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Influence of metabolic syndrome on
post-stroke outcome, angiogenesis and
vascular function in old rats determined
by dynamic contrast enhanced MRI

Jes�us M Pradillo1,* , Macarena Hernández-Jim�enez1,*,
Mar�ıa E Fernández-Valle1, Violeta Medina1, Juan E Ortu~no2,3 ,
Stuart M Allan4 , Spencer D Proctor5, Juan M Garcia-Segura6,
Mar�ıa J Ledesma-Carbayo2,3, Andr�es Santos2,3, Mar�ıa A Moro1

and Ignacio Lizasoain1

Abstract

Stroke affects primarily aged and co-morbid people, aspects not properly considered to date. Since angiogenesis/

vasculogenesis are key processes for stroke recovery, we purposed to determine how different co-morbidities affect

the outcome and angiogenesis/vasculogenesis, using a rodent model of metabolic syndrome, and by dynamic enhanced-

contrast imaging (DCE-MRI) to assess its non-invasive potential to determine these processes. Twenty/twenty-two

month-old corpulent (JCR:LA-Cp/Cp), a model of metabolic syndrome and lean rats were used. After inducing the

experimental ischemia by transient MCAO, angiogenesis was analyzed by histology, vasculogenesis by determination of

endothelial progenitor cells in peripheral blood by flow cytometry and evaluating their pro-angiogenic properties in

culture and the vascular function by DCE-MRI at 3, 7 and 28 days after tMCAO. Our results show an increased infarct

volume, BBB damage and an impaired outcome in corpulent rats compared with their lean counterparts. Corpulent rats

also displayed worse post-stroke angiogenesis/vasculogenesis, outcome that translated in an impaired vascular function

determined by DCE-MRI. These data confirm that outcome and angiogenesis/vasculogenesis induced by stroke in old

rats are negatively affected by the co-morbidities present in the corpulent genotype and also that DCE-MRI might be a

technique useful for the non-invasive evaluation of vascular function and angiogenesis processes.
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Introduction

Stroke represents a devastating disease, with high mor-
tality, adult disability, socioeconomic burden and poor
treatment worldwide.1,2 Stroke is associated with
ageing and different co-morbidities, factors not suffi-
ciently considered and that could explain the failure in
translation to the clinic. To bridge this gap, the consid-
eration of these co-morbidities and the use of imaging
techniques have been proposed.3,4 In fact, the influence
of ageing on stroke outcome and its influence on neu-
rorepair processes such as neurogenesis has been stud-
ied experimentally and clinically, demonstrating a
worse prognosis and higher mortality, being worse in
the presence of other age-related co-morbidities.5–9

Angiogenesis and vasculogenesis are key processes
for the initiation of brain repair. Angiogenesis,
involved in the formation of neovessels in the ischemic
area, is rapidly initiated after stroke by the activation
of transcription factors such as HIF-1a and by the
increase of growth factors (GF) such as erythropoietin
and vascular endothelial growth factor (VEGF).10,11

On the other hand, vasculogenesis, by which endothe-
lial progenitor cells (EPCs) mobilize from the bone
marrow (BM) to the ischemic brain, also contributes
to the formation of neovessels in the affected area. This
process also starts quickly after stroke, when different
molecules (cytokines and GF) are released to promote
an initial mobilization of EPCs to revascularize the
ischemic region,12,13 followed by a decrease in EPC
counts during the chronic phase.14

Of note, impairment of angiogenesis/vasculogenesis
is believed to affect negatively stroke outcome.15,16 In
fact, high levels of VEGF/SDF-1a and increased EPC
levels in peripheral blood translates into lower mortal-
ity and better outcome in stroke patients,12,14,17,18

hence, the importance of a non-invasive assessment of
these processes. In this context, dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI)
is a technique widely used in cancer to study the
vasculature/vascular function of a tumor. With this
technique, vasculature can be characterized by the
acquisition of serial T1-weighted images before,
during and after the intravenous administration of a
contrast agent (CA), which produces an increase in
tissue signal intensity.19,20 To date, within the field of
stroke, this technique has been used solely to assess
damage to the blood-brain barrier (BBB).21–23

Co-morbidities such as ageing, obesity, atheroscle-
rosis, insulin resistance, separately, have been reported
to affect negatively angiogenesis/vasculogenesis in dif-
ferent experimental/clinical studies, by reducing the
release of GF and the expression of their receptors in
endothelial cells, by increasing the oxidative stress and
by reducing the number of migrating EPCs.24,25

However, it is unknown whether these co-morbidities,
all present at the same time, may worsen these neuro-
repair processes in old individuals, a highly growing
population segment nowadays. With this background,
we purposed to analyze the influence of metabolic syn-
drome (MS) on angiogenesis/vasculogenesis and subse-
quent stroke outcome, as well as and for the first time,
the potential use of DCE-MRI to determine the brain
perfusion and vascular function after experimental
stroke in aged and co-morbid animals. To this aim
we used old (20-22month-old JCR:LA-cp (Cp) homo-
zygous rats, which spontaneously develop MS-like
phenotype.26

