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lar rearrangement up to 28 days of reperfusion and animals 
gradually regained their motor and sensory functions.  Con-

clusions:  Transient MCAO-induced pial-network remodel-
ing is characterized by arteriolar anastomotic arcades. Re-
modeling mechanisms appear to be accompanied by an in-
creased expression of nitric oxide synthases. 

 © 2013 S. Karger AG, Basel 

 Introduction 

 Cerebral stroke has been studied in several experimen-
tal models, where particular attention has been devoted 
to neuronal dysfunctions, metabolic events and vascular 
involvement  [1–3] . Edema formation, cellular swelling 
and microvascular damage have been extensively evalu-
ated  [4, 5] . Most studies, however, have been focused on 
neuronal damage, while no angiogenesis has been docu-
mented for areas near the ischemic core, such as the ne-
crotic area induced by middle cerebral artery occlusion 
(MCAO)  [6] . The growth of new blood vessels after a 
stroke could be interpreted as a natural defense mecha-
nism helping to restore the oxygen and nutrient supply to 
the affected brain tissue  [7] . Some studies using either 
mice or rats with transient or permanent MCAO demon-
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 Abstract 

  Objective:  The aim of this study was to assess the in vivo 
structural and functional remodeling of pial arteriolar net-
works in the ischemic area of rats submitted to transient mid-
dle cerebral artery occlusion (MCAO) and different time in-
tervals of reperfusion.  Methods and Results:  Two closed cra-
nial windows were implanted above the left and right 
parietal cortex to observe pial microcirculation by fluores-
cence microscopy. The geometric characteristics of pial arte-
riolar networks, permeability increase, leukocyte adhesion 
and capillary density were analyzed after 1 h or 1, 7, 14 or 28 
days of reperfusion. MCAO and 1-hour reperfusion caused 
marked microvascular changes in pial networks. The necrot-
ic core was devoid of vessels, while the penumbra area pre-
sented a few arterioles, capillaries and venules with severe 
neuronal damage. Penumbra microvascular permeability 
and leukocyte adhesion were pronounced. At 7 days of re-
perfusion, new pial arterioles were organized in anastomot-
ic vessels, overlapping the ischemic core and in penetrating 
pial arterioles. Vascular remodeling caused different arterio-
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strated that endothelial cells surrounding the infarcted 
brain area start to proliferate as early as 12–24 h following 
vessel damage  [8, 9] . This, in turn, already leads to an in-
crease of vessels in the peri-infarcted region at 3 days fol-
lowing the ischemic injury. Studies using human brain 
samples have demonstrated that active angiogenesis takes 
place 3–4 days after the ischemic insult  [10] . It is not clear 
how long-lasting angiogenesis actively occurs in the in-
jured brain because long-term studies have not been per-
formed. Hayashi et al.  [8]  described that vessel prolifera-
tion continued for more than 21 days following experi-
mental cerebral ischemia. 

  Previously, Tomita et al.  [11] , utilizing a confocal mi-
croscope to observe the mouse cerebral circulation 
through a closed cranial window chronically implanted 
over the left parieto-occipital cortex, demonstrated that 
vascular remodeling of microvessel networks in the isch-
emic area is visible on day 30 after permanent MCAO.

  Conversely, further methods of analysis, such as cDNA 
arrays, RT-PCR, Western blot and immunohistochemis-
try suggested that nitric oxide (NO) is involved in isch-
emic brain damage and can exert both protective and del-
eterious effects depending on factors such as the NO syn-
thase (NOS) isoforms and the cell type where NO is 
produced or the temporal stage after the onset of the isch-
emic brain injury. Immediately after brain ischemia, NO 
release from endothelial NOS (eNOS) is protective main-
ly due to promoting vasodilation; however, after ischemia 
develops, NO produced by the overactivation of neuronal 
NOS (nNOS) and NO release by the de novo expression 
of inducible NOS (iNOS) later contribute to the brain 
damage  [12–15] . An increase in vascular endothelial 
growth factor (VEGF) expression has been observed in 
both animal and human models – representing one of the 
most important factors in the process of angiogenesis – in 
the infarcted hemisphere as early as 3 h after an ischemic 
insult and continuing for up to 3 or 7 days  [9, 16, 17] . 
Moreover, the VEGF expression appears to trigger an 
NO-dependent mechanism  [18] . Therefore, eNOS and 
VEGF are involved in the cerebral vascular remodeling 
after ischemia, but the spatial and temporal dynamics of 
poststroke cerebral microvascular rearrangement and the 
molecular factors involved are complex and remain in-
completely characterized.

  This study was carried out to evaluate the   in vivo   struc-
tural and functional reorganization of pial arteriolar net-
works in the ischemic area of rats subjected to MCAO, 
assessed at different time intervals during reperfusion. 
Geometric remodeling of pial arterioles were evaluated as 
well as microvascular permeability, leukocyte adhesion to 

venular walls and perfused capillary density (PCD), the 
main indexes of cerebral microcirculation damage result-
ing in perivascular edema, vessel wall failure and reduc-
tion in tissue perfusion, respectively  [19, 20] . Further-
more, pial arteriolar functions were assessed testing en-
dothelial and smooth muscle cell response to topical 
acetylcholine (Ach) or papaverine (Pap). We correlated 
these vascular observations with the determination of 
VEGF, eNOS, nNOS and iNOS expression to clarify their 
role during pial arteriolar network reorganization  [21] . 

  According to previous suggestions, angiogenic vessels 
provide neurotrophic support to pre-existent or newly 
generated neurons, while neuroblasts have been found to 
be concentrated around the blood vessels following a 
stroke  [7, 22] . Therefore, to estimate the brain functions 
accompanied by pial microvascular network remodeling, 
we calculated the modified neurological severity scores 
 [23] .

  Materials and Methods 

 Experimental Groups 
 Six   groups of rats   were studied. The first group, sham-operated 

animals (S group, n = 26), underwent the same procedures as the 
other experimental groups without MCAO. The following groups 
of animals were subjected to 2 h of MCAO and 1 h (R1h group,
n = 26), 1 day (R1day group, n = 26), 7 days (R7day group, n = 26), 
14 days (R14day group, n = 26) or 28 days (R28day group, n = 26) 
of reperfusion. 

  In each experimental group, 7 animals were utilized for micro-
vascular studies, 6 rats to test the pial arteriolar responses to topi-
cally applied Ach (10 –6   M , n = 3) or Pap (10 –4   M , n = 3)  [24, 25] . 
Finally, 10 animals belonging to each experimental group were 
used to evaluate VEGF (n = 5), eNOS (total and phosphorylated) 
(n = 10), nNOS (n = 10) and iNOS (n = 10) expression by Western 
blotting and 3 animals were used to determine neuronal damage 
by 2,3,5-triphenyltetrazolium chloride (TTC) staining.

