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Abstract 

Background  Fetal growth restriction (FGR) is associated with deficits in the developing brain, including neurovas‑
cular unit (NVU) dysfunction. Endothelial colony forming cells (ECFC) can mediate improved vascular stability, and 
have demonstrated potential to enhance vascular development and protection. This investigation examined whether 
ECFCs from human umbilical cord blood (UCB) enhanced NVU development in FGR and appropriate for gestational 
age (AGA) fetal sheep.

Methods  Twin-bearing ewes had surgery performed at 88–90 days’ gestation, inducing FGR in one fetus. At 
113 days, ECFCs (1 × 107 cells) cultured from human UCB were administered intravenously to fetal sheep in utero. 
At 127 days, ewes and their fetuses were euthanised, fetal brains collected, and NVU components analysed by 
immunohistochemistry.

Results  Twenty-four fetal lambs, arranged in four groups: AGA (n = 7), FGR (n = 5), AGA + ECFC (n = 6), and 
FGR + ECFC (n = 6), were included in analyses. FGR resulted in lower body weight than AGA (P = 0.002) with higher 
brain/body weight ratio (P = 0.003). ECFC treatment was associated with increased vascular density throughout 
the brain in both AGA + ECFC and FGR + ECFC groups, as well as increased vascular–astrocyte coverage and VEGF 
expression in the cortex (P = 0.003, P = 0.0006, respectively) and in the subcortical white matter (P = 0.01, P = 0.0002, 
respectively) when compared with the untreated groups.

Conclusions  ECFC administration enhanced development of NVU components in both the AGA and FGR fetal brain. 
Further investigation is required to assess how to optimise the enhanced angiogenic capabilities of ECFCs to provide 
a therapeutic strategy to protect the developing NVU against vulnerabilities associated with FGR.
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Background
Fetal growth restriction (FGR) is defined by the failure 
of a fetus to achieve their genetic growth potential and 
is frequently cited as among the most common compli-
cations of pregnancy. Estimates of FGR prevalence have 
ranged from 5 to 15% of pregnancies [1], though the his-
torical lack of a consensus definition and underdiagnosis 
of the condition make the true figure difficult to accu-
rately identify [2]. Recent data, using the 2016 consensus 
definition describing FGR as an infant who is < 3rd per-
centile estimated weight for gestation or < 10th percentile 
with evidence of uteroplacental dysfunction [3], indi-
cated that 6.9% of pregnancies met this criteria [4]. This 
definition reflects that FGR most commonly arises due to 
an inadequate supply of oxygen and nutrients to the fetus 
caused by placental insufficiency [5]. Fetal adaptations 
to reduced placental supply preferentially redirect blood 
flow to the brain [6, 7]; however, the trajectory of brain 
development remains altered in FGR [8].

FGR is associated with a broad range of structural 
deficits in the brain across both grey and white matter 
regions that underpin functional impacts affecting motor, 
cognitive, and behavioural performance in early life and 
beyond [9]. We have recently highlighted the potential 
role of neurovascular unit (NVU) dysfunction as a cause 
and contributor to neurodevelopmental impairments 
that are present in FGR infants [6]. The NVU is a collec-
tion of closely associated cellular and extracellular struc-
tures, including vascular cells, glial cells, and neurons, 
which operate collectively to match vascular function 
with neuronal metabolism [10]. FGR is linked to impair-
ments in the developing NVU including reduced vascu-
lar glial coverage and endothelial proliferation, as well as 
potentially devastating vascular sequelae such as intra-
ventricular haemorrhage [11–13], with studies suggesting 
treatments targeting these impairments may ameliorate 
injury in the brain [14, 15].

Endothelial progenitor cells (EPC) represent a broad 
category of cells that can be further divided into early 
EPCs and late EPCs (or endothelial colony forming cells 
(ECFC)), depending on their stage of development. Stud-
ies investigating EPCs as a potential therapeutic treat-
ment in neurovascular disease show promising results 
[16–18]. Investigations using adult animal models of 
ischaemic and haemorrhagic brain injury have dem-
onstrated both protective and regenerative benefits 
with EPC treatment, though these have largely used 
early EPCs derived from bone marrow. Benefits include 
increased vascular proliferation, increased proangio-
genic signalling and barrier protein expression, reduc-
tions in infarct sizes and cortical atrophy, and enhanced 
neurobehavioural outcomes [16–18]. Such models have 
also demonstrated a capacity for EPC treatments to 

ameliorate deficits in blood brain barrier (BBB) function 
resulting from a variety of neurovascular insults [19–21]. 
Though both early EPCs and ECFCs express proangio-
genic function, ECFCs have a higher proliferation rate 
and survival, and appear to best exhibit the function and 
phenotype expected in progenitor cells of the endothe-
lial lineage [22–24]. ECFCs are particularly effective at 
stimulating neovascularisation and promoting regenera-
tion of damaged tissues, through both direct engraftment 
into vessels and paracrine signalling using growth fac-
tors and cytokines acting on NVU components [25, 26]. 
This signalling enables ECFCs to act not only to stimulate 
angiogenesis, but to enhance the stability and repair of 
other NVU components such as the glial cells that expe-
rience reduced vascular coverage in FGR [27, 28]. Given 
that FGR is linked to neuroinflammation exacerbated by 
associated dysfunction in developing NVU structures 
and functions, such as BBB regulation [29], this raises 
the possibility that ECFCs could be used as a targeted 
neuroprotective therapy in FGR. To date, however, stud-
ies of therapeutic administration of EPCs or ECFCs in 
perinatal brain injury are scarce. Fetal and neonatal ani-
mal models have, however, been used to demonstrate 
the utility of umbilical cord blood (UCB) containing 
these cells for the treatment of acute hypoxic-ischaemic 
brain injury [30–33]. Our group has previously showed 
that unlike other populations of stem and progenitor 
cells within UCB, early EPCs are capable of modifying 
peripheral immune response towards a more protective 
environment, and these cells demonstrate neuroprotec-
tive effects [30]. Findings from these preclinical studies 
have led to the suggestion that administration of EPCs or 
ECFCs isolated from UCB may provide superior benefits 
for perinatal brain injury, compared with UCB mononu-
clear cells [30]. Though interactions between the immune 
system and ECFCs remain unclear, evidence that these 
cells are tolerated against allogeneic immune responses 
[34–36] provides further encouragement that these cells 
may provide an ‘off-the-shelf ’ treatment option.