Materials and methods

Animals

All experiments were performed using 20-22-month-old
male, lean (JCR:LA-lean (cp/-), Corpulent (Cp; JCR:
LA-cp (cp/cp)), with a weight of 500 g for lean and
1100 g for Cp animals. Cp rats are homozygous for
the autosomal recessive cp gene (cp/cp), and spontane-
ously develop MS.26 Animals were allowed free access
to food and water and were maintained under temper-
ature, humidity, and light-controlled conditions. All
experimental procedures were performed in accordance
with the European Parliament and of the Council
Directive 2010/63/EU and Spanish legislation (Real
Decreto 53/2013) and were approved by the Ethics
Committee on Animal Welfare of University
Complutense (PROEX No. 052/15) and are reported
according to Animal Research: Reporting of In Vivo
Experiments ARRIVE guidelines (EU directive 2010/
63/EU)

Focal cerebral ischemia, BrdU administration and
experimental groups

To study the effect of different co-morbidities on post-
stroke angiogenesis and vascular function in aged rats,
lean and Cp animals were randomly distributed (coin
toss procedure) in naı̈ve or ischemic groups and eutha-
nized at 3, 7 or 28d after stroke. Taking into account
our previous experience with these animals and using
the statistical tool http://www.biomath.info, a total of
34 lean and 34 Cp rats were used in order to reduce the
number of animals (n¼ 8 for ischemic lean/CP rats per
time point; n¼ 3 for naı̈ve lean/Cp per time point).

Focal cerebral ischemia was induced in lean and Cp
rats by 90min transient occlusion of the left middle
cerebral artery by ligature (tMCAO) as described pre-
viously.27 Briefly, all the surgical procedure was con-
ducted under anesthesia with isoflurane 5% for
induction and 2% for maintenance in a mix of O2
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and NO (0.2/0.8 L/min) and the temperature was main-
tained at 37.0� 0.5�C using a servo-controlled rectal
probe-heating pad. Cerebral ischemia was performed
by a transient ligation of the trunk of the left middle
cerebral artery (MCAO) with a 9–0 suture. After
90min of MCA occlusion, the suture was removed
allowing the artery to reperfuse and 0.05mg/kg/12h
during the first 24 h of buprenorphine was subcutane-
ously injected as systemic analgesia. It was decided, a
priori, to exclude from the study those animals that
showed brain hemorrhage at any time of the surgery
or with no reperfusion. None of the animals were
excluded and the survival rate was 100%. In the anal-
ysis of the vascular function determined by DCE-MRI,
2 Cp at 3d, 2 at 7d and 1 at 28d were excluded from the
study due to movements of the animals within the
magnet during the performance of this test.

To examine the proliferation of endothelial cells and
its evolution after stroke, animals were injected intra-
peritoneally with 50mg/kg bromodeoxyuridine (BrdU;
Sigma; UK) once a day on days 1 and 2 after tMCAO
in animals euthanized at 3d, from 1 to 6 days in the
groups at 7d and from 1 to 7 days in the 28d groups
(Figure 1). Also, to analyze the baseline endothelial cell
proliferation and brain vasculature before stroke,

naı̈ve lean and CP rats received the same BrdU injec-

tions as their corresponding stroke groups.
It is important to highlight that the determination of

the infarct volume in T2-weighted brain images (T2-
WI) was performed in all lean and Cp animals at 3d

(n¼ 24 per experimental group) and at 7d, only those

animals euthanized at this time point and at 28d (n¼ 16

per experimental group). Regarding the evaluation of

the stroke outcome before and after cerebral ischemia,

for lean and Cp animals, at basal, 24 h and 3d, all

animals were analyzed (n¼ 24 per experimental group

and time point), at 7d it was evaluated in animals

euthanized at this time point and at 28d (n¼ 16) and

for the rest of time points, only the animals sacrificed at

28d were considered (n¼ 8 at 14, 21 and 28d after

stroke). For all the other determinations, the number
of animals used per experimental group and time point

appears in the corresponding section of materials and

methods and in the figure legend.

Determination of infarct volume, brain perfusion and

BBB damage by T2W-MRI and DCE-MRI

All the MRI studies were performed on a Bruker

Biospec BMT 47/40 system (Bruker, Ettlingen,

Figure 1. Experimental design performed in ischemic and naı̈ve 20–22month-old lean/Cp rats (n¼ 8 and n¼ 3 per time point for
ischemic and naı̈ve groups respectively).
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Germany) operating at 4.7 T. For the aged lean animals
a 7 cm birdcage volume coil (Bruker Biospin, Ettigen,
Germany) was used. For aged and MS Cp rats, due to
their weight and size, a 5-cm anatomically shaped
homemade surface coil was used. First, in all the ani-
mals at 3d after stroke, the reperfusion of the MCA
was confirmed by magnetic resonance angiography
(data not shown). The infarct volume was assessed in
lean/Cp rats on T2-W brain images at 3 and 7d after
stroke. At 28d after stroke, infarct volume was assessed
in brain sections by Nissl staining as previously
described.27 Also, in all the groups and time points,
infarct volume was calculated as described by
Hernandez-Jimenez in 2013.28

