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Abstract

Brain has limited capacity for spontaneous recovery of lost function after stroke. Exposure to enriched environment (EE) can
facilitate functional recovery, but mechanisms underlying this effect are poorly understood. Here, we used a middle cerebral
artery occlusion (MCAO) model to investigate the impact of EE on angiogenesis in the post-ischemic brain in adult male Sprague
Dawley rats, and examined whether blood-borne factors may contribute. Compared with standard cage (SC), exposure to EE was
associated with greater improvement in neurological function, higher peri-infarct vascular density, and higher chronic post-
ischemic cerebral blood flow assessed by laser speckle imaging. The effect persisted for at least 28 days. EE also enhanced
the expression of hepatocyte growth factor in the peri-ischemic cortex when measured 15 days after MCAO. Interestingly, serum
from rats exposed to EE after MCAO showed elevated levels of hepatocyte growth factor, and plasma or serum from rats exposed
to EE after MCAO enhanced the survival and proliferation of cultured endothelial cells, in vitro, when compared with control
plasma or serum from SC group after MCAOQ. Together, our data suggest that exposure to EE promotes angiogenesis in the

ischemic brain that may in part be mediated by blood-borne factors.
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Introduction

Stroke is a major cause of disability [1, 2]. Therapies targeting
neurological recovery after stroke can impact a much larger
population of patients than those eligible for acute stroke in-
terventions. Harnessing endogenous pathways is a promising
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but underexplored avenue to promote recovery after stroke
[3]. Angiogenesis is an innate repair response to restore tissue
oxygen and glucose delivery after ischemic stroke, and to
provide trophic support to newly generated neurons [4—7].
Post-stroke angiogenesis improves tissue perfusion, and endo-
thelial cells release a plethora of neurotrophic factors,
supporting the activity of neurons and progenitor cells to en-
hance functional recovery. Clinically, greater microvessel den-
sity in the ischemic border correlates with longer survival in
stroke patients [8]. Thus, post-stroke angiogenesis is an im-
portant target for therapeutic interventions.

Enriched environment (EE) is one way to recruit endoge-
nous pathways to promote recovery. It has been consistently
shown that EE facilitates neurological recovery after cerebral
ischemia in different paradigms [9—11]. EE also promotes en-
dothelial cell proliferation in adult rat hippocampus and pre-
frontal cortex [12]. In this study, we aimed to determine
whether exposure to EE can promote angiogenesis and blood
flow in the post-ischemic brain and neurological recovery
after stroke, and examined potential mechanisms. Our results
suggest that EE enhances angiogenesis in the ischemic brain,
and blood-borne factors may play a role.
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Methods
Experimental Animals

All experimental procedures were carried out in accor-
dance with the ARRIVE guidelines, and the Guide for
Care and Use of Laboratory Animals (NIH publication
no. 85-23, 1996), and were approved by the institutional
review board. Adult male Sprague Dawley rats (7- to 8-
week old, 250-270 g for in vivo experiments and 2- to 3-
day old, 50-60 g for in vitro experiments, Shanghai
SLAC Laboratory Animal, Co., Ltd.) were used as sub-
jects. All rats were housed under a 12-h light/dark cycle,
with food and water available ad libitum throughout the
study.

Transient Focal Cerebral Ischemia

The left middle cerebral artery occlusion (MCAQO) was per-
formed as previously described [13]. Briefly, rats were anes-
thetized with 1.5% isoflurane (Abbott, USA) in room air. The
left femoral artery was cannulated to monitor systemic arterial
blood pressure, pH, pO,, and pCO, (ABL505, Radiometer,
Copenhagen, Denmark, Table 1). Rectal temperature was
maintained at 37.0 °C by a thermostat-controlled heating blan-
ket. After a midline cervical incision, the left common carotid
artery was exposed, and the external carotid artery ligated
distally. To occlude the origin of the middle cerebral artery, a
4-0 nylon monofilament with a silicone tip was inserted
through the external carotid into the internal carotid artery
and advanced 1.9-2.0 cm from the bifurcation site. Peri-
ischemic cerebral blood flow (CBF) changes were examined
by laser speckle imaging (see below). After 90 min, reperfu-
sion was established by withdrawal of the filament. For the
sham control group, all steps were included, except for the
insertion of the filament into the carotid artery. A total of 19
rats died prior to group allocation. One rat was excluded per
protocol due to lack of neurological deficits after MCAO.