  Animal Preparation 
 Anesthesia was induced in male Wistar rats [250- to 300-gram 

body weight (b.w.)] with intraperitoneal (i.p.) alpha-chloralose (60 
mg/kg b.w.). MCAO was induced by the intraluminal filament 
method as described by Longa et al.  [26]  and Garcia et al.  [27] . Brief-
ly, a 4–0 monofilament nylon thread with a rounded tip was insert-
ed into the external carotid artery and gently advanced about 20 mm 
to interrupt the blood flow of the left middle cerebral artery. After 
2 h of occlusion, the filament was pulled out to allow reperfusion.

  To determine the perfusion decrease during MCAO, microvas-
cular blood flow was measured by laser Doppler perfusion moni-
toring on the skull of all animals by a Perimed PF5001 flowmeter, 
using a probe (407; Perimed, Sweden) attached to the bone. The 
sampling rate was 32 Hz and blood flow was expressed as perfusion 
units. Applying the probe on the ischemic hemisphere of the skull, 
it was possible to identify and quantify blood flow within the isch-
emic core where the amount of residual blood flow during occlu-
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sion was typically in a range of 15–20% of the baseline. In all ex-
perimental groups, we determined the blood flow in the ischemic 
core. The penumbra blood flow is usually higher than 25–35% of 
the baseline, as previously reported  [28] . After 2 h of ischemia, the 
intraluminal filament was withdrawn and the incision sutured, ex-
cept in the animals studied immediately after MCAO. Successive-
ly, the rats were allowed to recover from surgical intervention with 
free access to pellets and water. After 1, 7, 14 or 28 days of reperfu-
sion, the animals were again anesthetized (alpha-chloralose 60 mg/
kg b.w., i.p.) for pial microcirculation observation.

  All experiments were conducted according to the Guide for the 
Care and Use of Laboratory Animals published by the US Nation-
al Institutes of Health (NIH Publication No. 85-23, revised 1996) 
and the institutional rules for the care and handling of experimen-
tal animals. The protocol was approved by the ‘Federico II’ Uni-
versity of Naples ethical committee.

  Closed Cranial-Window Preparation  
 Under anesthesia, the animals were tracheotomized, intubated 

and mechanically ventilated with room air and supplemental oxy-
gen.

  A catheter was placed in the left femoral artery for recording 
arterial blood pressure and sampling of blood gases, another was 
placed in the right femoral vein for injection of the fluorescent 
tracers [fluorescein isothiocyanate bound to dextran, molecular 
weight 70 KDa (FD 70), 50 mg/100 g b.w. i.v. as a 5% weight/vol-
ume solution in 5 min and rhodamine 6G to label leukocytes
1 mg/100 g b.w. in 0.3 ml] and for additional anesthesia. Blood gas 
measurements were carried out on arterial blood samples with-
drawn from the arterial catheter at time intervals of 30 min (ABL5; 
Radiometer, Copenhagen, Denmark). Mean arterial blood pres-
sure (MABP), heart rate, respiratory CO 2  and blood gas values 
were recorded and were kept stable within physiological ranges. 
Rectal temperature was monitored and preserved at 37.0 ± 0.5   °   C 
with a heating stereotaxic frame, to which the rats were secured.

  To observe pial microcirculation, a closed cranial window (4 × 
5 mm) was implanted above the left parietal cortex (posterior 1.5 
mm to bregma and lateral 3 mm to the midline)  [29] . Successively, 
a second closed cranial window was fixed, obeying the same spatial 
coordinates as the previous one, above the right parietal cortex to 
visualize the contralateral pial microcirculation. The dura mater 
was gently removed and a 150-μm-thick quartz microscope cover-
glass was sealed to the bone with dental cement. The window in-
flow and outflow were assured by two needles secured in the den-
tal cement of the window so that the brain parenchyma was con-
tinuously superfused with artificial cerebrospinal fluid (aCSF). 
The rate of superfusion was 0.5 ml/min controlled by a peristaltic 
pump. During superfusion, the intracranial pressure was main-
tained at 5 ± 1 mm Hg and measured by a pressure transducer con-
nected to a computer. The composition of the aCSF was: 119.0 m M  
NaCl, 2.5 m M  KCl, 1.3 m M  MgSO 4 ·7H 2 O, 1.0 m M  NaH 2 PO 4 , 26.2 
m M  NaHCO 3 , 2.5 m M  CaCl 2  and 11.0 m M  glucose (equilibrated 
with 10% O 2 , 6% CO 2  and 84% N 2 ; pH 7.38 ± 0.02). The tempera-
ture was maintained at 37.0 ± 0.5   °   C  [30] . 

  Fluorescence Microscopy and Microvascular Parameter 
Assessment  
 Pial microcirculation was visualized with a fluorescence micro-

scope (Leitz Orthoplan) fitted with long-distance objectives [×2.5, 
numerical aperture (NA) 0.08; ×10, NA 0.20; ×20, NA 0.25; ×32, 

NA 0.40], a ×10 eyepiece and a filter block (Ploemopak, Leitz). Epi-
illumination was provided by a 100-watt mercury lamp using the 
appropriate filters for FITC, for rhodamine 6G and a heat filter 
(Leitz KG1). Pial microcirculation was televised with a DAGE MTI 
300RC low-light-level digital camera and recorded by a computer-
based frame-grabber (Pinnacle DC 10 Plus, Avid Technology, 
Mass., USA). 

  Video images were videotaped and microvascular measure-
ments (diameter and length) were made off-line using a computer-
assisted imaging software system (MIP Image, CNR, Institute of 
Clinical Physiology, Pisa, Italy). The results of diameter measure-
ments agreed with those obtained by the shearing method (± 0.5 
μm).

  The arteriolar network was mapped by stop-frame images and 
pial arterioles were classified according to a centripetal ordering 
scheme (Strahler method, modified according to diameter)  [31] . 
Order 0 was assigned to the capillaries; thereafter, the terminal ar-
terioles were assigned order 1 and the vessels upstream were each 
assigned a progressively higher order. When two vessels of the 
same order joined, the parent vessel was assigned the next higher 
orders. If two daughter vessels were of different orders, the parent 
vessel retained the higher of the two. The procedure of the pial ar-
teriole classification has been reported previously  [32] . A ‘connec-
tivity matrix’ was also calculated to clarify the number and order 
of daughter arterioles spreading from parent vessels. Briefly, order 
 n  vessels may spring from orders  n  + 1,  n  + 2, … vessels, the com-
ponent of which in row  n  and column  m  was the ratio of the total 
number of elements of order  n  sprung from elements in order  m  
 [32]  (see Appendix for more details). 