By DCE-MRI, brain perfusion, vascular function
and BBB leakage were analyzed in naı̈ve and ischemic
animals at 3, 7 and 28d after stroke (Figure 1). Briefly,
on anesthetized lean/cp rats, a 24G intravenous (i.v.)
cannula (SurfloVR i.v. catheter; Terumo Europe) cou-
pled to a syringe loaded with the contrast agent (CA;
Gd-DTPA; Magnevist; 0.1mmol/kg) was inserted into
the tail vein. Once each animal was placed inside the

magnet and the brain was located (region of interest,
ROI), series of 60 repetitions of T1-weighted brain
images (T1-WI), 4 before and 56 after the CA injection,
were acquired with fat suppression, a repetition time of
200ms and 9ms of echo time; the number of averages
was 2 and the matrix size 128x128. The field of view
varied between 3� 3 and 3.5� 3.5 cm2, 3 coronal brain
slices with 3mm of thickness, covering the whole brain,
were acquired and the total scan time was 52 s per rep-
etition (Figure 2(a)). With this protocol, in the last
frame of our DCE-MRI study, the BBB damage was
determined by the measurement of the bright area with
extravasated CA per section and, considering the 3 cor-
onal sections of the brain, the volume of BBB damage
was calculated as previously described22 (Figure 2(b)).
This result was confirmed by immunohistochemical
staining of endogenous rat immunoglobin G (IgG) as
described previously.29 The analysis of the infarct
volume and the BBB damage were performed using
ImageJ software (U.S. National Institutes of Health,
MD, USA). In order to analyze vascular density and
function by DCE-MRI after stroke, first a region of

Figure 2. ROI selection details to determine BBB damage and vascular parameters by DCE-MRI. (a) Images showing the 3 coronal
sections with 3mm of thickness in which the brain has been divided to analyze the vascular parameters and the BBB damage by the
DCE-MRI technique. (b) T1-W and RCE images showing the ROI selected in the last frame of our DCE-MRI protocol, after CA
injection to determine the BBB damage. (c) Image of the brain that correspond to slice 2 of our DCE-MRI analysis, where the
transient occlusion of the MCA was performed. (d) T1-W and RCE images showing the ROI selected to determine by DCE-MRI the
vascular density/function inside the ischemic brain.
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interest (ROI) was manually drawn on each

animal inside the infarct area within the territory

of the MCA by the use of the IDL software

(L3HARRISTM, USA). In this ROI selection,

the MCA branches were excluded, to reduce the noise

caused by this large vessel, and determine different

parameters within the parenchyma affected by the

ischemia (Figure 2(c) and (d)). Then, different semi-

quantitative descriptors of brain perfusion19 were

determined on the curve of relative contrast enhance-

ment (RCE), quantified as the change in signal inten-

sity, divided by the average signal over the frames

before injection of the CA. These descriptors were the

peak of the RCE (i.e., the maximum value reached on

the RCE curve), the time to peak of the RCE from the

injection of the CA, the clearance slope of the curve

(ratio between the average signal of the first 5 frames

and the last 5 frames after the injection of CA), and

the area under the curve (AUC), integrating the RCE

curve over the first 60 frames after injection of the CA.

The RCE peak and time to peak give values about

vascular density and vascular function inside the

ROI, the clearance slope gives information about the

vascular function and finally the AUC offers informa-

tion of both function and vascular permeability.19

Determination of stroke outcome

The stroke outcome in lean and Cp rats was analyzed

by a blinded investigator, before and at different time

points up to 28d after stroke (Figure 1), and by the use

of a motor and a behavioral test.9 For the motor test,

animals were scored as: 0 points, no deficit; 1 point,

failure to extend right forepaw fully; 2 points,

decreased grip of right forelimb while tail pulled; 3

points, spontaneous circling or walking to contralateral

side; 4 points, walks only when stimulated with

depressed level of consciousness; 5 points, unresponsive

to stimulation. For the behavioural characterization of

the animals, first, assessment of each animal began

with observation of undisturbed behavior in a clear

plastic cage: body position (completely flat, 0 to

upright position, 4) and spontaneous activity (none, 0

to repeated vigorous movement, 3). Then, animals were

transferred to an arena for observation of the following

behaviors: transfer arousal (coma, 0 to extremely excit-

ed, 5), gait (absolute incapacity, 0 to normal, 3), touch

escape (none, 0 to extremely vigorous, 3) and positional

passivity (no struggle when held with a hand, 0, max-

imal struggle, 4). For the motor test, the higher the

score the worse the neurological function, while for

the behavioural test the opposite occurs, the higher

the score the better the outcome.