ECFCs in UCB are more concentrated and express 
greater functional potential than those isolated from 
other sources, such as peripheral blood [37]. UCB con-
centration of early EPCs is reduced in human preg-
nancies compromised by FGR compared to normal 
pregnancy [38], with the differentiation of these cells into 
ECFCs also impaired [39]. Given the role that EPCs and 
ECFCs play in vascular homeostasis, this suggests that 
low circulating fetal levels of these cells may play a role 
in the altered fetal brain development observed in FGR 
[8, 9]. Here, we proposed that therapeutic administra-
tion of ECFCs to FGR offspring could provide a novel 
treatment targeted at preventing NVU dysfunction and 
brain injury in the developing brain, especially in cases 
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of FGR. Accordingly, this proof-of-concept study evalu-
ated whether exogenous ECFC administration to growth 
restricted fetuses could reduce NVU damage/abnormali-
ties and promote vascular protection.

Methods
Ethics approval
Experiments complied with the National Health and 
Medical Research Council (NHMRC) of Australia 
guidelines for the care and use of animals for scientific 
purposes and were approved by the Monash Medical 
Centre Animal Ethics Committee (MMCA2019/04). Eth-
ics approval to obtain UCB for this study was obtained 
from Monash Health Human Ethics Committee (HREC 
Approval 12387B Ver 18).

Surgical preparation and tissue collection
Date-mated pregnant Border Leicester-Merino cross-
bred ewes with known gestational age were obtained 
from the Monash Animal Research Platform. Twenty-
four fetal lambs collected from thirteen twin-bearing 
ewes were randomised to four different groups: Appro-
priate for Gestational Age (AGA) (n = 7), FGR (n = 5), 
AGA + ECFC (n = 6), and FGR + ECFC (n = 6). Animals 
were housed in approved facilities and continuously 
monitored for the duration of the investigation. Sterile 
surgery was performed on twin-bearing Border–Leicester 
crossbred ewes at a known gestational age of 88–90 days 
(0.6 gestation; term is ~ 150 days), with the surgical pro-
cedure to induce FGR performed as previously described 
[14, 15, 40]. This gestational age was selected to represent 
early-onset FGR, which is associated with more wide-
spread cerebral damage than late-onset FGR [41]. With 
the ewe under general anaesthetic (isoflurane, 1.5–2.5% 
in O2; Bomac Animal Health, Australia) each fetus was 
accessed via an abdominal and uterine incision. A sin-
gle catheter (inner diameter [ID] 0.8 mm, outer diameter 
[OD] 1.5 mm) was placed into the fetal jugular vein in the 
treatment cohort only. For all cohorts, we performed sin-
gle umbilical artery ligation on one fetus by placing two 
tight silk ligatures around one umbilical artery, approxi-
mately 3–4 cm from the fetal abdomen; in the other fetus 
(control/ AGA), the umbilical cord was manipulated but 
ligation was not performed. Additional catheters were 
placed into the maternal jugular vein (ID 1.5  mm, OD 
2.7  mm) and the fetal amniotic space (ID 1.5  mm, OD 
2.7 mm), before the fetuses were returned to the uterus, 
and the uterus and abdomen repaired in layers. Anaes-
thetic was withdrawn from the ewe and she was returned 
to a pen for recovery. Antibiotics were administered to 
both the ewe (engemycin, 5 ml, ampicillin, 1 g) and each 
of the fetuses (ampicillin, 500  mg) on each of the first 
three days following surgery. Animals were monitored 

daily, with fetuses in the ECFC groups receiving treat-
ment of 1 × 107 ECFCs intravenously in 2 ml phosphate 
buffered saline (PBS) at a gestational age of 113 days.

At approximately 127-day gestation, ewes and fetuses 
were euthanised by maternal overdose of pentobarbitone 
sodium (100 mg/kg, i.v.; Virbac Pty Ltd Australia), before 
fetuses were removed from the uterus and weighed. The 
fetal brain was removed, weighed, and cut along the sag-
ittal plane to separate the two hemispheres, with the left 
hemisphere snap frozen into major anatomical regions 
and the right hemisphere cut along the coronal plane into 
sections of approximately 5 mm thickness. These coronal 
sections were fixed by immersion in 10% buffered forma-
lin for three days before being embedded in paraffin. We 
used coronal sections of 10 μm thickness cut from these 
blocks by microtome at the level of the lateral ventricle 
and loaded onto Superfrost Plus slides (Thermo Fisher 
Scientific, MA, USA) for analysis.

Human ECFC culture and preparation
UCB was collected at healthy term elective caesarean 
section delivery after consent was obtained from seven 
donors. Following delivery of the placenta, UCB was col-
lected into bags containing CPD anticoagulant (Macop-
harma, Australia). The mononuclear cells (MNC) were 
isolated as previously described [42, 43], using 50 ml Sep-
Mate tubes (Stemcell Technologies, Canada) containing 
13 ml Ficoll-Paque Plus (GE Healthcare, Sweden).