  Penetrating pial arterioles, i.e. pial arterioles supplying the out-
er layers of the cerebral cortex, were enumerated under baseline 
conditions and at the different times of reperfusion by a computer-
assisted method. The analysis was carried out counting the pial 
arterioles penetrating into the cortex subsurface in a region of in-
terest (ROI) of 400 μm 2   [33] . 

  The increase in permeability was calculated and reported as 
normalized grey levels (NGL): NGL = (I–Ir)/Ir, where Ir is the av-
erage baseline grey level at the end of vessel filling with fluores-
cence (average of 5 windows located outside the blood vessels with 
the same windows being used throughout the experimental proce-
dure), and I is the same parameter at the end of reperfusion. Grey 
levels ranging from 0 to 255 were determined by the MIP Image 
program in five ROIs measuring 50 μm 2  (×10 objective). The same 
location of ROI during recordings along the microvascular net-
works was provided by a computer-assisted device for XY move-
ment of the microscope table. 

  Adherent leukocytes (i.e. cells on vessel walls that did not move 
over a 30-second observation period) were quantified in terms of 
number/100 μm of venular length (v.l.)/30 s using a higher magni-
fication (×32, microscope objective). In each experimental group, 
45 venules were studied. The PCD was measured by a computer-
ized method (MIP Image) in an area of 150 cm 2  and expressed as 
cm/cm 2  = cm –1 . 

  The single pial venule blood flow (SBF), Q, was calculated ac-
cording to the following equation: Q = α × V CL  × A, where α was a 
constant, related to the vessel diameter, V CL  was the red blood cell 
centerline velocity and A was the cross-sectional area. SBF was cal-
culated in the venules with a diameter of 30–40 μm in both the left 
and right hemispheres. In rats subjected to MCAO and reperfusion, 
SBF in the affected hemisphere was compared to that in the contra-
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lateral hemisphere. Previous data indicate that SBF may be an ac-
curate measure of pial blood flow drainage from the cerebral cortex, 
because it represents about 30–60% of the cortical blood flow. 
Therefore, we chose to measure the SBF to compare with laser Dop-
pler perfusion monitoring data and to estimate the difference in 
blood flow between the affected and the nonaffected hemisphere.

  Finally, pial arteriolar reactivity was tested by topically applied 
Ach (10 –6  M, n = 3) or Pap (10 –4   M , n = 3). To avoid a bias due to 
single-operator measurements, two independent ‘blinded’ opera-
tors measured all the microvascular parameters. Their measure-
ments overlapped in all cases.

  MABP (Viggo-Spectramed P10E2 transducer, Oxnard, Calif., 
USA; connected to a catheter in the femoral artery) and heart rate 
were monitored with a Gould Windograf recorder (model 13-
6615-10S, Gould, Ohio, USA). Data were recorded and stored in a 
computer. Blood gas measurements (arterial partial pressure of O 2  
and CO 2  and pH) were carried out on arterial blood samples with-
drawn from the arterial catheter at 30-min intervals (ABL5, Radi-
ometer, Copenhagen, Denmark). 

  Western Blot Analysis  
 Expression of all investigated proteins was monitored at the 

indicated time points by Western blot. Proteins were extracted 
from brain tissue with lysis buffer and then incubated for 30 min 
on ice  [34] . The supernatant was isolated by centrifugation at 
13,000  g  for 10 min at 4   °   C. The concentration of total protein in 
each sample was quantified by the Lowry method. Equal amounts 
of proteins were separated by SDS-PAGE under reducing condi-
tions, and then transferred to polyvinylidene difluoride mem-
branes (PVDF, Invitrogen). The membrane was blocked for 1 h 
in 5% non-fat milk in Tris-buffered saline and 0.1% Tween 20 
(TBST) at 4   °   C. Filters were incubated with specific antibodies at 
4   °   C overnight, before being washed 3 times in TBST and then 
incubated with horseradish peroxidase-conjugated secondary 
antibody (1:   2,000) (GE-Healthcare, Little Chalfont, UK) for 1 h 
at room temperature. After triple washing with TBST, peroxidase 
activity was detected with the ECL system (GE-Healthcare). The 
optical density of the bands was determined by the ChemiDoc 
Imaging System (Bio-Rad). By incubating PVDF membrane in 
parallel with the extracellular signal-regulated kinase (ERK) anti-
body (1:   5,000), normalization of results was obtained. Specific 
antibodies were: mouse monoclonal anti-VEGF (1:   200), rabbit 
polyclonal anti-eNOS (1:   500), rabbit polyclonal anti-phosphory-
lated eNOS (Ser 1177) (1:   250), mouse monoclonal anti nNOS
(1:   1,000) and rabbit polyclonal anti iNOS (1:   500). Antibodies 
were purchased from Santa Cruz Biotechnology, Santa Cruz, Cal-
if., USA.

  TTC Staining 
 Rats were sacrificed after 2-hour MCAO and at different times 

during reperfusion. Tissue damage was evaluated by TTC staining. 
The brains were cut into 1-mm coronal slices with a vibratome 
(Campden Instrument, 752  M ). Sections were incubated in 2% 
TTC for 20 min at 37   °   C and in 10% formalin overnight. The ne-
crotic area site and extent in each section were evaluated by image 
analysis software (Image-Pro Plus)  [35] . Infarct size was quantified 
by manual measurement as previously reported  [35]  and expressed 
as a percentage according to the following formula: (area of the 
ischemic lesion:area of hemisphere ipsilateral to the lesion = 
X:100).

  Neurological Assessment 
 All animals were subjected to a battery of behavioral tests be-

fore MCAO and at different reperfusion times, using a modified 
neurological severity score, as previously described by Chen et al. 
 [23] . Briefly, this score is derived by evaluating animals for hemi-
paresis (the response to raising the rat by the tail or placing the rat 
on a flat surface), sensory deficits (placing and proprioception), 
beam balance test (the response to placement and posture on a nar-
row beam and the time before falling off it), absent reflexes (pinna, 
corneal and startle) and abnormal movement (seizure, myoclonus 
and myodystony). One point is awarded for the inability to per-
form a task or for the lack of a tested reflex. 