Housing Conditions

One day after transient MCAO, rats were randomly assigned
to one of the following groups: sham, EE, or standard cage
(SC). EE rats were generally housed in groups of six rats per
cage in large cages (120 x 80 x 100 cm) containing various
objects (e.g., boxes, chains, metal barrels, ladders, toy, run-
ning wheels, etc.) that were changed daily to maintain the
activity level of rats (Fig. 1a), as described previously [14].
Exposure to EE started 1 day after MCAO and continued for
28 days. Rats were placed in EE 6 h a day (9:00 a.m. to
3:00 p.m.), and kept in a SC outside this time window.
Control rats were housed in SC in groups of four rats per cage
for 28 days (40 x 30 x 20 cm) that were devoid of objects (Fig.

1b). Sham-operated rats were also kept in standard cages sim-
ilar to control rats. The EE protocols employed in previous
studies, and their impact on stroke outcome, have been highly
variable [15]. To standardize the enrichment procedure, we
quantified the locomotor activity (distance moved) during
the 6-h spent in the EE or standard cage daily by tracking
the movement of color-coded rats using an automated system
(EthoVision XT 7.0, Noldus Information Technology) [16].

Neurological Assessment

Coordinated locomotor movement of the rat forelimbs was
assessed in the “foot fault test” as previously described with
some modifications [17]. Briefly, all rats were trained for 4
consecutive days before MCAO on a horizontal ladder with a
regular arrangement of rungs (at 2-cm intervals). The test was
performed 1 day before and 7, 14, 21, and 28 days after
MCAO. All animals were trained and tested two times per
session and every session was videotaped for quantification
of forelimb placement (only consecutive steps were analyzed)
as follows: score 0, total miss, the limb completely missed the
rung; score 1, deep slip, the forelimb was placed on the rung,
but slipped off and caused a fall; score 2, slight slip, the fore-
limb was placed on a rung, and then slipped off but did not
result in a fall and the rat continued with a coordinated gait;
score 3, replacement, the forelimb was placed on a rung, but
then quickly lifted and placed on another rung before it was
weight bearing; score 4, correction, the forelimb aimed for one
rung, but was placed on another rung before touching the first
one; score 5, partial placement, the forelimb was placed on the
rung with wrist digits; score 6, correct placement, the forelimb
was placed on the rung correctly. A blinded investigator ana-
lyzed videotapes. The scores of the two trials were averaged
for analysis.

Forelimb use and asymmetries in postural weight support
during exploratory activity was assessed by using cylinder test
as described previously [14]. The animals were not trained
before ischemia. The test was performed 1 day before and 3,
5,7,14, 21, and 28 days after MCAO. The rat was placed in a
transparent plexiglas cylinder (diameter, 20 cm; height,
20 cm) and videotaped for 5 min. As the animal reared to
explore the environment, the number of bilateral paw place-
ments, placements of the paw ipsilateral to the lesion (left),
and placements of the paw contralateral to lesion (right) were
counted. Videotapes were analyzed in slow motion. Forepaw
(left/right/both) use was recorded during the first contact
against the cylinder wall after rearing and during lateral ex-
ploration. Left (ipsilateral) forepaw preference was expressed
as a relative proportion of right forepaw contacts, and calcu-
lated as: (left — right)/(left + right + both) x 100%.

Spatial learning and memory was examined using water
maze as described previously [18] with some modifications.
Briefly, the water maze was a black-colored circular pool (2 m

@ Springer



152

Transl. Stroke Res. (2019) 10:150-159

Table 1 Systemic physiological parameters

SC EE

Baseline During MCAO Reperfusion Baseline During MCAO Reperfusion
pH 7.39+0.03 7.36+0.07 7.40+0.09 7.35+0.04 7.324+0.05 7.37+0.05
pCO, (mmHg) 38+3 48+38 40+7 41+4 44+9 38+8
pO, (mmHg) 93+4 88+7 90+6 94+4 88+5 92+4
MABP (mmHg) 89+4 94+11 85+10 86+5 96+5 89+7

Data are mean + standard deviation (SD). p>0.05 SC vs. EE (n =18 each)