Analysis of post-stroke angiogenesis by
immunofluorescence

To determine post-stroke angiogenesis, naı̈ve animals
and ischemic lean/Cp rats were transcardially perfused
at 3, 7 and 28d after stroke, and then, the brains were
fixed, removed, cut (30 mm of thickness) and stained
following an immunofluorescence protocol previously
described27 (n¼ 3 for naı̈ve and n¼ 6 for ischemic ani-
mals per experimental group and time point). Briefly,
the cerebral vascular density and vascular proliferation
were analyzed by free-floating immunofluorescence,
using as primary antibodies mouse-anti rat RECA-1
(1:500; BioRad, Spain) as an endothelial cell marker,
and sheep anti-BrdU (1:250; Abcam, Spain) to detect
proliferation of endothelial cells. Antigens were visual-
ized by using donkey anti-mouse Alexa Fluor 488 and
anti-sheep Cy3 as secondary antibodies, to detect
RECA-1 and BrdU respectively. By an investigator
blinded for each experimental group, four random
immunofluorescence images inside the infarct or the
peri-infarct areas from five consecutive sections (with
a distance of 720 mm between each section) were
acquired to cover the central and widest part of the
cerebral cortex affected by ischemia per animal, start-
ing at 1.70mm until –0.40mm from bregma. Images
were acquired as a Z-stack at 20� by laser-scanning
confocal microscopy (LSM710; Zeiss, Germany).
Quantification of cerebral vascular density was per-
formed by densitometry of integrated density using
Volocity 3D image analysis software (Perkin-Elmer,
USA). Quantification of the proliferation of endothe-
lial cells was made counting RECA-1 and BrdU double
positive cells using ZEN 2009 software (Zeiss). All
colocalization images shown were confirmed by
orthogonal projection of the z-stack files.

Study of post-stroke EPCs mobilization and SDF1-a
plasma levels

Lean and Cp blood cells were isolated before and at 3,
24, 48 and 72 h and at 7, 14, 21 and 28d after stroke
(n¼ 8 per experimental group and time point). Bone
marrow (BM) cells were also isolated from naı̈ve
(n¼ 6) and ischemic lean/cp rats and at 3, 7 and 28d
after cerebral ischemia (n¼ 8 per experimental group
and time point). After Fc blockage and red blood cells
lysis, EPCs were stained with the following antibodies:
CD309 (VEGFR2)-PE, CD184 (CXCR4)-APC
(Biolegend, Spain) and CD34-FITC (Santa Cruz
Biotechnologies, USA), using as negative controls the
corresponding isotypic antibodies. After washing the
stained cells, they were resuspended in 200 ml of
FACS Flow (BD Pharmingen, USA) and 200,000
events were acquired per sample using a
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FACSCalibur flow cytometer with CellQuest software
(BD Pharmingen, USA). Only the triple positive cells
were considered as EPCs and data were obtained using
FlowJoVR software (FlowJo, USA).

Plasma levels of SDF1-a were determined before
and after stroke (see above times) in lean and Cp rats
(n¼ 6 per experimental group and time point) using a
specific ELISA-kit (R&D Systems, Spain) following
the manufacturer�s instructions.

Analysis of EPCs pro-angiogenic properties in vitro

EPCs isolated from spleen of naı̈ve and ischemic lean/
Cp rats were cultured as previously described,30 with
the modification that no pools were needed due to the
size of the rat spleen. Cells were in culture up to day 7,
when after being identified by flow cytometry using the
same markers described before, the adhesion and
migration properties of these early EPCs were analyzed
as previously described.31 After these protocols, EPCs
were fixed with 4% paraformaldehyde (PFA) and sub-
sequently stained with TOPRO-3 (Thermo Fisher,
LifeTech, Spain). Twenty images per well were
acquired as a Z-stack at 20� in a blinded manner by
laser-scanning confocal microscopy, and the adhered
or migrated EPCs number were counted using ImageJ
software. All the experiments were performed in tripli-
cate with a number of 6 animals per experimental
group.

Statistical analysis

Results are presented as mean� standard deviation
(SD), and for the motor/behavioral data as the
median and interquartile range. For the statistical anal-
ysis of the results, GraphPad Prism 5.0 software has
been used. Before starting the analysis, all our data
were tested with D’Agostino & Pearson omnibus nor-
mality test, to study whether they fit to gaussian dis-
tributions. Then for parametric data, Student’s t-test
and two-way ANOVA followed by Bonferron�ıs correc-
tion were used for single and multiple comparisons
respectively. For non-parametric data, Mann-Whitney
test was used. Differences were considered significant
at p< 0.05.

Results

Stroke outcome is worsened in old MS Cp rats

Old (20–22months) Cp rats showed a remarkable
increase in the infarct volume, determined in T2-WI
at 3 and 7d after cerebral ischemia, when compared
with same age lean animals (Lean-3d¼ 12.18� 3.7 vs
Cp-3d¼ 20.82� 6.26, p<0.001; Lean-7d¼ 5.48� 1.44
vs Cp-7d¼ 10.10� 3.18, p<0.01; Figure 3(a)).

Consistently, an increased cortex loss was also
observed in Cp rats at 28d after stroke, measured by
Nissl staining, when compared with lean animals at the
same time point (Lean-28d¼ 1.39� 0.33 vs Cp-
28d¼ 3.51� 0.65, p¼ 0.012; Figure 3(b)). Infarct
volume, measured by MRI and histology, also
showed a reduction on the lesion size along time in
both Cp and lean rats, being worse for the co-morbid
animals (Lean-3d vs Lean-7d and Cp-3d vs Cp-7d
p<0.001; Figure 3(a) and (b)).

