion (n = 8) compared 
to sham rats (n = 9) (mean ± SD) with ( b ) 
MRI images of each parameters from a rep-
resentative rat.  *   p  ≤  0.05,  *  *   p  ≤  0.01 
(Mann-Whitney). 
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the ischemic lesion but not in sham rats (signal enhance-
ment: 20.9 ± 8.1 vs. 5.0 ± 2.4%, p = 0.003). VSI was higher 
in MCAo than in sham rats at D3 (11.3 ± 2.3 vs. 5.6 ± 0.9 
μm, p = 0.001). This early vasodilation compensated the 
decrease in vascular density observed at D3 (MCAo vs. 
sham: 65.7 ± 18.1 vs. 177.8 ± 33.4 mm –2 , p = 0.001), result-
ing in a higher CBV in MCAo rats than in shams (4.1 ± 0.9 
vs. 2.7 ± 0.6%, p = 0.01). Consistent with MRI results, his-
tology at D3 in MCAo rats revealed enlarged vessels with 
a chaotic and disorganized appearance of the surrounding 
αSMA-positive cells ( fig. 2 ). At a molecular level, an over-
expression of eNOS, VEGFR-2, and Ang2 was observed at 
D1 and D2 in MCAo brains. Compared to sham animals, 
the expressions of TGFβ1 and CXCR-4 were, respectively 
increased at D1–D3 and that of Tie1 peaked at D3. Con-
versely, Ang1 was underexpressed at D1 and SDF-1 at D1–
D3, compared to sham animals ( fig. 3 ).

  ‘Subacute Stage’ from D7 to D25: Increased 
Expression Levels of Ang1, Ang2, CXCR-4 and TGFβ1 
Accompany the Raise of Vascular Density and the 
Decrease of Vessel Caliber 
 From D7 to D25, a minor BBB permeability was ob-

served in the lesion of MCAo group compared to sham 
(SE at D7: 8.2 ± 2.2 vs. 4.4 ± 1.0%, p = 0.003; D16: 7.7 ± 
1.0 vs. 4.3 ± 0.4%, p = 0.003; D25: 9.1 ± 2.0 vs. 5.4 ± 0.8%, 

p = 0.014). In MCAo rats, MRI showed a continuous de-
crease in vessel caliber and an increase in vascular den-
sity from D3 to D25 without reaching the sham level at 
D25 (VSI at D3 vs. D25: 11.3 ± 2.3 vs. 6.5 ± 0.5 μm, p = 
0.003; vascular density at D3 vs. D25: 65.7 ± 18.1 vs. 
123.7 ± 13.1 mm –2 , p = 0.013). CBV remained stable from 
D3 to D16 and strongly decreased to reach the sham lev-
el at D25 (CBV at D16 vs. D25: 4.5 ± 1.0 vs. 3.0 ± 0.2%, 
p = 0.025). In agreement with MRI data, the vessel caliber 
observed by histology at D16 and D25 appeared smaller 
than at D3 with a reorganization of αSMA-positive cells 
around vessels ( fig. 2 ).

  At a molecular level, Ang1 was overexpressed at D7 
and Ang2 at D25. Tie1 and CXCR-4 were still overex-
pressed at D7. A return to baseline values was observed 
at  D7 for eNOS and SDF-1 and at D16 for VEGF and 
VEGFR-1. TGFβ1 remained overexpressed after D7 com-
pared to sham with a decrease until D25 ( fig. 3 ).

  Growth Factors Follow Different Time Courses 
 During the entire follow-up, no significant difference 

in the levels of FGF-2 and Tie2 was observed between 
MCAo and sham rats ( fig. 3 ). The molecular analysis of 
the other factors highlighted two distinct profiles ( fig. 3 ).

  Three factors (Ang2, VEGF, and VEGFR-1) exhibited 
a biphasic evolution in a period of 25 days. Levels of ex-

  Fig. 2.  Immunohistochemistry for vWF (1:   400; in red for endothelial cells)/αSMA (1:   400; in green for pericytes) revealing the stabiliza-
tion degree of microvessels into cerebral lesion at D3, D7, D16, and D25 after middle cerebral artery occlusion (MCAo) compared to 
sham rats. Scale = 100 μm. 

Sham MCAo D3 MCAo D7 MCAo D16 MCAo D25

100 μm

SMA

vWF
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  Fig. 3.  Follow-up of the brain expression of 12 factors after middle cerebral artery occlusion (MCAo). The quantitative values are ex-
pressed as ratios of factors mRNA between MCAo and sham rats (mean ratio ± SEM).  *  p  ≤  0.05 (Mann-Whitney).     
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pression were first higher (Ang2) or similar (VEGF, 
VEGFR-1) to sham during the first 2 days, dropped at D3, 
and rose again from D16.