To culture ECFCs from UCB, 6-well tissue culture 
plates were coated with fibronectin (2  µg/cm2). UCB 
MNC were plated at a density of approximately 5 × 106/
well in ECFC culture media containing endothelial basal 
media (EBM-2, Lonza, MD, USA) supplemented with 
20% fetal bovine serum (FBS), 2  µg/ml ascorbic acid 
(Sigma-Aldrich, MO, USA), 100 U/ml heparin (Sigma-
Aldrich, MO, USA), 20 ng/ml insulin-like growth factor-1 
(Miltenyi Biotec, Germany), 25 ng/ml vascular endothe-
lial growth factor (Miltenyi Biotec, Germany), 10 ng/ml 
fibroblast growth factor-2 (Miltneyi Biotec, Germany), 
10 ng/ml epidermal growth factor (Miltenyi Biotec, Ger-
many), 100  ng/ml hydrocortisone (Sigma-Aldrich, MO, 
USA), and 1 × Penicillin–Streptomycin (Thermo Fisher 
Scientific, NY, USA), and placed in a 37 °C, 5% CO2 incu-
bator. After four days of culture, a 50% media change 
was done and repeated every second day. Plates were 
monitored for colony formation and once observed were 
allowed to proliferate for approximately 7  days before 
being harvested. Colonies were harvested using cloning 
rings and accutase solution (Thermo Fisher Scientific, 
CA, USA) to detach the cells from the plates. Colonies 
were then replated in 25 cm2 tissue culture flasks coated 
with 2 µg/cm2 fibronectin and cultured in ECFC culture 
media with the exception that the FBS was reduced to 
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10% hereafter. At near confluence (80%) cells were sub-
cultured into 75 cm2 tissue culture flasks coated with 
fibronectin, ECFCs were cultured until passages 3–5 for 
use for subsequent experiments. ECFCs were cryopre-
served at a density of 5 × 106 cells/ml in freeze medium 
containing 90% FBS and 10% dimethyl sulfoxide (Sigma-
Aldrich, MO, USA).

To prepare ECFCs for administration, cryovials were 
removed from liquid nitrogen storage and thawed in a 
water bath at 37 °C until only a small ice crystal remained. 
Thawed cells (2 × 107) were transferred into a 15 ml falcon 
tube with the remainder of the tube filled with Dulbecco’s 
Modified Eagle Medium (Life Technologies, Australia), 
and the tube centrifuged at 300×g for 5 min, 4 °C to pel-
let the cells. Cells were washed with 1 × PBS and pelleted 
by centrifugation at 300×g for 5 min, 4 °C. Pelleted cells 
were resuspend in Diluent C (Sigma-Aldrich, MO, USA) 
and fluorescently labelled with PKH26 ethanolic dye 
solution (Sigma-Aldrich, MO, USA) according to manu-
facturer’s instructions, so that it could be determined via 
fluorescence microscopy whether ECFCs administered to 
fetal lambs had integrated into the NVU. Cells were pre-
pared for administration by resuspending in 4 ml 1 × PBS 
then drawing up 2 ml of the cell solution into each of two 
separate 3-ml syringes. Cells were administered to the 
fetal sheep via the 3-ml syringe, with each fetus receiv-
ing 1 × 107 cells into the fetal jugular vein catheter over 
a 2  min slow infusion, followed by a 10  ml saline flush 
delivered as a bolus.

Tube formation assay
To confirm ECFC phenotype, cells were assessed for their 
ability to form tubes using in vitro tube formation assay. 
For the tube formation assay, 200  µl of growth factor 
reduced Matrigel (BD) was added to the bottom of a 24 
well plate and allowed to set for 1 h in a 37 °C incubator. 
ECFCs (1 × 105) were plated in ECFC culture media and 
incubated for 24  h. Images were taken on an Olympus 
CX53 microscope.

acLDL uptake assay
Another characteristic used to confirm ECFC pheno-
type is uptake of acetylated low-density lipoproteins 
(acLDL) [44]. ECFCs (1 × 104) were plated in Nunc 4 
well Lab TEK II chamber slides (Sigma-Aldrich, NY, 
USA) in ECFC culture media overnight. The next day 
media was removed and replaced with serum-free cul-
ture media for 6 h before staining. 5 µg/ml of acLDL-DiL 
(Thermo Fisher Scientific) was added to the well for 4 h, 
and then, cells were washed with PBS and counterstained 
with 1 µg/ml Hoechst 33,342 (Thermo Fisher Scientific, 
OR, USA) for 3  min. For imaging, DAKO fluorescence 

mounting medium (Agilent, CA, USA) was added to the 
slide and coverslip applied.

Flow cytometry
Cultured ECFCs were assessed for their surface expres-
sion of common ECFC markers. Flow cytometric analysis 
for surface markers was performed using the following 
antibodies: CD14 FITC, CD45 BV510, CD309 AF647, 
7AAD, CD144 BV421, and CD31 PE-CY7 (all antibodies 
from BD Biosciences). Single stains were used for com-
pensation and fluorescence minus one (FMO) was used 
for setting gates. Antibody-stained cells were assessed 
using a FACS Canto II (BD Biosciences) flow cytometer, 
using FACSDiva software (BD Biosciences).