Our results on BBB damage, determined by DCE-
MRI and calculated as the volume of cerebral paren-
chyma where extravasated Gd-DTPA was found,
revealed a significant increase of this damage in obese
old Cp rats at 3 and 7d after stroke, when compared
with their lean counterparts (Lean-3d¼ 104.80� 85.85
vs Cp-3d¼ 190.21� 232.85, p< 0.001; Lean-7d¼
51.58� 62.29 vs Cp-7d¼ 136.15� 103.4, p< 0.01;
Figure 3(c)). Despite these results, no significant differ-
ences were observed on BBB damage between Cp and
lean rats at 28d. These results were confirmed by the
extravasation of IgG within the brain parenchyma,
which again revealed a significant increase in BBB
damage in the old co-morbid animals at 3 and 7d,
and a non-significant trend at 28d after stroke com-
pared with the lean ones (Lean-3d¼ 23.68� 12.53 vs
Cp-3d¼ 86.39� 42.26, p< 0.001; Lean-7d¼ 10.58�
31.6 vs Cp-7d¼ 70.09� 20.08, p< 0.001; Figure 3(d)).
Similarly, to infarct volume, a resolution on BBB
damage along time was observed in all the animals,
although less effectively for Cp rats (Lean-3d vs
Lean-28d p< 0.05, Cp-3d vs Cp-7d p< 0.01, Cp-7d vs
Cp-28d p< 0.05; Figure 3(c) and (d)).

Finally, aged MS Cp rats showed greater motor and
behavioral deficits than lean ones up to 28d after cere-
bral ischemia. As with infarct volume and BBB
damage, a recovery on stroke outcome was observed,
although with worse outcome for co-morbid animals
(Figure 3(e) and (f)).

Angiogenesis and vasculogenesis are impaired in old
MS Cp rats

Cortex of both naı̈ve lean and Cp old animals showed
similar residual numbers of RECA-1/BrdU double pos-
itive cells and no differences in vascular density (Figure
4(b), (c), (e), (f)).

After MCAO, in the infarct core, old rats
displayed an increase in endothelial cell proliferation
(RECA-1þ/BrdUþ cells) in both lean and Cp strains
at the earliest time studied (3d after the stroke; lean-
naı̈ve¼ 0.72� 0.35 vs lean-3d¼ 10.63� 3.33, Cp-
naı̈ve¼ 0.86� 0.17 vs Cp-3d¼ 7.71� 1.79, p¼ 0.023),
and which was maintained at day 7, although at
lower extent in obese Cp rats (lean-7d¼ 25.59� 4.27
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Figure 3. Stroke outcome determined by MRI, histology and neurological test in lean and MS Cp old rats. (a) Infarct volume
determined in lean/Cp rats at 3 and 7d after tMCAO measured in T2-WI (lean/Cp rats at 3d n¼ 24 respectively; lean/Cp rats at 7d
n¼ 16 respectively). (b) Loss of cortex measured in lean/Cp animals at 28d after stroke by Nissl staining (n¼ 8 per experimental
group). (c, d) BBB damage in lean/Cp rats at 3, 7 and 28d after tMCAO measured by DCE-MRI and IgG immunohistology (n¼ 8 per
experimental group). (e, f) Motor and behavioral scores determined before and at 24 h, 3, 7, 14, 21 and 28d after cerebral ischemia in
lean/Cp rats (lean/Cp basal, 24 h and 3d n¼ 24 per experimental group and time point; lean/Cp at 7d n¼ 16 per experimental group;
lean/Cp at 14, 21 and 28d n¼ 8 per experimental group and time point). Data are expressed as mean�SD. *p< 0.05 vs lean, #p< 0.05
vs Lean-3d or Cp-3d, &p< 0.05 vs Cp-3d, &p< 0.05 vs Cp-7d, Student-t test and two-way ANOVA plus Bonferroni correction for
single and multiple comparisons respectively. For the motor/behavioral analyses, data are expressed as the median and interquartile
range, *p< 0.05 vs lean, Mann-Whitney test.
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vs Cp-7d¼ 14.31� 5.16, p¼ 0.004), followed by a

reduction at 28d mainly in lean rats, being these

values again lower for Cp rats at this time point

(lean-28d¼ 16.51� 1.3 vs Cp-28d¼ 12.48� 2.12,

p¼ 0.005; Figure 4(a) and (b)). In order to study

whether changes in endothelial proliferation translated

to changes in vascular density, RECA-1 densitometry

was determined at the same time points after

MCAO. Our results show a subsequent increase in vas-

cular density at day 7 in the infarct core of both lean

and Cp old rats (lean-3d¼ 204.73� 52.76 vs lean-7d¼
533.85� 130.76 p¼ 0.024, Cp-3d¼ 218.78� 77.81 vs

Figure 4. Post-stroke angiogenesis in the core of the infarct and in the peri-infarct measured by immunofluorescence in lean and MS
Cp old rats. (a, d) Representative images showing double positive cells for RECA-1 and BrdU in the infarct and peri-infarct in all the
experimental groups (double positive cells are shown with white arrows). (b, e) Proliferation of new endothelial cells (RECA-1/BrdU
double positive cells) in the cortex of naı̈ve rats and in the infarct/peri-infarct in all the experimental groups. (c, f) Densitometry of the
vascular density (expressed as mm3 of RECA-1 immunostaining) in the cortex of naı̈ve animals and in the infarct/peri-infarct in all the
experimental groups. N¼ 3 for naı̈ve and n¼ 6 for ischemic animals per experimental group and time point. Data are expressed as
mean�SD. $p< 0.05 vs Naı̈ve; *p< 0.05 vs Lean; #p< 0.05 vs 3d; &p< 0.05 vs 7d, Mann Whitney test. Scale bar: 50mm.
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Cp-7d¼ 511.44� 214.92 p¼ 0.047), but only in the
leans at 28d after MCAO (lean-28d¼ 1151.28�
244.62 vs Cp-28d¼ 439.45� 132.41 p¼ 0.002; Figure
4(a) and (c)).