MABP, mean arterial blood pressure; SC, standard condition; EE, enriched environment; MCAO, middle cerebral artery occlusion

in diameter) filled with water (temperature was 21-23 °C)
with black dye to contrast white rats, and situated in a room
with salient visual cues (Fig. 1e). Acquisition of spatial learn-
ing started at post-MCAO day 29 through day 32 for 4 con-
secutive days. Each animal received eight consecutive trials
(with randomly assigned starting positions) per day to locate
the platform submerged 2-cm beneath the water surface. They

were allowed 60 s to locate the platform that was kept in a
constant location. If they failed to locate the platform within
60 s, the rat was manually guided to the platform and
remained there for 10 s. The mean escape latency per day
was recorded for each animal. One day after the final acquisi-
tion training session (day 33 post MCAOQ), all rats performed a
probe test with the escape platform removed. The animals

A D
B o EE* - SC 61 + O mcao+EE 180 O MCAO+EE
10005 . 4 MCAO+SC g 4 MCAO+SC
2 1004 % 3 50l
£ £ ey
g g 2 g
8 104 e _‘:f 0
fa) & p=0.08
e T T T 1< i iia
N KN K ® ¢ Nt N oA R
Days Days after stroke Days after stroke

EEF

Fig. 1 Impact of EE on physical activity and neurocognitive function. a
Computerized monitoring of the activity levels in standard cage and
enriched environment was achieved by color coding the rats. The left
panel shows the camera view and the right panel shows the movement
path for each rat over the monitoring period. b Total distance moved by
EE rats was significantly higher than SC rats during the 28-day observa-
tion period (n = 12 each; *p < 0.001 vs. SC; two-way ANOVA for repeat-
ed measures followed by Sidak’s multiple comparisons test). Note the
logarithmic vertical scale. ¢ Enriched environment (MCAO + EE) im-
proved foot fault test performance throughout the 28-day recovery period
(n =17 each; *p < 0.05; two-way ANOVA for repeated measures followed
by Sidak’s multiple comparisons test). d Enriched environment (EE)
tended to improve cylinder test performance throughout the 28-day re-
covery period (n=7 each; p=0.08 vs. MCAO + SC; two-way ANOVA
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for repeated measures followed by Sidak’s multiple comparisons test). e
Water maze setup with spatial cues and automated camera system (left) to
track rat’s movement towards the target quadrant (right). f Latency to find
the platform during the acquisition phase was significantly faster in EE
rats (n=6, 8, and 10 in Sham + SC, MCAO + SC, and MCAO + EE
groups, respectively; *» <0.05 MCAO + SC vs. MCAO + EE and Sham
+ SC, tp < 0.05 Sham + SC vs. MCAO + SC and MCAO + EE; two-way
ANOVA for repeated measures followed by Tukey’s multiple compari-
sons test). g¢ The number of entries into the correct quadrant was signif-
icantly higher in EE (*» <0.01 vs. MCAO + EE and Sham + SC; one-
way ANOVA followed by Tukey’s multiple comparisons test). h Time
spent in the correct quadrant was also longer in the EE group (*p < 0.05
vs. Sham + SC; one-way ANOVA followed by Tukey’s multiple com-
parisons test)
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were placed into the pool from the location most distal to the
target quadrant (with removed platform). The percent of time
spent in the target quadrant and the number of times entered
the platform area were recorded and interpreted as spatial
memory.