Immunohistochemistry
Immunohistochemistry was performed on fetal brain 
tissue sections using standard protocols [45]. Primary 
antibodies used were mouse monoclonal anti-vascular 
endothelial growth factor (VEGF) to determine VEGF 
expression (Novus Biologicals, CO, USA), rabbit poly-
clonal anti-matrix metalloproteinase-9 (MMP-9) to 
determine basement membrane breakdown (1:100; Aviva 
Systems Biology, CA, USA), rabbit polyclonal anti-glu-
cose transporter 1 (GLUT1) to determine endothelial 
GLUT1 expression (1:200; Abcam, UK), and rabbit poly-
clonal anti-sheep albumin to determine vascular leak-
age (1:2000; Accurate Chemical & Scientific, NY, USA). 
Briefly, sections were dewaxed and rehydrated through 
graded ethanol immersions. Antigen retrieval was per-
formed by incubating sections with EDTA (pH 9.0) target 
retrieval solution at 98 °C for 30 min, with Proteinase K 
(20 µg/ml) at 37C for 30 min before cooling for 20 min 
at room temperature, or by heating slides immersed 
in 0.01  M citric acid buffer (pH 6) in a microwave for 
4 × 5 min and cooling in the buffer for 20 min. Sections 
had endogenous peroxidases blocked by incubation with 
0.3% H2O2 in 50% methanol for 15  min. Non-specific 
binding was blocked by incubating with DAKO serum-
free protein block (Agilent Technologies, CA, USA) for 
45  min, before sections were incubated overnight with 
primary antibody at 4  °C. The following day, sections 
stained using 3,3’-diaminobenzidine (DAB) (MP Biomed-
icals, OH, USA) were incubated with the appropriate sec-
ondary antibody for 45–60 min, then for 45–60 min with 
streptavidin horseradish peroxidase. Staining was then 
visualised using DAB, and slides stained for VEGF and 
MMP-9 counterstained through immersion in 0.5% cre-
syl-violet for 5 min, as blood vessels that did not express 
MMP-9 and VEGF were visualised through the counter-
stain. Coverslips were applied to slides using mounting 
medium. Negative control sections were included in each 
run.
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Double-label immunofluorescence was used to deter-
mine vascular pericyte coverage, using rabbit polyclonal 
anti-desmin (1:100; Sigma-Aldrich, MO, USA) and 
mouse monoclonal anti-α-smooth muscle actin (α-SMA) 
to label the pericyte markers desmin and α-SMA (1:50; 
Sigma-Aldrich, MO, USA). Similarly, vascular–astrocyte 
coverage was examined using rabbit polyclonal anti-
laminin (1:200; Novus Biologicals, CO, USA) to visualise 
blood vessels, and mouse monoclonal anti-glial fibril-
lary acidic protein (GFAP) to visualise astrocytes (1:500; 
Sigma-Aldrich, MO, USA). Protocols followed those 
described for single-label immunohistochemistry on the 
first day, with a step added to block autofluorescence by 
incubating slides with sodium borohydride (10 mg/ml) in 
0.1  M PBS for 3 × 10  min immediately before non-spe-
cific blocking was performed. After overnight incubation, 
slides were incubated for 60–120 min with fluorescence 
labelled secondary antibodies goat anti-rabbit Alexa 488 
(1:1000; Abcam, UK) and goat anti-mouse Alexa 594 
(1:1000; Abcam, UK). Slides were then incubated with 
Hoechst nuclear stain before coverslips were applied 
using DAKO fluorescence mounting medium (Agilent, 
CA, USA).

Image analysis and quantification
Slides stained for VEGF, MMP-9, GLUT1, laminin/
GFAP, and desmin/α-SMA were scanned at 40 × magni-
fication to digitalised files using Aperio Scanscope AT 
Turbo (VEGF, MMP-9, GLUT1; Leica Biosystems, Ger-
many) or Aperio Scanscope FL (laminin/GFAP, desmin/
α-SMA; Leica Biosystems, Germany), and viewed with 
Aperio ImageScope (v12.3.3 for Windows, Leica Biosys-
tems, Germany). Using these files, images were extracted 
from each of three separate, non-overlapping areas of 
500  μm × 500  μm within each of four regions of inter-
est in the brain: the cortical grey mater (Cx), the perive-
ntricular white matter (PVWM), the subcortical white 
matter (sCWM), and the subventricular zone (SVZ). 
Analysis of these images was performed using Image J 
software (v2.0.0 for Mac; National Institutes of Health, 
Bethesda, MD, USA) using previously published tech-
niques [46]. Image analysis and quantification were 
undertaken by two researchers independently (AB and 
TY) on coded slides so that all analysis was blinded to the 
animal group.

Vascular density and morphology
Whole cerebral microvessels were imaged on sections 
stained with laminin/GFAP double-label immunofluo-
rescence by viewing only the green fluorescence channel 
(λ = 488  nm) through which laminin staining could be 
visualised (Fig. 3). We utilised a macro to determine the 
following parameters: (i) number of blood vessels present 

in each field of view; (ii) vascular density—% area occu-
pied by blood vessels per 500μm2 field of view; (iii) aver-
age size of blood vessels in each field of view. The macro 
calibrated each section in μm and excluded particles < 10 
μm2 in total area from analysis to prevent background 
staining being recognised.

VEGF expression
VEGF staining was performed to assess angiogenic sig-
nalling. VEGF positive staining was assessed by quantify-
ing the total percentage of each field of view expressing 
positive staining was measured using an automated 
macro. A threshold for positive staining was calibrated 
for each brain region and all images were analysed using 
this threshold.

Basement membrane breakdown
The extent of basement membrane breakdown was 
quantified by manually counting the number of vessels 
expressing positive endothelial staining for MMP-9 in 
each image captured. This number was then used along-
side the total number of vessels in each image, identified 
through cresyl-violet counterstaining, to calculate the 
percentage of vessels in each 500  μm x 500  μm field of 
view staining positively for MMP-9.

Endothelial GLUT1 expression
Microvascular GLUT1 expression provides a marker 
for metabolic function/dysfunction [47]. A macro was 
created to identify areas of positive staining. To quan-
tify GLUT1, the vascular wall of cerebral microvessels 
was isolated as a region of interest (ROI) using a stylus 
to trace around 1–3 vessels that were selected from each 
field of view. The % area staining positive for GLUT1 
within these isolated regions was then determined based 
on a staining threshold which was manually set for each 
image analysed.