In the peri-infarct area of old rats, MCAO also
induced an increase in endothelial cell proliferation at
day 3 after the occlusion (RECA-1þ/BrdUþ cells, lean-
naı̈ve¼ 0.7� 0.3 vs lean-3d¼ 6.57� 1.67 p¼ 0.021,
Cp-naı̈ve¼ 0.79� 0.12 vs Cp-3d¼ 5.23� 0.76 p¼
0.025; Figure 4(d) and (e)), which was maintained at
7d only in the lean strain (lean-7d¼ 10.65� 1.97 vs
Cp-7d¼ 6.91� 2.49 p¼ 0.026), again followed by a

decrease at day 28 (lean-28d¼ 8.15� 3.32 vs Cp-
28d¼ 4.44� 2.36 p¼ 0.093). On its turn, similarly to
the core, an increase in vascular density was found at
7d in both lean and Cp old rats (lean-3d¼ 192.49�
71.89 vs lean-7d¼ 391.36� 91.76 p¼ 0.008, Cp-3d¼
182.06� 84.58 vs Cp-7d¼ 403.28� 131.86 p¼ 0.008),
but only in the lean ones 28d after MCAO (lean-
28d¼ 693.71� 247.41 vs Cp-28d¼ 268.07� 63.99
p¼ 0.008; Figure 4(d) and (f)).

To determine vasculogenesis, the levels of EPCs in
peripheral blood and in BM of lean and Cp old rats
were analyzed by flow cytometry before and at

Figure 5. EPCs mobilization before and after cerebral ischemia in lean and MS Cp old rats. (a) Images showing the gating procedure
to detect triple positive EPCs for CD34, VEGFR2 and CXCR4. (b) Percentage of estimated EPCs in peripheral blood before and at
different time points after cerebral ischemia in lean/Cp rats (n¼ 8 per experimental group and time point). (c) Percentage of estimated
EPCs in BM of naı̈ve lean/Cp rats (n¼ 6) and ischemic animals 3, 7 and 28d after tMCAO (n¼ 8). (d) SDF1-a plasma levels, expressed
as percentage of basal levels and determined by ELISA, in lean/Cp animals before and after stroke (n¼ 6). Data are expressed as
mean�SD. $p< 0.05 vs. basal; *p< 0.05 vs Cp, (a) two-way ANOVA plus Bonferroni correction; (b, c) Mann Whitney test.
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different time points after stroke. First, our results

revealed no differences in basal EPC levels in peripher-

al blood and BM between strains. Importantly, after

stroke, while lean animals showed an increase in EPC

levels in peripheral blood from 48 h up to 28d, the

levels of these cells in Cp animals did not change,

being differences significant at 7, 14 and 21d after the

surgery (i.e. lean-14d¼ 2.53� 2.25 vs Cp-14d¼ 0.13�
0.17 p< 0.001; Figure 5(b)). In contrast, when we

analyzed EPC levels in BM, no differences were

observed over the time after stroke, with only a trend

towards increase in Cp rats at 3d compared with the

non-co-morbid animals (lean-3d¼ 0.4� 0.16 vs Cp-

3d¼ 1.39� 1.13 p¼ 0.06; Figure 5(c)).
Plasma levels of SDF-1a, one of the pro-angiogenic

factors involved in EPC migration, were analyzed

before and after stroke by ELISA. Our data show

that plasma SDF-1a levels increased 14d after

MCAO with a return to baseline at 28d (Figure 5(d)).

More importantly, we found a significant increase in

SDF-1a levels at 21d in old lean rats which was not

observed in obese counterparts (lean-21d¼ 161.67�
9.22 vs Cp-21d¼ 105.18� 5.43 p¼ 0.002; Figure 5(d)).

Finally, the analysis of the pro-angiogenic

properties, adhesion and migration, in in vitro EPCs

showed a reduction in both properties in old MS Cp

rats compared to the non-co-morbid animals (lean-

adhesion¼ 100� 31.86 vs Cp-adhesion¼ 26.97�
19.63 p¼ 0.004; lean-migration¼ 100� 17.44 vs

Cp-migration¼ 44.45� 23.19 p¼ 0.008; Figure 6(a)

and (b)).

Co-morbidities present in old Cp rats impair brain

perfusion and vascular function after cerebral

ischemia

Brain perfusion and vascular function were analyzed

non-invasively in both groups of old animals by the

use of DCE-MRI. First, no differences in the RCE

were found between lean and Cp old rats at any of

the time points studied, showing that brains of both

strains of old rats can reach the maximum signal of

CA according to their corresponding dose, during the

time of the study before and after stroke (Figure 7(b)).