Cerebral Blood Flow Measurement by Laser Speckle
Imaging

Laser speckle imaging (LSI) was performed as previously
described [19]. Under chloral hydrate anesthesia (10%,
0.36 mL/kg i.p.), head was fixed on a stereotaxic apparatus
(David Kopf Instruments, Tujunga, CA, USA), scalp reflected
and periosteum removed. Both parietal bones were thinned to
translucency under saline cooling (12 x 10 mm) using a high-
speed drill (Fine Science Tools, North Vancouver, Canada).
Rat was then placed under a macro lens (Nikon 60 mm £/2.8
AF-S, Nikon Inc., Melville, NY, USA), and aperture was ad-
justed to match the speckle size to the area of a single pixel in a
12-bit CCD camera (270XS 11,066, Pixel fly, PCO, Kelheim,
Germany). Shutter speed was set to an exposure time of 5 ms
and images were continuously acquired at a rate of 23 frames
per second. Imaging field was positioned to include both
hemispheres. A 785-nm laser beam (L785P025, Visible
Laser Diodes, Thorlabs China) was used to illuminate the
thinned parietal bone surface in a diffuse and uniform manner.
After acquiring baseline images (100 consecutive frames), rats
were removed from the frame and transient filament MCAO
was induced for 90 min as described above. Rats were then
repositioned in the stereotaxic frame and LSF restarted at ap-
proximately 30 min after MCAO onset and continued for
15 min (50 consecutive sets of 100 consecutive frames of
raw speckle images). Imaging session (15 min) was repeated
4 weeks later after once again thinning the parietal bone to
translucency. Each experimental group had 7-14 animals.
Analysis of laser speckle images was performed using
MATLAB 7.0 software (Mathworks, MA, USA). In order to
increase signal-to-noise ratio, 100 sequential raw speckle im-
ages were stacked and averaged to form one speckle contrast
image. Because the spatial distribution of infarct slightly dif-
fered among animals, we placed a wide region of interest
(ROI; 5% 5 mm) at the approximate ischemic border zone
(centered at 2.5 mm posterior, 2.5 mm lateral to bregma).
Within this RO, the sp = 1/&* was calculated [20], which is
proportional to the velocity of red blood cells, and used as a
surrogate for cerebral blood flow (CBF) [21, 22]. A blinded
investigator performed all measurements. Because LSI can
be confounded by differences in laser intensity and angle,
and background light during individual imaging sessions,
we standardized the 1/k* values obtained at different time
points by positioning a catheter (PE-50, 0.58 mm inner
diameter) in the imaging field perfused with a polystyrene
microsphere suspension via a perfusion pump (Thorlabs) at

a constant velocity (1.9 mm/s). This served as an external
reference standard for the tissue contrast values (k). CBF at
different time points was normalized as sp = [(k/k>) [2]]sp.
In our prior experience where LSI was carried out and CBF
was quantified during MCAO simultaneously with laser
Doppler flowmetry in ischemic core, a 42+ 15% residual
CBF by LSI corresponded to 22 + 6% residual CBF by laser
Doppler (data not shown).

Western Blotting

Protein was extracted from ipsilateral cortical tissue 15 days
after stroke. Western blots were performed as previously de-
scribed [23]. Extracted protein (40 mg) was separated by 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride membranes at
350 V for 2.5 h with a cold pack. Membranes were incubated
in a 5% bovine serum albumin blocking solution for 1 h at
room temperature (RT), immersed overnight at 40 °C in anti-
HGF antibody (1:500 dilution; cell signaling), incubated in
horseradish peroxidase-labeled anti-rabbit secondary antibody
for 1 h at RT with blocking buffer to detect immunoreactivity,
developed using an ECL kit according to the manufacturer’s
instructions (Amersham Pharmacia Biotech, Freiburg,
Germany), and then exposed to Kodak film for 5 to 30 s.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control. Band intensities (optical density
[OD] values) were quantified using Image J.

Elisa

Blood was allowed to clot for 2 h at room temperature, and
centrifuged for 20 min at 1000 g. Serum HGF levels were
measured using rat HGF ELISA (Cusabio Biotech Co.,
USA). One hundred microliters of serum was added per well
and incubates for 2 h at 37 °C. After removing the liquid in
each well, 100 ul of Biotin-antibody (1 x) was added to each
well and incubates for 1 h at 37 °C. Each well was then aspi-
rated and washed three times. One hundred microliters of
HRP-avidin (1 x) was added to each well, incubated for 1 h
at 37 °C, aspiration/wash was repeated for five times. Then,
90 ul of TMB substrate was added to each well, incubated for
15-30 min at 37 °C protecting from light, followed by adding
50 wl of stop solution to each well and reading at 450 nm
within 5 min.

Vascular Labeling and Analysis of Vascular Density

Fluorescein isothiocyanate (FITC)-dextran (20kD, Sigma;
1 mL of 50 mg/mL) was administered intravenously 15 days
after MCAO. The dye was allowed to circulate for 1 min. Rats
were sacrificed by decapitation under general anesthesia.
Brains were rapidly removed and placed in 4%
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paraformaldehyde at 4 °C for 48 h. Ten 50-pum-thick coronal
brain sections were cut at 1-mm intervals using a vibratome.
Brain sections were analyzed with a laser-scanning confocal
imaging system. Four cortical and four subcortical square re-
gions of interest (200 x 200 um) were placed within 1 mm of
the infarct edge at the coronal level 0.8 mm anterior to bregma
[24], by an investigator blinded to the experimental groups.
The microvascular area was expressed as percentage of the
total area (Image Pro Plus).