Co‑localisation analysis
To assess vascular pericyte coverage co-localisation of 
positive staining for desmin and α-SMA, two pericyte 
markers were undertaken using a double-label immuno-
fluorescence as previously described by our group [14, 
15], with slight modification detailed below. The amount 
of co-localised staining for green (λ = 488  nm) and red 
(λ = 594  nm) fluorescence representing desmin and 
α-SMA was quantified. ROI was obtained using a sty-
lus to isolate the vascular wall of 1–3 vessels per field of 
view, then determining co-localisation within these iso-
lated regions of interest using Pearson’s correlation coef-
ficient. Pearson’s correlation coefficient uses both signal 
co-occurrence and correlation to provide a measure of 
association between two probes [48], making it a useful 
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measure of the degree of co-localisation between two 
objects labelling the same structure (in this case, desmin 
and α-SMA).

Co-localisation between the green and red fluores-
cent staining representing laminin and GFAP was used 
to quantify astrocyte coverage of vessels using the Man-
ders’ co-localisation coefficient. Manders’ co-localisation 
coefficient provides a measurement of the co-occurrence 
between two signals and is thus useful for measuring 
overlap between two different objects [48]. Automated 
staining thresholds were set for each image using the 
Costes method [49], with the M2 Manders’ co-localisa-
tion coefficient value providing a representation of the 
proportion of positive green signal (laminin) overlapping 
with positive red signal (GFAP) within the entire field of 
view shown as yellow, and thus the proportion of astro-
cytic end-feet attachment with vascular tissue.

Blood brain barrier integrity
Barrier integrity was assessed through qualitative analy-
sis of albumin extravasation, as we have previously vali-
dated for fetal sheep brain Sects.  [14, 15] (Fig.  9). Each 
albumin-stained slide was coded for blinding, then 
assessed under light microscope (Olympus BX-41, Japan) 
at 200 × magnification for albumin extravasation. Results 
were measured on a binary scale determined by the pres-
ence or absence of albumin extravasation for each ani-
mal, within each region of interest and overall.

Statistical analysis
Statistical analysis was conducted using Prism 9 (Graph-
Pad Software, CA). Data are presented as mean ± stand-
ard error of the mean (SEM). A two-step analysis was 
used. First, untreated AGA and FGR groups were com-
pared using an unpaired t test. The effects of ECFC 
administration were then compared via two-way 
ANOVA with interaction, with fetal growth (AGA vs. 
FGR) and ECFC treatment (untreated vs. ECFC treat-
ment) as independent variables. Where significant inter-
action was observed, Tukey’s test was used for post hoc 
comparisons. Normality of residuals was confirmed for 
each two-way ANOVA using Kolmogorov–Smirnov test, 
with failure to pass noted alongside relevant results. Sig-
nificance for all analyses was set at P ≤ 0.05.

Results
Culture and characterisation of ECFCs
ECFCs were cultured from UCB from term healthy 
mothers. Adherent colonies were observed between days 
7–18 of culture displaying cobblestone morphology and 
subcultured. ECFCs appeared as highly proliferative cob-
blestone cells (Fig. 1A, B). To assess ECFC functionality 
post-culture, a tube formation assay and acLDL uptake 

assay were performed. When cultured on Matrigel, 
ECFCs were shown to form connecting capillary-like 
structures within 24  h of culture (Fig.  1C). ECFCs also 
showed positive uptake of acLDL-Dil (Fig. 1D) confirm-
ing the cells showed the functional characteristics associ-
ated with ECFCs.

Flow cytometry was used to assess the surface marker 
expression of the ECFCs to confirm the cells express typi-
cal ECFC markers, CD31, CD309, and CD144 as well as 
showing negative expression of the common leukocyte 
marker CD45 and monocyte marker CD14. The cultured 
ECFCs showed 99.9% positivity for CD31 (Fig. 1E), 98.3% 
positivity for CD309 (Fig. 1F), 99.9% positivity for CD144 
(Fig. 1G), while showing negative 0.1% for CD45 (Fig. 1H) 
and CD14 (Fig.  1I). These studies confirm the cultured 
ECFCs show phenotype and functionality of ECFCs of 
endothelial origin.

Animal characteristics
A total of 24 fetal sheep (17  M, 7 F) were included in 
analyses, arranged in four groups: AGA (n = 7), FGR 
(n = 5), AGA + ECFC (n = 6), and FGR + ECFC (n = 6). 
Biometric characteristics of animals in each group are 
presented in Fig.  2. The untreated FGR fetuses weighed 
significantly less than the untreated AGA animals 
(P = 0.05), and brain/body weight ratio was increased 
(P = 0.03) but there was no difference in brain weights 
(P = 0.84). Two-way ANOVA found FGR significantly 
reduced body weight (ANOVA, main effect for AGA vs. 
FGR, P = 0.002) and significantly increased brain/body 
weight (B/BW) ratio (ANOVA, main effect for AGA vs. 
FGR, P = 0.003), but had no significant effect on brain 
weight. ECFC treatment did not have a significant effect 
on body weight, brain weight, or B/BW ratio.

Vascular structure
We assessed whether exogenous ECFCs could be 
detected within the fetal brain by examining whether the 
fluorescently labelled ECFCs could be visualised under 
the fluorescence microscope (Olympus BX-41, Japan). 
Fluorescently labelled ECFCs were not observed in any 
brain sections, with no identifiable differences noted 
between slides from animals in groups that had received 
ECFC treatment, and those that had not received ECFC 
treatment.