  The expression of the seven other factors showed a bell-
shape evolution. The maximum ratio was observed at the 
first stage for VEGFR-2 (D2) and eNOS (D1), at the sec-
ond stage for TGFβ1 and Ang1 (D7–D16), and between 
both stages for Tie1 (D3–D7), SDF-1, and CXCR-4 (D7).

  Except for TGFβ1, Ang1, and Ang2, the expression of 
growth factors returned to the sham baseline level at D25.

  Discussion 

 This study describes the microvascular plasticity at 
molecular and integrated levels in the same rat model 
during 25 days after stroke. Biological and MRI data 
( fig. 4 ) identify an acute and subacute stage with a mo-

lecular ‘transition stage’ in-between  [4] . At each step, bio-
logical events precede by at least one day the microvascu-
lar changes observed by MRI.

  Duality of the Acute Stage: BBB Permeability and 
Provision of a Pro-Angiogenic Microenvironment 
 We defined the ‘acute stage’ following cerebral isch-

emia between D1 and D3, where the functional deficit 
was the worst. We observed a decreased vascular density 
with increased CBV and vessel caliber (VSI) in conjunc-
tion with a major BBB permeability at D3. Similar evolu-
tions of CBV and perfused vessel caliber have been re-
ported in a three-vessel occlusion model  [21]  and in an 
MCAo model (transient 60 min)  [24] . For BBB permea-
bility, similar observations were obtained in an MCAo 
model (transient 90 min)  [30] . In line with MRI, histol-
ogy revealed enlarged and destabilized vessels ( fig. 2 ) dur-
ing this ‘acute’ phase.

  Fig. 4.  Hemodynamic and molecular vascular events that occur 
during the acute (D1–D3), the transition (D3–D7) and the sub-
acute (from D7) stages following a focal cerebral ischemia/reperfu-
sion (middle cerebral artery occlusion, MCAo). In sham rats, ves-
sels are stable and organized under the influence of Ang1. VEGF 
and TGFβ1 are stored in the extracellular matrix (ECM). Ang2 is 
stored in the Weibel–Palade bodies of endothelial cells (EC). In 
MCAo rats, at the ‘acute stage’ of stroke, hypoxia leads to the tran-
scription of VEGF and eNOS that are consequently overexpressed 
in the damaged area. VEGF induces release of Ang2 from the Wei-
bel-Palade bodies thus promoting pericyte detachment. The eNOS 
synthesizes NO that induces the vasodilation of preexisting vessels. 
Altogether these events take part to the hyperpermeability of the 
blood brain barrier, induced by VEGF through the activation of its 

receptor VEGFR-2, and to the destabilization of vessels. At D3 after 
stroke, the CBV is increased because of the large vasodilation. Dur-
ing the ‘transition stage’, the VEGF released from the degraded 
ECM targets the EC where sprouting occurs through activation of 
VEGFR-2. TGFβ1 (low level) acts as a chemokine to guide the mi-
gration of the sprouting new vessel toward the damaged area. In 
parallel, SDF-1 acts as a chemokine to recruit the endothelial pro-
genitor cells from the bone. Ang1 is responsible for the recruitment 
of mural cells progenitors from the bone marrow. At the ‘subacute 
stage’, TGFβ1 is responsible for the deposition of ECM around 
new vessels and differentiation of mural progenitors in pericytes. 
In conjunction with Ang1, it also promotes interactions between 
EC and pericytes and favors the quiescence/survival of EC. Ang2 
promotes EC survival and participates to the stabilization of vessels.         
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  MRI events observed at D3 could be consistent with 
the angiogenic factors expressed at D1 and D2 (increase 
in Ang2, eNOS, and VEGFR-2) rather than those ex-
pressed at D3 (decrease in Ang2, VEGF, and VEGFR-2, 
increase in Tie1, CXCR4, and TGFβ1). At D1 and D2, 
increases in Ang2, VEGF and VEGFR-2 have previously 
been reported in MCAo rats  [9, 10] . These molecular 
events are known to be responsible for vasodilation, de-
tachment of pericytes, and destabilization of vessels  [31] , 
which represent the first angiogenesis step  [32] . More-
over, the overexpression of eNOS observed in this study 
is expected to major the stroke-induced vasodilation  [33] .