Measurement of Tissue Loss

Serial coronal cryosections were obtained between 1.4 and
4.8 mm posterior to bregma, were stained in 0.1% cresyl violet
solution for 10 min at room temperature, and followed by
quick differentiation in 1% glacial acetic acid (in 70% etha-
nol). Sections were then dehydrated and clarified through eth-
anol and xylene, respectively, and mounted with neutral bal-
sam. Ipsilateral and contralateral hemispheric areas were then
measured and integrated by an investigator blinded to exper-
imental groups using Image J (NIH).

Oxygen-Glucose Deprivation in Rat Brain
Microvascular Endothelial Cells

In accordance with previous methods [25, 26], cerebral gray
matter from male Sprague Dawley rats (50-60 g) was
chopped, homogenized, and passed through 200 and 80 pwm
mesh screens. Tissue remaining on the 80-pm mesh screen
was digested with a 0.1% collagenase/dispase solution for
20 min at 37 °C, followed by centrifugation. Precipitate was
incubated in complete culture medium, consisting of high-
glucose Dulbecco’s modified eagle medium (DMEM), sup-
plemented with 20% fetal bovine serum (FBS), 100 pg/mL
heparin, 100 pg/mL endothelial cell growth supplement,
3.75 mg/mL HEPES, 0.2 U/mL insulin, 0.3 mg/mL L-gluta-
mine, 100 U/mL penicillin, and 100 pg/mL streptomycin,
pH 7.2-7.4. rBMECs were employed at the second passage
with 95% purity. We then coated 24-well cell culture plates
evenly with Matrigel (BD Biosciences), incubated at 37 °C for
30 min, seeded rBMECs onto Matrigel-coated plates in cul-
ture media containing 2% FBS, incubated at 37 °C. After 18 h,
capillary-like structures formed [27]. We analyzed the viabil-
ity of BMECs after oxygen/glucose deprivation (OGD)
using the WST-8 assay with the Cell Counting Kit-8
(CCK-8, Dojindo Laboratories, Kamimashiki-gun,
Kumamoto, Japan) [28]. For OGD, cells were incubated
in glucose- and sodium pyruvate-free Dulbecco’s modified
eagle medium (DMEM; not supplemented with FBS) and
5% CO,/95% N, (v/v) for 2 h in an airtight container. Then,
cells were switched to high-glucose DMEM with EE or SC
plasma for 24 h. Then CCK-8 solution was added to culture
media (v/v 10:1), incubated for 4 h at 37 °C, and cell
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viability quantified by optical density (OD) at 450 nm using
a spectrophotometer. To obtain plasma, blood samples were
collected by ventricular puncture 1 day after the 28-day
housing intervention. Blood was anticoagulated with ethyl-
ene diamine tetraacetic acid (EDTA), and centrifuged in
plastic tubes at 2500 g for 25 min at 4 °C. The supernatant
(plasma) was stored at — 20 °C until assays were performed.
After OGD, - BMECs were cultured in media containing 10,
20, or 30% plasma concentrations. Ten percent plasma con-
centration was found to be optimal for cell proliferation
after OGD (p < 0.001; data not shown), and used for group
comparisons.

0GD in Human Umbilical Vein Endothelial Cells

Human umbilical vein endothelial cells (HUVEC) were
harvested and cultured in 96-well cell culture plates evenly
(15,000 cells per well), for 24 h. OGD was induced as
above, and then cells were switched to high-glucose
DMEM with EE or SC serum after MCAO, or SC serum
after sham surgery, for 24 h. In a separate cohort, cell sur-
vival was measured without OGD, after incubation in high-
glucose DMEM with EE or SC serum after MCAO, or SC
serum after sham surgery, for 24 h. Cell survival was quan-
tified as above. To obtain serum, blood samples were ob-
tained by ventricular puncture 1 day after the 28-day hous-
ing intervention, allowed to clot, and centrifuged in plastic
tubes at 2500 g for 15 min at 4 °C. The supernatant (serum)
was stored at —20 °C until assays were performed. After
OGD, HUVEC were cultured in media containing 10% se-
rum concentration for group comparisons.