Representative images for laminin staining and analy-
sis are presented in Fig.  3. There were no significant 
differences in vessel density, number, or size between 
untreated AGA and FGR groups (P > 0.05). Two-way 
ANOVA showed that ECFC treatment increased vascu-
lar density in the Cx (ANOVA, main effect for untreated 
vs. ECFC, P = 0.0006), PVWM (ANOVA, main effect 
for untreated vs. ECFC, P = 0.0001), sCWM (ANOVA, 



Page 7 of 20Bell et al. Stem Cell Research & Therapy           (2023) 14:29 	

Fig. 1  Culture and characterisation of UCB-ECFC. A clonal outgrowth of an ECFC colony, B expanded ECFCs at passage 3, C tube formation assay 
of ECFCs and D acLDL uptake by cultured ECFCs, acLDL (red) and nuclei stained with Hoechst (blue). Flow cytometric analysis for common ECFC 
surface markers; E CD31, F CD309, G CD144, H CD45 and I CD14
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main effect for untreated vs. ECFC, P = 0.0005), and 
SVZ (ANOVA, main effect for untreated vs. ECFC, 
P = 0.0007). Using mean values from all untreated ani-
mals together, and all ECFC-treated animals together, 
vascular density was increased in ECFC-treated foe-
tuses by 48% in the Cx (Untreated: xˉ = 4.0 ± 0.2; 
ECFC: xˉ = 6.0 ± 0.4), 52% in the PVWM (Untreated: 
xˉ = 2.8 ± 0.1; ECFC: xˉ = 4.2 ± 0.3), 58% in the sCWM 
(Untreated: xˉ = 2.8 ± 0.2; ECFC: xˉ = 4.4 ± 0.3), and 
77% in the SVZ (Untreated: xˉ = 1.9 ± 0.2; ECFC: 
xˉ = 3.3 ± 0.3).

ECFC treatment induced a significant increase in 
the average number of vessels per field of view in 
the PVWM (ANOVA, main effect for untreated vs. 
ECFC, P = 0.049) and SVZ (ANOVA, main effect for 
untreated vs. ECFC, P = 0.04). The number of vessels was 
increased in ECFC-treated fetuses by 14% in the PVWM 
(Untreated: xˉ = 19.0 ± 0.8; ECFC: xˉ = 21.8 ± 1.0), and 
by 20% in the SVZ (Untreated: xˉ = 29.0 ± 1.7; ECFC: 
xˉ = 35.0 ± 2.0). Vessel size was significantly increased 
with ECFC treatment in the Cx (ANOVA, main effect 
for untreated vs. ECFC, P < 0.0001), PVWM (ANOVA, 
main effect for untreated vs. ECFC, P = 0.004), sCWM 
(ANOVA, main effect for untreated vs. ECFC, P = 0.02), 

and SVZ (ANOVA, main effect for untreated vs. ECFC, 
P = 0.0007). Average vessel sizes were increased in 
ECFC-treated fetuses by 44% in the Cx (Untreated: 
xˉ = 53.5 ± 2.6; ECFC: xˉ = 77.0 ± 3.1), 35% in the PVWM 
(Untreated: xˉ = 109.5 ± 5.7; ECFC: xˉ = 147.3 ± 9.5), 
35% in the sCWM (Untreated: xˉ = 65.1 ± 3.9; ECFC: 
xˉ = 87.9 ± 7.4), and by 52% in the SVZ (Untreated: 
xˉ = 46.5 ± 2.3; ECFC: xˉ = 70.6 ± 5.3).

Figure  4 provides representative examples of laminin/
GFAP double-label staining to assess vascular–astrocyte 
coverage. Significant differences were not found between 
untreated AGA and FGR groups (P > 0.05). Increased vas-
cular–astrocyte coverage was observed following ECFC 
treatment in the Cx (ANOVA, main effect for untreated 
vs. ECFC, P = 0.003), and the sCWM (ANOVA, main 
effect for untreated vs. ECFC, P = 0.01).

The extent of co-localisation between fluorescently 
labelled proteins desmin and α SMA was used to deter-
mine the density of vascular pericyte coverage (Fig.  5). 
We found no significant differences between untreated 
AGA and FGR groups, and no significant effect on vascu-
lar pericyte coverage due to ECFC treatment.

The matrix metalloproteinases are a family of endo-
peptidases that are capable of degrading vascular 

Fig. 2  Data are mean ± SEM for body weight, brain weight, and brain/body weight (B/BW) ratios in AGA (Black; n = 7), FGR (Grey; n = 5), 
AGA + ECFC (Black patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using a two-step analysis, with AGA and FGR 
compared first via unpaired t test, and then, all groups compared using two-way ANOVA with FGR and ECFC treatment as variables. *P ≤ 0.05 using 
unpaired t test for AGA versus FGR. Two-way ANOVA results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented 
below the relevant graph (NS = P > 0.05)

(See figure on next page.)
Fig. 3  A-D Representative photomicrographs of laminin immunofluorescence staining in the sCWM. E–G. Data are mean ± SEM for (E) average 
% of each field of view displaying positive laminin staining, (F) average number of blood vessels identified per field of view, and (G), average size 
of each blood vessel staining positively for laminin (μm2) as calculated in the Cx, PVWM, sCWM, and SVZ from AGA (Black; n = 7), FGR (Grey; n = 5), 
AGA + ECFC (Black patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using a two-step analysis, with AGA and FGR 
compared first via unpaired t test, then all groups compared using two-way ANOVA with FGR and ECFC treatment as variables. Two-way ANOVA 
results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented below the relevant graph (NS = P > 0.05)
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Fig. 3  (See legend on previous page.)
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extracellular matrix and are therefore implicated in BBB 
breakdown. Here, we assessed whether MMP-9 expres-
sion was altered by either FGR or ECFC administration. 
The percentage of vessels in each field of view manually 

assessed as expressing positive staining for MMP-9 
was used to determine overall vascular MMP-9 activ-
ity in each brain region analysed. Representative exam-
ples of this staining are presented alongside analysis in 

Fig. 4  A-D Representative photomicrographs of double-label laminin (green) and GFAP (red) immunofluorescence staining in the sCWM. E Data 
are mean ± SEM average M2 Manders’ co-localisation coefficient (MCC) per field of view as calculated in the Cx, PVWM, sCWM, and SVZ from AGA 
(Black; n = 7), FGR (Grey; n = 5), AGA + ECFC (Black patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using a two-step 
analysis, with AGA and FGR compared first via unpaired t test, and then, all groups were compared using two-way ANOVA with FGR and ECFC 
treatment as variables. Two-way ANOVA results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented below the 
relevant graph (NS = P > 0.05). #P < 0.05 for Kolmogorov–Smirnov test of residuals in two-way ANOVA analysis of PVWM
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Fig.  6. FGR was associated with a significant reduction 
in MMP-9 activity within the PVWM in untreated FGR 
groups, compared with untreated AGA groups (P = 0.05), 
while ECFC treatment did not significantly alter vascular 
MMP-9 activity in any of the brain regions analysed.