  Statistical Analysis  
 All data were expressed as mean ± SEM. Data were tested for 

normal distribution with the Kolmogorov-Smirnov test. Paramet-
ric (Student t tests, ANOVA and Bonferroni post hoc test) or non-
parametric tests (Wilcoxon, Mann-Whitney and Kruskal-Wallis 
tests) were used; nonparametric tests were applied to compare di-
ameter and length data among experimental groups. The statistical 
analysis was carried out by SPSS 14.0 statistical package. Statistical 
significance was set at p < 0.05.

  Results 

 The S Group 
 In the S group, pial arteriolar networks showed the 

same geometric characteristics when observed on left or 
right parietal hemisphere. Pial arterioles, seldom orga-
nized in arcading vessels (especially order 2 and order 1 
arterioles), were classified according to diameter, length 
and branching. Order 0 was assigned to the capillaries; 
subsequently, the terminal arterioles were assigned order 
1 (mean diameter: 15.5 ± 0.7 μm) and the vessels up-
stream were assigned progressively higher orders (mean 
diameter: 23.0 ± 0.5, 34.0 ± 0.6 and 44.5 ± 0.7 μm for or-
ders 2, 3 and 4, respectively) ( table 1 ). 

Table 1.  Diameter, length and branching ratios in the different ex-
perimental groups

Group  Ratio

 diameter length branching

S 1.39 1.70 1.62
R1h undetectable undetectable undetectable
R1day 1.36* 1.68* 1.58*
R7day 1.37* 2.04* 1.60*
R14day 1.37* 2.03* 1.61
R28day 1.39 2.02* 1.60* * p < 0.01 vs. S group.
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Table 2.  Connectivity matrix with 4 orders of pial arterioles in the affected hemisphere

Order n Order m

1 2 3 4

a S group

0 2.28 ± 0.40 (89) 0.23 ± 0.15 (7) 0 0
1 0.21 ± 0.11 (8) 2.06 ± 0.54 (64) 0.65 ± 0.18 (17) 0.49 ± 0.11 (5)
2 0 0.25 ± 0.10 (8) 1.79 ± 1.00 (46) 1.43 ± 0.70 (14)
3 0 0 0.40 ± 0.16 (10) 2.50 ± 0.90 (25)
4 0 0 0 0.15 ± 0.08 (1)

 Order 1: 39 vessels; order 2: 31 vessels; order 3: 26 vessels; order 4: 10 vessels.

b R1day group

0 1.81 ± 0.62 (38) 0.13 ± 0.08 (2) 0 0
1 0.18 ± 0.07 (4) 1.50 ± 0.60 (24) 1.15 ± 0.40 (22) 0.11 ± 0.06 (1)
2 0 0 1.00 ± 0.56 (19) 1.90 ± 0.38 (13)
3 0 0 0 1.20 ± 0.43 (8)
4 0 0 0 0.10 ± 0.05 (1)

Order 1: 21 vessels; order 2: 16 vessels; order 3: 19 vessels; order 4: 7 vessels.

c R7day group

0 1.94 ± 0.30 (45) 0.70 ± 0.09 (13) 0 0
1 0.38 ± 0.14 (9) 0.89 ± 0.13 (16) 1.27 ± 0.25 (25) 0.31 ± 0.11 (2)
2 0 0.62 ± 0.17 (11) 0.25 ± 0.12 (5) 1.55 ± 0.42 (11)
3 0 0 0.36 ± 0.13 (7) 0.20 ± 0.08 (1)
4 0 0 0 0

Order 1: 23 vessels; order 2: 18 vessels; order 3: 20 vessels; order 4: 7 vessels.

d R14day group

0 2.43 ± 0.32 (73) 1.12 ± 0.11 (21) 0 0
1 0.45 ± 0.12 (13) 0.94 ± 0.29 (18) 1.86 ± 0.13 (41) 0.48 ± 0.20 (4)
2 0 0.35 ± 0.15 (7) 0.54 ± 0.12 (12) 1.77 ± 0.21 (16)
3 0 0 0.60 ± 0.22 (13) 1.57 ± 0.40 (14)
4 0 0 0 0

Order 1: 30 vessels; order 2: 19 vessels; order 3: 22 vessels; order 4: 9 vessels.

e R28day group

0 2.22 ± 0.38 (69) 0.25 ± 0.12 (4) 0 0
1 0.33 ± 0.14 (10) 0.52 ± 0.12 (9) 0.28 ± 0.11 (7) 0
2 0 0.28 ± 0.15 (5) 1.24 ± 0.80 (30) 0.66 ± 0.23 (7)
3 0 0 0.29 ± 0.10 (7) 1.33 ± 0.46 (15)
4 0 0 0 0.33 ± 0.10 (4)

Order 1: 31 vessels; order 2: 18 vessels; order 3: 24 vessels; order 4: 11 vessels.
Values in connectivity matrix are means ± SEM. An element (m, n) in row m and column n is the ratio of the 

total number of elements of order m that spring directly from parent elements of order n divided by the total 
number of elements of order n. The total numbers of vessels of order n originating from parent arterioles of order 
m are reported in parentheses.
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  Data obtained from the S group were pooled; the di-
ameter (a), length (b) and branching distribution (c) in 
successive orders of arterioles obeyed Horton’s Law, ac-
cording to the following equations:

  log 10 D n  = a + bn
  log 10 L n  = a + bn
  log 10 N n  = a + bn
  where a and b are 2 constants. The logarithm of diam-

eter, length and branching was directly proportional to 
the vessel order number. Diameter, length and branching 
ratios, calculated from the slope of curves, were 1.39, 1.70 
and 1.62, respectively ( table 1 ).

  The branching vessels in the pial networks were de-
scribed by connectivity matrix indicating vessel connec-
tion of one order to another; usually an order 4 arteriole 
gave rise to most order 3 vessels ( table 2 a) (an example of 
such a computation and all data on connectivity matrix 
are given in the Appendix). Moreover, each pial network 

showed penetrating pial arterioles, smaller vessels sup-
plying cortex layers ( table 3 ). 

  Blood brain barrier integrity was preserved in all S 
group animals and leukocyte adhesion was not detected 
( table 4 ). PCD was 106.1 ± 2.3 cm –1  ( table 4 ). In the single 
pial venules (diameter 30–40 μm), the blood flow was 
250.6 ± 7.5 and 249.4 ± 4.5 nl/s in left and right hemi-
spheres, respectively ( table 5 ).