Statistical Analysis

This was an exploratory study. Therefore, in the absence of
prior data, sample sizes were selected based on anticipated
variation aiming to achieve 80% power (a=0.05).
Neurological deficit data and data on tissue outcome measures
were obtained from separate cohorts. Because of higher than
anticipated variation in the LSI data in EE group, a second EE
cohort was added, doubling the sample size in this group. All
data are expressed as whisker box plots (whiskers, full range;
box, interquartile range; line, median; +, mean) or as mean =+
standard deviation. Statistical analyses were performed using
GraphPad Prism. Data were statistically tested using
independent-samples ¢ test, or one- or two-way ANOVA
followed by Tukey’s or Sidak’s multiple comparisons test, as
appropriate. Sample sizes are indicated in the text, on the
figures and in the figure legends. Statistical tests are indicated
in figure legends. p <0.05 was considered statistically
significant.
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Fig. 2 Representative images (a;
200 % 200 wm) show
microvascular fluorescence (a) in
the ischemic border zone (b; eight
ROIs within 1 mm of infarct
edge) from sham, SC, and EE
groups 15 days after MCAO. ¢
Area of fluorescence was
calculated as percentage of total
image area as a measure of
microvascular density (n=6, 8,
and 8 in Sham + SC, MCAO +
SC, and MCAO + EE groups,
respectively; *p <0.0001 vs.
MCAO + EE and Sham + SC;
one-way ANOVA followed by
Tukey’s multiple comparisons
test). d Calculation of
hemispheric atrophy in coronal

sections (between bregma + 1.4 to Py
+ 4.8 mm) showed significantly ‘L i G
preserved ipsilateral brain volume W“

in the EE group (n=5 each;

*p <0.05 vs. MCAO + EE and
Sham + SC; two-way ANOVA
for repeated measures followed
by Tukey’s multiple comparisons
test)

Results

Locomotor activity was two orders of magnitude higher in EE
compared with SC rats (n = 12 each; Fig. 1b). At pre-ischemic
baseline, EE and SC groups did not differ in foot fault test
performance (n =7 each). After MCAO, both groups exhibit-
ed worse scores, which persisted for at least 28 days (Fig. 1c).
The deficits recovered faster and were consistently milder in
the EE group compared with those in SC. The cylinder test
also showed a strong trend towards better performance in the
EE than SC group after MCAO (n =7 each; p = 0.08; Fig. 1d).
In a separate cohort, the SC group performed significantly
worse in water maze test, compared with EE and sham groups
(n=8, 6, and 10, respectively; Fig. 1e-h). Although both EE
and SC groups started with longer latencies to reach the cor-
rect quadrant after MCAO compared with sham, the EE group
learned significantly faster than the SC group and was indis-
tinguishable from sham controls on day 4 of the learning
phase (Fig. 1f). During the probe test, the number of entries
into and the time spent in the correct quadrant were signifi-
cantly better in EE than SC rats (Fig. 1g, h).
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Microvascular density in the peri-infarct region was higher
in the EE group compared with that in SC, and comparable to
sham controls (Fig. 2a—c). Indeed, volumetric assessment on
coronal sections showed significantly less ipsilateral hemi-
spheric atrophy in EE rats compared with SC (Fig. 2d).

In the sham group, cortical CBF values after sham surgery
and 28 days later were comparable to baseline values (1/k*
1985+216, 1843 £81, and 1984 + 159, respectively; Fig. 3),
confirming reproducible skull thinning and optical settings.
One hour after MCAO, cortical CBF was significantly lower
in the ischemic hemisphere compared to sham (51421 and
37+ 16% of baseline; p >0.05 SC vs. EE). There was a mild
but consistent reduction in the contralateral hemisphere as
well (7117 and 77 +17% of baseline, SC and EE, respec-
tively; p>0.05 SC vs. EE). Consistent with higher vascular
density at 15 days, the EE group showed significantly higher
cortical CBF values than SC in the ischemic hemisphere (108
+28 and 94+ 16% of pre-ischemic baseline, respectively).
Moreover, at 28 days, CBF appeared to increase even in the
contralateral hemisphere in the EE group, while the SC group
showed no change.

@ Springer



156

Transl. Stroke Res. (2019) 10:150-159

Baseline

Fig. 3 Effect of enriched A
environment (EE) on cerebral
blood flow (CBF) measured by
laser speckle imaging. a
Representative laser speckle
images showing baseline, intra-
ischemic (left MCAO) and 28-
day CBF (R, right; L, left; ml,
midline; ¢, catheter; rectangle,
region of interest for CBF
quantification) from Sham + SC,
MCAO + SC, and MCAO + EE
groups. Intra-ischemic CBF
reduction in left hemisphere
(during MCAO), and 28-day flow
enhancement bilaterally in the
MCAO + EE group are notable. b
Summary data showing intra-
ischemic (1 h) and 28-day post-
ischemic CBF as percentage of
pre-ischemic baseline, in Sham +
SC, MCAO + SC, and MCAO +
EE groups. EE augmented the 28-
day CBF (fp<0.05 vs. 1 h Sham
+ SC; 1p <0.05 vs. 28-day
MCAO + SC; *p<0.05 vs. 1 h;
two-way ANOVA for repeated
measures followed by Tukey’s B
multiple comparisons test)
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To test whether blood-borne factors may be responsible for ~ Discussion