  At D3, we observed a drop in the expression of Ang2, 
VEGF, and VEGFR-2, in line with previous reports  [9, 
10, 34] . In contrast, the expression of TGFβ1, Tie1, and 
CXCR-4 began to increase from D3. This molecular an-
giogenic pattern signs the ‘transition stage’ between the 
acute (D1–D3) and subacute (D7–D25) stages  [4] .

  During the acute phase, a shift-in-time of about few 
days appeared between the molecular and microvascular 
events. The microvascular events at D3 are more in line 
with the molecular expression at D1 and D2, and the 
complex molecular expression pattern at D3 might indi-
cate that transition to the subacute stage has already be-
gun.

  Subacute Stage, the Time for Vascular Maturation 
and Stabilization 
 The ‘subacute stage’ began from D7 following isch-

emic injury. The increased microvascular density associ-
ated with a decreased vessel caliber and BBB permeability 
( fig. 1 a) confirms the occurrence of angiogenesis in the 
damaged hemisphere. These results are in line with Lin et 
al. and Strbian et al.  [21, 30]  but not with Boehm-Sturm 
et al.  [24]  who did not detect change in microvessel den-
sity or caliber. This discrepancy might be ascribed to dif-
ference in MRI methodology (use of multi-echo vs. sin-
gle-echo to map change in T 2 ) or animal model (60- vs. 
90-min transient MCAo). At the molecular level, the ex-
pression pattern of Ang1 is consistent with previous stud-
ies (permanent and 60 min MCAo)  [10, 35] . Interesting-
ly, these two studies describe a correlation between Ang1 
overexpression, decreased histological vessel caliber, and 
enhanced vascular density at the subacute stage. In addi-
tion, Ang1 is known to restore the tight junctions be-
tween EC and thereby decrease the BBB permeability 
 [36] . The strong overexpression of TGFβ1 (compared to 
acute stage) is known to induce the formation of ECM 
around new vessels and to promote the differentiation of 
mural progenitors in pericytes  [37] . In conjunction with 

Ang1, TGFβ1 may also promote interactions between 
EC  and pericytes  [38, 39]  and induce quiescence and 
 survival of EC  [40] . At this stage, quiescent EC express 
 VEGFR-1 rather than VEGFR-2, to avoid new sprouting 
events  [31] . The second peak of Ang2, observed at D16, 
has been reported after 60-min MCAo in rats but not in 
a 30-min MCAo model in mice  [10, 16] . At this stage, 
Ang2 may promote EC survival  [41]  and participate to 
vascular stabilization  [42] . Altogether, these molecular 
events corroborate well the MRI observations. Microves-
sel stabilization is also suggested by our histological data 
( fig. 2 ).

  At D25, the vascular density failed to reach the sham 
level despite a CBV comparable to that of sham animals. 
At a molecular level, angiogenic factors are either compa-
rable to that of sham following a trend toward normal 
values. This suggests a slowdown of the microvascular 
plasticity. The lower vascular density obtained at D25 
might limit the response to the metabolic demand of tis-
sue. In line with the concept of neurovascular unit and the 
role of several angiogenic factors in neurogenesis, the new 
microvasculature could be insufficient to prevent the pre-
mature death of neurons  [43, 44] . From a therapeutic 
point of view, it could be of interest to enhance the vas-
cular remodeling and vessel formation during this sub-
acute phase notably using cell-based therapy  [45, 46] .

  Conclusion 

 This study describes the microvascular plasticity after 
cerebral ischemia at molecular and integrated levels. The 
‘acute stage’ (D1–D3) is characterized by high levels of 
Ang2, VEGFR-2, and eNOS that altogether may be asso-
ciated with deleterious BBB permeability and vasodila-
tion. The ‘transition stage’ (D3–D7) involves TGFβ1, 
Ang1, Tie1, SDF-1, and CXCR-4. The ‘subacute stage’ 
takes place after D7 and is characterized by high levels of 
Ang1, Ang2, VEGF, VEGFR-1, and TGFβ1 that may lead 
to favorable stabilization and maturation of vessels. Fur-
ther investigations are needed to detail the mechanisms 
responsible for these angiogenic events and to assess the 
link between microvascular remodeling, MRI observa-
tions, and behavioral improvements. All MRI parameters 
varied over time, revealing the different aspects of the mi-
crovascular plasticity. This suggests that multiparametric 
MRI can provide interesting biomarkers to assess angio-
genesis after stroke. At D25, despite a normal CBV, MRI 
revealed a limited microvessel density, which might be 
insufficient to support a good neural repair. Thus, pro-
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