  Pial arterioles dilated after local Ach administration by 
10.0 ± 0.6, 14.4 ± 0.8 and 12.0 ± 0.5% of the baseline in 
orders 4, 3 and 2, respectively ( fig. 1 a, b). Topical Pap ap-
plication induced dilation by 12.0 ± 0.5, 18.0 ± 0.3 and 
17.2 ± 0.6% of the baseline in orders 4, 3 and 2, respec-
tively. All venular vessels were perfused ( table 4 ). 

  MCAO  and One Hour of Reperfusion 
 The affected hemisphere presented an ischemic core 

devoid of blood flow, not all core vessels were visualized 

Table 3.  Anastomotic and penetrating arterioles present in each experimental preparation at the different reperfusion times or originat-
ing from anastomotic order 2 and order 1 vessels

Group  Anastomotic arterioles, n Penetrating arterioles, n Order 2 anastomotic
arterioles, n

Order 1 anastomotic
arterioles, n

or der 1 order 2 order 1 order 2 order 1 order 2 order 1

S group 2.14 ± 0.9 1.7 ± 0.8 10 ± 1 7 ± 2 3.2 ± 0.5 2.2 ± 0.7 0.5 ± 0.2
undetectable
undetectable

0.3 ± 0.1
7.1 ± 0.6*

12.3 ± 0.8*
R1h undetectable undetectable undetectable undetectable undetectable undetectable
R1day undetectable undetectable 3 ± 2* 2 ± 1* undetectable undetectable
R7day 2.7 ± 0.9 2.6 ± 1.0 4 ± 1* 3 ± 1* 5.4 ± 0.4 * 3.3 ± 0.3
R14day 6.4 ± 1.3* 3.8 ± 1.1 6 ± 1* 4 ± 2* 8.8 ± 0.7 * 5.1 ± 0.5 * 
R28day 7.7 ± 2.5* 5.1 ± 1.0* 14 ± 1* 12 ± 1* 12.8 ± 0.8 * 6.8 ± 0.9 ** p < 0.01 vs. S group.

Table 4.  Summary of the principal parameters in each experimental group

Group Microvascular
permeability (NGL)

Leukocyte adhesion,
number of leukocytes/
100 μm of venular length/30 s

PCD, cm–1 Arteriolar diameter
after Ach application,
%

Arteriolar diameter 
after Pap application,
%

S group 0.02 ± 0.01 1.0 ± 0.5 106.0 ± 2.3 114.4 ± 0.8 117.2 ± 0.6
R1h 0.62 ± 0.03* 10.0 ± 0.5* 62.0 ± 1.4* undetectable undetectable
R1day 0.50 ± 0.03* 9.5 ± 0.5* 61.5 ± 1.5* undetectable undetectable
R7day 0.47 ± 0.02* 8.0 ± 0.5* 67.0± 1.0* 110.0 ± 0.4* 113.0 ± 0.5*
R14day 0.40 ± 0.03* 6.0 ± 0.5* 70.0 ± 1.4* 111.0 ± 0.8* 114.0 ± 0.5* 
R28day 0.20 ± 0.02* 3.0 ± 0.2* 85.1 ± 1.2* 114.0 ± 0.6 116.5 ± 0.8

 Arteriolar diameter is reported as percentage changes of 100% baseline values (baseline diameter of order 3 arterioles = 100) after 
topical application of Ach and Pap.* p < 0.01 vs. S group.
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by fluorescent dextran; the penumbra area was character-
ized by a reduced blood flow ( fig. 2 b)

  Pial microvasculature was markedly compromised; so 
no vessel geometric evaluation was performed and pen-
etrating pial arterioles were not detected. Penumbra mi-
crovascular permeability was marked as well as leukocyte 
adhesion ( table 4 ;  fig. 1 c). PCD was reduced to 62.0 ± 1.4 
cm –1  (p < 0.01 vs. S group). SBF decreased by 68 ± 3% 
compared to the contralateral one (p < 0.01 vs. contralat-
eral, 249.5 ± 8.2 nl/s) ( table 5 ). Penumbra pial arterioles 
did not show any response to topically applied Ach or Pap 
( table 4 ).

  Several perfused large venules were detected in the af-
fected hemisphere penumbra when compared to the con-
tralateral ones, where no changes in arteriolar, capillary 
and venular architecture and blood flow were observed.

  MCAO and 1, 7, 14 and 28 Days of Reperfusion 
 After 1, 7 and 14 days of reperfusion, arterioles gradu-

ally increased in number and length; at 28 days of reper-
fusion, pial arteriolar networks regained diameter ratio as 
in the S group, but the length and branching ratios were 
higher and lower, respectively ( table 1 ;  fig. 2 ). Pial net-
works were characterized by arcading anastomotic arte-
rioles overlapping the necrotic core. These vessels ap-
peared at 7 days of reperfusion and were progressively 
longer; in the R28day group, there were the most vessels 
compared to all previous ischemic groups. Order 2 and 
order 1 anastomotic arterioles gave origin to order 2 and 
order 1 vessels, respectively ( table 3 ).

  Penetrating pial arterioles gradually increased in num-
ber in the R1day, R7day and R14day groups, surpassing S 
group values in the R28day group ( table 3 ). 

  Microvascular permeability, marked in the R1day 
group, progressively decreased in the R7day, R14day and 
R28day groups ( table  4 ). The same time-dependent 
changes were observed for leukocyte adhesion, progres-
sively decreasing according to increasing reperfusion 

time. Conversely, PCD gradually increased, up to 28 days 
of reperfusion (85.0 ± 1.2 cm-1, p< 0.01 vs. S group) ( ta-
ble 4 ).

  SBF, markedly reduced by 65.5 ± 2.0% in the R1day 
group (p < 0.01 vs. contralateral SBF 250.8 ± 10.2 nl/s), 
progressively increased up to 28 days of reperfusion, re-
gaining 89.5 ± 2.2% of contralateral SBF ( table 5 ). 

  Pial arterioles, unresponsive to topically applied Ach 
or Pap after 1 day of reperfusion, gradually recovered di-
lation, up to 28 days of reperfusion,  not significantly dif-
ferent from the S group response ( table 4 ). 

  Venular networks were characterized by a progressive 
increase in the number of perfused vessels from day 1 
(where larger venules were perfused) up to 14 days of re-
perfusion (when the number of perfused vessels was in 
the same range as in contralateral pial microcirculation). 
At 28 days of reperfusion, venules were comparable in 
number with those observed in the S group.

  The physiological parameters such as hematocrit, 
MABP, heart rate, pH, PCO 2  and PO 2  did not change in 
the different experimental groups.