Vascular function
FGR was associated with significantly increased 
VEGF expression within the PVWM in untreated 
FGR groups, compared with untreated AGA groups 
(P = 0.05). Increased VEGF expression was also found 
following ECFC treatment in the Cx (ANOVA, main 
effect for untreated vs. ECFC, P = 0.0006) and the 
sCWM (ANOVA, main effect for untreated vs. ECFC, 
P = 0.0002), with representative images provided in 
Fig. 7.

Vascular GLUT1 expression provides an insight into 
the metabolic function and activity of blood vessels [47]. 
The proportion of the vascular wall staining positively 
for GLUT1 was used to determine GLUT1 expression, 
with analysis of this staining presented alongside repre-
sentative examples in Fig.  8. No significant differences 
were found between untreated AGA and FGR groups, 
and ECFC treatment did not have a significant effect on 
endothelial GLUT1 expression in any of the brain regions 
analysed.

Barrier integrity was investigated by assessing albumin 
extravasation as seen in a representative image in Fig. 9, 
with stained slides evaluated semi-quantitatively and 
presented in Table 1. Albumin extravasation was present 
in 4/5 untreated FGR animals, including within white 
matter regions of two of these four. Following ECFC 

treatment, albumin extravasation was found in only 3/5 
FGR animals, and in white matter regions of just one.

Discussion
We provide the first evidence that human UCB-derived 
ECFCs promote cerebral angiogenesis and enhance NVU 
development in preterm fetal sheep. Specifically, our 
results demonstrate that human UCB-derived ECFCs 
increase vascular density and angiogenic signalling, 
and enhance interactions between cerebral vessels and 
their supporting NVU component astroglial cells. These 
results demonstrate that ECFCs may provide a useful 
therapeutic strategy to protect against perinatal brain 
injury that is moderated by developmental deficits in the 
NVU.

In the current study, we showed that we could suc-
cessfully expand clonal endothelial progenitor cells that 
expressed the characteristic endothelial surface makers 
CD31, CD144, and CD309 while lacking expression of the 
monocyte marker CD14 and common leukocyte marker 
CD45, supporting that these cells isolated from UCB are 
of endothelial origin and not haematopoietic [44, 50]. 
These expanded cells also showed in  vitro functionality 
common with ECs, such as forming capillary-like struc-
tures when cultured on a basement membrane and the 
ability to bind acetylated LDL [44]. This indicates that as 
well as expressing appropriate surface markers for ECFCs 
these cells retained their functionality post-expansion.

ECFC administration increased vascular density in 
both appropriately grown and FGR fetuses. This effect 
was seen in all brain regions analysed, though the impact 
of ECFC administration appeared greater in FGR animals 

Fig. 5  A Representative photomicrograph of double-label desmin (green) and αSMA (red) immunofluorescence staining in the sCWM. B Data 
are mean ± SEM average Pearson’s correlation coefficient (PCC) for vessels analysed in the Cx, PVWM, sCWM, and SVZ from AGA (Black; n = 7), FGR 
(Grey; n = 5), AGA + ECFC (Black patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using a two-step analysis, with 
AGA and FGR compared first via unpaired t test, and then, all groups were compared using two-way ANOVA with FGR and ECFC treatment as 
variables. Two-way ANOVA results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented below the relevant graph 
(NS = P > 0.05)



Page 12 of 20Bell et al. Stem Cell Research & Therapy           (2023) 14:29 

Fig. 6  A–D Representative photomicrographs of MMP-9 immunohistochemical staining in the sCWM. E Data are mean ± SEM for % of identified 
blood vessels staining positively for MMP-9 expression as calculated in the Cx, PVWM, sCWM, and SVZ from AGA (Black; n = 7), FGR (Grey; n = 5), 
AGA + ECFC (Black patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using a two-step analysis, with AGA and FGR 
compared first via unpaired t test, then all groups compared using two-way ANOVA with FGR and ECFC treatment as variables. *P ≤ 0.05 using 
unpaired t test for AGA versus FGR. Two-way ANOVA results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented 
below the relevant graph (NS = P > 0.05)
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within the PVWM and SVZ. This supports our previ-
ous findings highlighting these regions as vulnerable 
to reduced vascular density associated with FGR [14]. 