In contrast, the values of “time to peak”, an indicator

of vascular density/functionality, was worse for

obese old Cp rats at all time points, being significant

at 7d (lean-7d¼ 12.93� 23.43 vs Cp-7d¼ 43.04� 24.57

p¼ 0.042). Other parameters of vascular function, such

as CA clearance and the AUC, which show the ability

of the cerebral vasculature to clear the gadolinium,

revealed again a worse vascular behavior in

Figure 6. In vitro pro-angiogenic properties of EPCs from lean and MS Cp old rats. (a) Representative images and data of the adhesion
of lean/Cp early EPCs at 7d of culture. (b) Representative images and results of the migration of lean/Cp early EPCs at 7d of culture.
N¼ 6 animals per experimental group. Data are expressed as mean� SD. *p< 0.05, Mann Whitney test. Scale bar: 25mm.
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co-morbid Cp animals, at 7d and 28d for the clearance
slope (lean-7d¼ 1.08� 0.11 VS Cp-7d¼ 0.86� 0.12

p¼ 0.008; lean-28d¼ 1.14� 0.05 vs Cp-28d¼ 1.04�
0.07 p¼ 0.006) and only at 7d for the AUC after

tMCAO (lean-7d¼ 6.80� 2.58 vs Cp-7d¼ 22.20�
11.82 p¼ 0.004), compared to lean animals, strongly
supporting that co-morbidities present in old Cp rats

also impair brain perfusion and vascular function after
experimental stroke (Figure 7(c) to (e)). No differences
were found in any of these parameters when both naı̈ve

groups were compared (Figure 7(b) to (e)).

Discussion

By 2050, it is estimated that 1 in 6 people in the world

will be over the age of 65, up from 1 in 11 in 2019.32

Besides, global average life expectancy increased by

5.5 years between 2000 and 2016, the fastest increase

since the 1960s, hence the need to study specific

health aspects on the growing segment of the very

aged (old) population. Our present findings demon-

strate, for the first time, that in old rats, presenting

MS display a worse stroke outcome (larger lesion size

Figure 7. Vascular function after cerebral ischemia in lean and MS Cp old rats. (a) Representative curves of the DCE-MRI analysis of
vascular function in lean/Cp rats at 7d after tMCAO. (b) Relative contrast enhancement signal (RCE; peak) in naı̈ve and ischemic lean/
Cp rats at 3, 7 and 28d after stroke. (c) Time to peak (min) of the CA in naı̈ve and ischemic lean/Cp rats at 3, 7 and 28d after stroke.
(d) Clearance slope of the CA’s curve (ratio between the average signal of the first 5 frames and the last 5 frames after the gadolinium
injection) in naı̈ve and ischemic lean/Cp rats at 3, 7 and 28d after the surgery. (e): Area under the curve during the DCE-MRI
acquisition time (60 repetitions) in naı̈ve and ischemic lean/Cp rats at 3, 7 and 28d after tMCAO. N¼ 3 for naı̈ve animals and n¼ 6–8
for the rest of experimental groups and time point. Data are expressed as mean�SD. $p< 0.05 vs Naı̈ve; *p< 0.05 vs Lean, Mann
Whitney test.
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and BBB permeability, and worse neurological func-
tion), as well as a reduction in different parameters of
angiogenesis and vasculogenesis, concomitantly to an
impaired brain perfusion and vascular function deter-
mined by DCE-MRI.

JCR:LA-cp (Cp) homozygous rats, due to a defi-
cient expression of the leptin receptor, develop MS
characterized by obesity, atherosclerosis, insulin resis-
tance and ventricular hypertrophy, all of them not only
important risk factors26 but also conditions that may
affect subsequent stroke outcome. They are, therefore,
a valuable tool for the study of the impact of these
common co-morbidities. In previous studies we inves-
tigated the effect of this genotype on MCAO outcome
in middle-aged animals, but their impact on old ani-
mals remained unexplored.9,27 Our present data show
for the first time that the stroke risk factors present in
aged Cp rats not only impair BBB function up to 28d
but also aggravate stroke outcome (lesion size and neu-
rological function) when compared with aged-matched
counterparts, stressing the crucial importance of the
coexistence of these co-morbidities in aging.
Interestingly, the repercussions of these risk factors
were much more significant in old than in middle-
aged animals, in which we previously found that Cp
animals displayed an increased BBB damage from
24 h to 7d after stroke, but no differences in infarct
volume when compared with the leans.9,27 These results
confirm previous findings where the effect of ageing
and different co-morbidities, considered separately,
demonstrated to worsen the stroke outcome.5,7

Angiogenesis is an important neurorepair process
induced after cerebral ischemia, which occurs rapidly
and is important for stroke recovery,11,33 driven by the
activation of HIF-1a and the release of GF (VEGF,
erythropoietin, angiopoietins, etc), whose levels
remain elevated during some weeks after stroke, and
promote the endothelial proliferation to form new
blood vessels inside the affected area.10,34,35 However,
it is unknown whether this process remain in very aged
animals, and whether co-morbidities may still have an
impact in this setting. Our results show that MCAO is
able to induce an angiogenic response in old animals,
concomitant to an increased vascular density, although
at a much lesser magnitude, in parallel to a worse neu-
rological function, in rats with MS. Consistent with our
data, it has been demonstrated that some of these co-
morbidities, individually, have a negative effect in post-
stroke angiogenesis in young rats by reducing the acti-
vation of HIF-1a, the release of GF, the number of
their receptors or by increasing the oxidative stress
and the inflammatory response, changes that finally
produce a rarefaction and an impaired maturation of
the newly formed blood vessels.24,36–38 Importantly, we
have now demonstrated that old rats are still able to

present an angiogenic response after experimental
ischemia, demonstrated by an increase in endothelial
cell proliferation and vascular density, but that is
highly vulnerable to common co-morbidities such as
obesity, atherosclerosis and insulin resistance.