Table 5.  SBF in the affected (left) and contralateral (right) hemi-
spheres and relative % decrease in each experimental group

Group Left hemisphere: 
affected, nl/s

Right hemisphere: 
contralateral, nl/s

Decrease, 
%

S group 250.6 ± 7.5 249.4 ± 4.5
R1h 79.8 ± 5.5 249.5 ± 8.2* 68.0 ± 3.0*
R1day 86.5 ± 8.0 250.8 ± 10.2* 65.5 ± 2.0*
R7day 148.3 ± 9.1 260.2 ± 7.5* 43.0 ± 2.5*
R14day 165.1 ± 8.8 238.6 ± 11.0* 30.8 ± 3.4*
R28day 224.3 ± 7.5 253.5 ± 9.5* 11.5 ± 2.0*

 * p < 0.01 vs. SBF in the contralateral hemisphere.

a b c

  Fig. 1.  Computer-assisted images of rat pial 
arterioles under baseline conditions ( a ) 
and after topical application of acetylcho-
line ( b ). Scale bar = 50 μm.  c  Computer-
assisted image of adhered leukocytes, la-
beled by rhodamine 6G, to venular walls. 
Scale bar = 50 μm.  
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  Fig. 2.  Computer-assisted images of rat pial microvascular net-
work: under baseline conditions ( a ), after 2-hour MCAO and 
1-hour reperfusion (R1h group) ( b ), after 2-hour MCAO and 
7-day reperfusion (R7day group) ( c ), after 2-hour MCAO and 14-

day reperfusion (R14 day group) ( d ) and after 2-hour MCAO and 
28-day reperfusion (R28day group) ( e ). Broken arrows represent 
penumbra preexistent arterioles and solid arrows represent anas-
tomotic arterioles. Scale bar = 100 μm.  
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  Fig. 3.   a  Western blotting of VEGF expres-
sion in the cortex and striatum of the af-
fected hemisphere (CTX-IPSI and STR-
IPSI) and of the contralateral hemisphere 
(CTX-CTR and STR-CTR) in the S group 
and in the R7day group.  b  The correspond-
ing densitometric values (mean ± SEM) 
were expressed as arbitrary units and calcu-
lated for each experimental group and nor-
malized on the basis of the respective ERK 
levels. Each experiment was repeated 3 
times.  *  p < 0.01 vs. the S group.       
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  VEGF, eNOS, nNOS and iNOS Expression 
 VEGF expression increased significantly in the affect-

ed hemisphere compared to in the contralateral or sham-
operated ipsilateral hemisphere. VEGF protein concen-
trations were higher in the cortex and striatum, peaking 
after 7 days of reperfusion, still increased at 14 days and 
decreased at 28 days ( fig. 3 ).

  eNOS protein concentrations significantly increased 
in the affected hemisphere compared to the contralateral 
or sham-operated ipsilateral hemisphere. Total eNOS 
protein expressions were higher in the cortex and stria-
tum, peaking after 7 days of reperfusion, still increased at 
14 days and reduced at 28 days of reperfusion ( fig.  4 ). 
Phosphorylated eNOS proteins increased to a lesser ex-
tent than total eNOS ones in the cortex and striatum. The 
expression was higher in the affected hemisphere com-
pared to the contralateral or sham-operated ipsilateral 
hemisphere ( fig. 4 ).

  In the R1day group, nNOS significantly increased in 
the ipsilateral cortex. The increase was higher in the ipsi-
lateral striatum compared to the contralateral or sham-
operated ipsilateral hemisphere at 7 days of reperfusion, 
decreasing severely afterwards ( fig. 5 ). In the R1day and 
R7day groups, iNOS significantly increased in the ipsilat-
eral cortex and striatum compared to the contralateral or 
sham-operated ipsilateral hemisphere. Thereafter, there 
was a marked decrease in expression ( fig. 5 ).

  Tissue Damage Evaluation 
 The R1h group showed marked lesions (an index of 

neuronal loss) in the cortex and striatum in the affected 
hemisphere (45.5 ± 3.5% of the ipsilateral hemisphere) 
compared to the S group ( fig. 6 ). The cerebral lesions had 
increased progressively in size at day 1 of reperfusion 
(58.5 ± 3.1%), were pronounced at day 7 (48.9 ± 2.8%) 
and were decreasing by day 14 (41.3 ± 2.5%) and day 28 
(18.2 ± 0.9%) ( fig. 6 ).
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  Fig. 4.  Western blotting of eNOS ( a ) and phosphorylated eNOS 
(p-ENOS) ( b ) expression in the cortex and striatum of affected 
hemisphere (CTX-IPSI and STR-IPSI) and of contralateral hemi-
sphere (CTX-CTR and STR-CTR) in the S group and in the R7day 
group; the corresponding densitometric values (mean ± SEM) 

were expressed as arbitrary units and calculated for each experi-
mental group and normalized on the basis of the respective ERK 
levels. Each experiment was repeated 3 times.  *  p < 0.01 vs. the S 
group.       
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  Neurological Assessment 
 No significant differences in the behavioral tests were 

detected among the experimental groups before MCAO; 
the score was 0 (normal). The R1day group presented se-
vere motor and sensory abnormalities and was graded 
11.0 ± 0.3 (p < 0.01 vs. baseline conditions). With longer 
reperfusion time, all animals showed a progressive de-
crease in behavioral deficits. TheR28day group recovered 
from neurological damage: the score was 2.0 ± 0.5 (mild 
injury; p < 0.01 vs. baseline conditions) ( fig. 6 ).

  Discussion  

 Our results indicate that the postischemic penumbra 
induced by MCAO is a site of intense microvascular re-
organization, characterized by new vessel connections re-
sulting in several anastomotic arterioles. 

  MCAO for 2 h and subsequent reperfusion for 1 h es-
tablished an ischemic zone devoid of vessels, while the 
penumbra area presented a few arterioles, capillaries, 
larger venules and marked microvascular permeability as 
well as leukocyte adhesion. These results agree with the 
observations by del Zoppo  [36] , because immediate 
events include the breakdown of the primary endothelial 
cell barrier, plasma leakage and the expression of endo-
thelial cell leukocyte adhesion receptors. However, we 
would like to note that greater permeability was triggered 
by mechanisms independent of leukocyte adhesion, even 
though leukocyte adhesion increased fluorescent dextran 
leakage.