the proangiogenic effect, we collected plasma or serum from
EE or SC rats after MCAO or sham surgery. Plasma or serum
from EE rats promoted the survival of both HUVEC (Fig. 4a)
and rBMEC (Fig. 4b) compared with plasma (in BMEC test)
or serum (in HUVEC test) derived from the SC group after
OGD. Importantly, serum from sham-operated SC, MCAO
SC, and MCAO EE groups did not have a significant effect
on HUVEC survival in the absence of OGD (OD 1.6 +0.1,
1.5+0.1 and 1.5+0.1, respectively; n =3 each, p =0.75).
These data supported the hypothesis that systemic circulation
can be a source for factors that promote revascularization after
a transient focal ischemic insult. As a potential blood-borne
candidate that can promote angiogenesis and inhibit apoptosis
[29-31], we measured the serum and peri-infarct tissue levels
of the potent proangiogenic factor HGF, and found them sig-
nificantly higher in the EE group compared with those in SC
when measured 15 days after stroke (Fig. 4c, d).

@ Springer

Our data show that improved long-term neurological recovery
by EE is associated with higher microvascular density and [32]
CBF in peri-infarct brain tissue. We do not know whether the
association is causal, or the identity of factors mediating the
effect. However, the fact that post-stroke plasma or serum from
EE rats significantly promoted BMEC and HUVEC prolifera-
tion compared with plasma or serum from SC rats suggests the
stimulus for enhanced angiogenesis may originate, at least in
part, from the systemic circulation. In support of this notion, EE
has also been shown to promote neurogenesis in aged rats via
blood-borne factors [33]. HGF may be one such factor [34, 35].
HGF exerts its cellular effects via the c-Met receptor expressed
on endothelial and vascular smooth muscle cells and coupled to
cytoplasmic tyrosine kinase. HGF potently induces angiogene-
sis [36, 37], ameliorates cerebral endothelial apoptosis and is-
chemic neuronal injury [38, 39], preserves the blood—brain
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barrier after cerebral ischemia [40], and facilitates stroke recov-
ery [34, 41]. Moreover, a delayed increase in post-ischemic
HGF levels has been reported, with a temporal profile sugges-
tive of a role in tissue repair and recovery [42]. Therefore,
increased peri-infarct HGF levels may in part explain the effect
of EE on post-stroke angiogenesis. Indeed, HGF plasma levels
are elevated in patients with ischemic stroke compared with
healthy controls [43]. Of course, other major proangiogenic
factors such as BDNF and VEGF are also likely to contribute,
but whether they can also originate from plasma remains to be
determined. More work is needed to directly link circulating
HGF as a blood-borne factor promoting cerebral angiogenesis
after stroke, and identify other potential blood-borne
proangiogenic factors, such as VEGF [44, 45].

Improved stroke recovery upon EE correlates with the
amount of voluntary exercise and physical activity [14]. Pre-
ischemic exercise conditioning has been shown to facilitate
angiogenesis [46], help preserve CBF during an ischemic in-
sult [19, 47, 48], and alter multiple serum factors such as
cytokines that can promote stroke recovery [47, 49-51].
Consistent with our data showing higher CBF in contralateral
(i.e., non-ischemic) hemisphere in the EE group compared
with the sham-operated SC group, EE has been shown to
promote angiogenesis in a normal brain as well [52].

Besides improving the blood supply to the peri-infarct tissue,
newly formed vessels provide trophic support to all cells with-
in the neurovascular unit [53, 54], such as endothelial-
oligodendrocyte trophic coupling [55, 56], thereby promoting
plasticity, remodeling, and repair after stroke [57].

In conclusion, angiogenesis is an integral component of
brain remodeling and functional recovery after stroke.
Facilitating angiogenesis in surviving peri-infarct tissue may
be a viable mechanism to promote recovery after stroke.
Future work will focus on identifying the other circulating
factors that are induced by EE and promote cerebral angio-
genesis in return.
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