Vasculogenesis is another related process involved in
the formation of neo-vessels, which consists in the
mobilization of immature endothelial cells (EPCs)
from the bone marrow to the site of injury in response
to different signals.39,40 Following the acute phase of
stroke, it has been observed an initial increase of EPCs
in peripheral blood followed by a gradual decrease to
basal levels around 3months, changes demonstrated to
be involved in the formation of new blood vessels,
brain repair and better outcomes.12,14,17,39,41 Our data
demonstrate that old animals still present a vasculo-
genic response revealed by high numbers of EPCs on
peripheral blood from 48 h to 21d after stroke, and
which might participate in the increase of vascular den-
sity and improved outcome observed in our study.
Interestingly, whereas EPC levels in BM from old
lean animals show no changes along the times studied,
suggesting that these cells come out into peripheral
blood as they proliferate in order to increase cerebral
angiogenesis after cerebral ischemia, in the old Cp rats,
an increase in BM EPCs was observed 3d after stroke,
with no changes in peripheral blood at any of the times
studied, suggesting a poorer mobilization and subse-
quent migration to the injured brain, changes that
may correspond with a poorer vascular density and a
worse outcome when compared with the non-co-
morbid animals. In this context, the CXCR4/SDF-1a
axis is one of the most relevant signaling systems
involved in EPCs proliferation and recruitment to the
injured tissue after stroke.42 Our data show that that
old lean animals also display an increase in SDF-1a at
14d, which coincides with an increased EPC mobiliza-
tion in peripheral blood, similarly to the results found
in stroke patients, where SDF-1a increases rapidly (7-
21d) both in brain and at the peripheral level, in cor-
relation with a high number of EPCs in peripheral
blood.43 More importantly, stroke-induced plasma
SDF-1a response was not observed in the co-morbid
strain of old rats, in correlation with the absence of
changes in blood EPC levels in blood. Our data are
consistent with evidence showing a negative effect of
co-morbidities in the vasculogenesis process, by reduc-
ing the proliferation, migration and increasing the mor-
tality of EPCs after stroke due to an increase of
inflammation, oxidative stress and a reduced produc-
tion of attracting molecules.44–46

Finally, the use of MRI after experimental stroke
has increased in the last few years, as an imaging tool
that allows to improve the translation from bench to
bedside, according to the STAIR recommendations.47
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In this context, DCE-MRI is a technique that consists
in the continuous acquisition of T1-W images, before,
during and after the administration of a contrast agent.
While this technique is widely used in cancer to deter-
mine the vascular density and function inside a tumor,
in stroke, there are only a few number of studies, where
it has been used to determine only the BBB
damage.22,23,48,49 Different quantitative approaches,
such as the Ketty-Tofts model, have been used to
study vascular density/function and permeability.
However, in that model, it is necessary to compute
native T1 values of the data in order to characterize
the arterial input function and to calculate the ktrans
parameter.50 In our study, these determinations would
extend excessively the acquisition time and would
increase the mortality of our aged-Cp rats due to the
co-morbidities present in them. To prevent this, we
have studied the cerebral vascular density and function
by using a previously described semi quantitative pro-
tocol19 and we have determined the BBB leakage by
measuring the volume of brain parenchyma with
extravasated CA as previously described.22 We have
now demonstrated, by using DCE-MRI, BBB
damage during the acute phase of stroke and a slow
resolution of BBB leakage by the time, but also how co-
morbidities present in Cp rats increase the BBB leakage
and impair its resolution over the time. Furthermore,
DCE-MRI was also useful to study vascular density
and function since we demonstrated that co-
morbidities worsen the time to peak (a marker of vas-
cular density) and the clearance slope and the AUC
(indicators of vascular function). These data were con-
firmed by histology, demonstrating that DCE-MRI is a
non-invasive imaging technique that might be useful to
evaluate vascular density/function and BBB damage
and to predict the outcome after stroke.

In conclusion, we have demonstrated for the first
time that old animals, corresponding to a very aged
segment of the population, have a preserved angiogen-
ic/vasculogenic response, important mechanisms of
neurorepair, and that the concomitant presence of
common co-morbidities (obesity, atherosclerosis, insu-
lin resistance; MS) impairs these processes and worsens
the outcome after stroke. In addition, our data reveal
also for the first time, that DCE-MRI appears as a
potential non-invasive technique to evaluate the vascu-
lar function, angiogenesis and BBB damage processes
in stroke patients.
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