  After 7 and 14 days of reperfusion, perfused arterioles 
progressively increased in number, showing a different 
geometric arrangement. Parent vessels were connected to 
smaller arterioles than in the S group, characterized by 
order  n  + 1 arterioles giving origin to most order  n  vessels 
as shown by the connectivity matrix. In ischemic animals 

0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4

a

2.6

S group R7day group

nN
O

S/
to

ta
l E

RK

R1day R7day R14day R28dayS

CTX-IPSI
STR-IPSI
CTX-CTR
STR-CTR

nNOS
155 kDa

ERK tot
48 kDa

CTX STR CTX-IPSI STR-IPSI CTX-CTR STR-CTR

*
*

*

*

**
**

**

**

**

**

0
0.2
0.4
0.6
0.8

*
*

*
*

*
*
**

1.0
1.2
1.4
1.6
1.8
2.0
2.2

b

2.4

S group

iNOS
130 kDa

ERK tot
48 kDa

R7day group

iN
O

S/
to

ta
l E

RK
R1day R7day R14day R28dayS

CTX-IPSI
STR-IPSI
CTX-CTR
STR-CTR

CTX STR CTX-IPSI STR-IPSI CTX-CTR STR-CTR

  Fig. 5.  Western blotting of nNOS ( a ) and iNOS ( b ) expression in 
the cortex and striatum of the affected hemisphere (CTX-IPSI and 
STR-IPSI) and of the contralateral hemisphere (CTX-CTR and 
STR-CTR) in the S group and in the R7day group; the correspond-

ing densitometric values (mean ± SEM) were expressed as arbi-
trary units and calculated for each experimental group and nor-
malized on the basis of the respective ERK levels. Each experiment 
was repeated 3 times.  *  p < 0.01 vs. the S group.       
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at days 7 and 14 of reperfusion, parent vessels were not 
connected with (a majority of) daughter vessels of an im-
mediately successive order; therefore, an order gap was 
observed, i.e. predominant connections of the largest 
with the smallest arterioles, which was completely differ-
ent from the S group. 

  It is reasonable to suggest that the increase in the num-
ber of perfused arterioles at day 1 of reperfusion might 

have been due to reperfusion or reopening of preexistent 
arterioles. At day 7 of reperfusion, new branchings were 
likely due to new vessel formation and connections, as 
suggested by anastomotic arterioles appearing after 7 
days and increasing in number at day 14 of reperfusion. 
These vessels constituted arteriolar arcades overlapping 
and supplying blood to the ischemic core. Vascular re-
modeling was complex and involved vessel adjustment in 
length and branchings until day 28 of reperfusion.

  Penetrating vessels, i.e. pial arterioles supplying the 
outer cortical layers, disappeared after MCAO and reap-
peared after 7 days of reperfusion, increasing in number 
at day 14 and surmounting the S group-operated animal 
values at day 28 of reperfusion. According to different 
time points during reperfusion, the PCD increased with 
the same temporal pattern as was observed with penetrat-
ing arterioles. 

  Microvascular leakage, marked after R1h, time-de-
pendently diminished over time, as did leukocyte adhe-
sion. Arteriolar responsiveness to Ach and Pap, compro-
mised after MCAO, recovered progressively, starting at 
day 7 of reperfusion. 

  Up to day 14 of reperfusion, the number of perfused 
venous vessels in the penumbra area increased progres-
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  Fig. 6.  TTC staining of a coronal brain slice from a rat submitted 
to MCAO and 1 day of reperfusion.  a  The lesion in the cortex and 
striatum is outlined by the dashed black line.  b  TTC staining of a 
coronal brain slice from a rat submitted to MCAO and 28 days of 
reperfusion, where injury was reduced.  c  Neurological severity 
scores in the different experimental groups. R1day group: 2-hour 

MCAO and 1-day reperfusion, R7day group: 2-hour MCAO and 
7-day reperfusion, R14day group: 2-hour MCAO and 14-day re-
perfusion, R28day group: 2-hour MCAO and 28-day reperfusion 
compared with baseline conditions for each rat prior to MCAO (0 
score, baseline).  *  p < 0.01 vs. baseline; † p < 0.01 vs. the other ex-
perimental groups.       

Table 6.  Infarct size of the striatum and cortex expressed as per-
centage of the whole ipsilateral cerebral hemisphere in each ex-
perimental group

Group Striatum Cortex

S group 0 0
R1h 72.3 ± 1.8* 68.5 ± 2.3*
R1day 71.5 ± 1.5* 65.1 ± 2.7*
R7day 57.0 ± 2.2 * 60.3 ± 3.1*
R14day 42.5 ± 3.0* 48.7 ± 2.1*
R28day 20.8 ± 2.7*, ** 31.5 ± 2.0*, ** * p < 0.01 vs. S group; ** p < 0.01 vs. other experimental groups.
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sively, while SBF recovered progressively for up to 28 
days. Therefore, it is reasonable to suggest that venular 
network remodeling mostly involved the reopening and 
reperfusion of preexisting venules, due to a low or moder-
ate increase in the number of new vessels, whereas arteri-
oles appeared more affected by remodeling, as indicated 
by an increase in anastomotic vessels. During reperfu-
sion, contralateral pial microcirculation in rats submitted 
to MCAO did not present any geometric or functional 
changes compared to the S group, as previously reported 
 [36, 37] . The poststroke neovascularization phenomenon 
has long been debated and is still questioned. Mostany et 
al.  [6]  noted that at 90 days of reperfusion after MCAO, 
mouse cerebral microvasculature does not undergo an-
giogenesis because the branching nodes do not increase. 
It is important to note that these observations were car-
ried out 1.3 mm from the infarct edge. Therefore, in 
mouse cerebrovasculature, no angiogenesis outside the 
infarct zone after MCAO excludes rearrangement of mi-
crovessels within 90 days of injury. 

  Conversely, several studies on mice or rats submitted 
to transient or permanent MCAO indicate the prolifera-
tion of endothelial cells in the penumbra as early as 12–24 
h following vessel damage, with an increased number of 
vessels afterwards  [8, 9] . Active angiogenesis takes place 
3–4 days after ischemic insult in humans  [10] . Hayashi et 
al.  [8]  reported long-lasting vessel proliferation for more 
than 21 days after brain ischemia. Tomita et al.  [11]  ob-
served new vessel formation in a mouse chronical cranial 
window preparation 30 days after permanent ischemia, 
even though they did not differentiate the vessel orders. 
Beck and Plate  [18] , Garcia et al.  [38]  and Zhang et al.  [39]  
reported several evidences suggesting neovascularization 
occurs after focal cerebral ischemia. Our data indicate 
that the pial microvasculature may undergo complex re-
modeling: the vessels of new origin developed into small-
er vessels and extended into the ischemic core by sprout-
ing or intussusception 2–28 days after the onset of cere-
bral ischemia. Remodeling was characterized by new 
arterioles overlapping the ischemic core. 

  Concurrent with this was the increase in expression of 
VEGF at day 1 of reperfusion, peaking at day 7. Our data 
support previous observations indicating that VEGF ex-
pression increases in the rodent brain during ischemia-
reperfusion, peaking at 7 days within the penumbra area: 
upregulated VEGF is colocalized with neovascularization 
 [40–42] .

  Our results indicate an increase in the expression of 
NOS isoforms (e-NOS, n-NOS and i-NOS): eNOS ex-
pression in the cortex and striatum of the affected hemi-

sphere increased significantly when compared to the ip-
silateral cortex and striatum of the S group animals at day 
1, peaking at day 7, being highest at day 14 and decreasing 
at day 28 of reperfusion. Therefore, pial arteriolar remod-
eling appears to be accompanied by increased eNOS ex-
pression. 

  nNOS expression markedly increased at days 1 and 7 
of reperfusion, indicating a pronounced neuronal dam-
age in the first days after ischemia, as previously suggest-
ed  [14, 15] . 

  Previous experiments in mutant mice subjected to 
models of focal ischemia demonstrate that nNOS mutant 
animals develop smaller infarcts, consistent with a role 
for nNOS in neurotoxicity following cerebral ischemia 
 [43] . In our model, nNOS expression increased in the first 
days after ischemia, coincident with higher brain damage, 
indicated by marked microvascular changes, TTC stain-
ing of brain slices and behavioral tests. The neuronal re-
covery, proved by behavioral tests, was paralleled by a de-
crease in nNOS expression accompanied by intense vas-
cular remodeling.   

  The increase in iNOS expression at days 1 and 7, there-
after markedly decreasing up to day 28 of reperfusion, may 
indicate the activation of an inflammatory response by 
ischemia. Previous data indicate that inhibition of iNOS 
expression by aminoguanidine is able to reduce infarct size 
in brain ischemic injury; therefore, the increase in iNOS 
appears to contribute to tissue inflammation triggered by 
ischemia, characterized by marked microvascular perme-
ability and leukocyte adhesion in our model  [44] .

  Generally, all NOS isoforms were activated with differ-
ent time-dependent involvement, likely indicating a com-
plex interaction between VEGF and NOS isoform expres-
sions. VEGF has been suggested as a common trigger of 
all NOS isoform activation  [18] ; our data demonstrate 
that time-dependent expressions of VEGF and eNOS 
strictly corresponded. For nNOS and iNOS expression, 
we cannot exclude VEGF involvement, but early activa-
tion and faster inactivation of both these isoforms may 
suggest a marked influence of neuronal damage and an 
inflammatory response, respectively.

  Vascular remodeling was paralleled by the amelioration 
of neuronal damage, as indicated by TTC staining of brain 
slices up to day 28 of reperfusion. This was accompanied 
by behavioral data from the battery of functional tests dem-
onstrating that motor and sensory functions progressively 
recovered after ischemic insult. Significantly better perfor-
mances were detected at day 28 of reperfusion than at oth-
er time points during reperfusion. Therefore, neuronal re-
covery accompanied vascular remodeling. 
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  In conclusion, pial vascular remodeling after transient 
MCAO mainly involves arteriolar networks. An increas-
ing number of anastomotic arcading arterioles character-
ize pial microvasculature. These arcades are likely vessels 
sprouting from preexistent arterioles localized in the pen-
umbra area, able to overlap the ischemic core. Remodel-
ing mechanisms appeared to be accompanied by a higher 
expression of VEGF and eNOS likely modulating angio-
genesis in vivo. Finally, cerebral microvessel remodeling 
was accompanied by improved neurological behavior.

  Appendix 

 Matrix Description of Branching Pattern 
 In general, vessels of order  n  may spring from vessels of orders 

 n  + 1,  n  + 2, … as established by the diameter-defined Strahler 
model. In this scheme, each blood vessel between 2 nodes of bifur-
cation is called a segment. Segments connected in series function 
as a single tube in hemodynamics; each tube is called an element.

  A more realistic mathematical model of the pial vasculature can 
be presented in the form of a matrix, the component of which in 
row  n  and column  m  is the ratio of the total number of elements 
of order  n , sprung from elements of order  m , divided by the total 
number of elements in order  m . To experimentally obtain the ma-
trix, we must group all the vascular branches into elements, then 
record for each element of order  m  the number of element of or-
ders  m ,  m -1,  m -2,… that arise directly from that element. Statistics 
were then used to obtain the mean values and SEM of each com-
ponent of the matrix.

   Table 2 a reports the connectivity matrix for the S group. Col-
umn 4 of order  m , the last one on the right, represents the ratio of 
order 1, order 2 and order 3 vessel number divided by the total 
number of order 4 arterioles. Ten arterioles have been classified 
and studied as order 4 vessels. The number of order 1 arterioles, 
coming from the parent order 4, can be obtained by multiplying 
0.49 by 10; in total, five order 1 arterioles originate from order 4 
parent vessels. The number of order 2 arterioles originating from 
the same order 4 parent is obtained by multiplying 1.43 by 10; 
therefore, fourteen order 2 arterioles have originated from order 4 
parent vessels. The number of order 3 arterioles is calculated by 
multiplying 2.50 by 10; in total, there are twenty-five order 3 arte-
rioles coming from order 4 parent vessels. The number of order 4 
arterioles, originating from the same order 4 parent vessels, can be 
obtained by multiplying 0.15 by 10; in total, there is only one order 
4 arteriole. 

  From column 3 of order  m , the number of order 3, 2 and 1 ves-
sels coming from parent order 3 arterioles can be obtained as de-
scribed above. Calculation has also been carried out in the other 
columns.

  Therefore, in the S group animals, order 4 arterioles gave origin 
to most order 3 vessels, several order 2 arterioles and few order 1 
vessels. No vessels of order 0 (capillaries) originated from order 4 
arterioles. Order 3 arterioles were connected to most order 2 ves-
sels, few order 1 arterioles and no capillaries, while order 2 and 
order 1 vessels gave origin to most order 1 arterioles and capillar-
ies, respectively. 

  In the R1day, R7day and R14day groups, a connectivity matrix 
demonstrates that order 4 arterioles gave rise to most order 2 ves-
sels and few order 3 and 1 arterioles ( table 2 b–d); in the R28day 
group, order 4 arterioles gave rise to most order 3 vessels, few order 
2 vessels and no order 1 vessels or capillaries ( table 2 e).
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