We think the cerebral white matter is extremely vulner-
able to perfusion-related injury because it receives only 
25% of the blood flow of cortical grey matter and has a 

Fig. 7  A–D Representative photomicrographs of VEGF immunohistochemical staining in the sCWM. E Data are mean ± SEM for % of each field of 
view displaying positive VEGF staining as calculated in the Cx, PVWM, sCWM, and SVZ from AGA (Black; n = 7), FGR (Grey; n = 5), AGA + ECFC (Black 
patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using a two-step analysis, with AGA and FGR compared first via 
unpaired t test, then all groups compared using two-way ANOVA with FGR and ECFC treatment as variables. *P ≤ 0.05 using unpaired t test for AGA 
vs FGR. Two-way ANOVA results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented below the relevant graph 
(NS = P > 0.05)
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maturation impairment in ability to autoregulate blood 
flow [51]. Our results demonstrate that while ECFC treat-
ment induced a region-specific increase in the number 

of vessels, the increased vascular density throughout 
the brain was primarily attributable to an increase in 
the overall size of blood vessels. Cerebral blood vessel 

Fig. 8  A–D Representative photomicrographs of GLUT1 immunohistochemical staining in the sCWM. E Data are mean ± SEM for % of each vessel 
wall analysed displaying positive GLUT1 staining in each group. Data presented as mean ± SEM. as calculated in the Cx, PVWM, sCWM, and SVZ 
from AGA (Black; n = 7), FGR (Grey; n = 5), AGA + ECFC (Black patterned; n = 6), and FGR + ECFC (Grey patterned; n = 6). Data were examined using 
a two-step analysis, with AGA and FGR compared first via unpaired t test, then all groups compared using two-way ANOVA with FGR and ECFC 
treatment as variables. Two-way ANOVA results for main effects (PECFC, PFGR) and interaction (PINT) for each brain region are presented below the 
relevant graph (NS = P > 0.05)
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number was significantly increased in both the PVWM 
and SVZ, while the increase in vessel size was propor-
tionally larger and observed across all brain regions ana-
lysed. These outcomes support results from a previous 
study in newborn piglets, which found that treatment 
with a combination of ECFCs and mesenchymal stro-
mal cells (MSC) promoted an increase in the density and 
length of cortical vessels, where MSCs alone did not [52]. 
Interestingly however, in the piglet study it was observed 
that increased vascular density only appeared to correct 
the deficiency that was apparent in FGR offspring, with 
no effect observed when the same treatment was admin-
istered to appropriately grown piglets. Similarly, UCB 
mononuclear cells (which include ECFCs plus other cell 
types [30, 53, 54]) demonstrate a capacity to upregulate 
proliferation in ovine NVU vessels, but this effect is only 
apparent in brains affected by FGR [15]. It was surprising 
that we did not detect obvious deficits in the cerebral vas-
culature of FGR brains in the current study, where previ-
ously our group has shown reductions in vascular density 
and endothelial proliferation [14]. The key difference in 
these studies is the age of the animals at post-mortem, 
with previous differences seen in one-day-old newborns 
delivered at term. In our study, we did, however, observe 

an angiogenic effect of ECFCs that was above and beyond 
normal levels observed in the appropriately grown brain. 
The consequences for an over-supply of blood vessels are 
not known. Together, these data suggest that a targeted 
treatment approach using ECFCs in situations of neuro-
vascular dysfunction would be recommended.

In response to ECFC treatment, the increase in vas-
cular density was accompanied by increased astrocyte 
association with blood vessels, and increased VEGF 
expression; these are critical components for vasculo-
genesis. Astrocyte function and vascular interactions 
are critical for vessel growth and integrity, with a paucity 
of astrocytes implicated in blood vessel fragility in the 
developing brain [55]. Our results demonstrate increased 
vascular coverage by astrocyte end-feet in response to 
ECFC treatment. Importantly, this pattern resembled 
that of vascular density, with astrocytic end-feet coverage 
of vessels increased above baseline levels following treat-
ment across both FGR and appropriately grown brains. 
This corresponding increase in both vascular coverage 
and astrocytic end-feet is unsurprising, given the inter-
dependent relationship between astrocytes and vessels 
as components of the developing NVU. Astrocytes play 
an essential role in neurovascular development through 
their participation in both spatial and temporal guiding 
of angiogenic pathways through neural tissue [56, 57], 
and close associations with vascular endothelial cells are 
crucial to their differentiation from earlier precursors 
[58, 59]. Underlying the interconnected nature of NVU 
components further, the increased VEGF expression 
that we observed is likely a result of vascular–astrocyte 
interactions. Astrocyte-derived VEGF plays a key role 
in promoting growth and stability of developing vessels, 
particularly in response to hypoxic conditions [60–63]. 
Alternatively, enhanced astrocytic vascular coverage may 
occur secondary to an upregulation of VEGF expression. 
VEGF is closely associated with astrocyte proliferation 
[64] and is postulated to promote astrocyte growth and 
differentiation [65], thus changes to astrocyte activity 
and vascular interaction may be a response to increased 
VEGF produced by ECFCs [66, 67]. We observed a 
strong region-specific response within the brain follow-
ing ECFC administration, with vascular density, astrocyte 

Fig. 9  Example photomicrograph at 400 × magnification depicting 
albumin extravasation into the brain parenchyma in the cortex

Table 1  Results of staining for albumin extravasation in each group

Numbers represent the number of animals in which albumin extravasation was observed within each brain region of interest, as well as within the brain as a whole 
(total). Results are presented out of the total number of animals analysed within each group.

Cx PVWM sCWM SVZ Total

Untreated AGA​ 2/7 0/7 0/7 0/7 2/7

FGR 3/5 0/5 2/5 2/5 4/5

ECFC AGA​ 2/6 0/6 0/6 0/6 2/6

FGR 2/5 1/5 1/5 0/5 3/5
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attachment and VEGF all increased in the cortex and the 
subcortical white matter. The particular response of these 
regions to treatment may reflect the considerable devel-
opment they undergo around the gestational age inves-
tigated, with cortical volume and surface area increasing 
dramatically between 28 and 40 weeks in humans [68].

Though our results support the potential of exogenous 
ECFC administration to improve NVU development, the 
absence of substantial differences in NVU characteris-
tics associated specifically with FGR was interesting but 
unexpected. FGR was associated only with significantly 
increased VEGF expression and reduced MMP-9 activity 
in the PVWM. A lack of FGR-associated changes to the 
NVU is at odds with previous preclinical evidence. We 
have previously reviewed this literature, which demon-
strates the adverse impacts of pregnancy complications, 
including FGR, on NVU component cells and function 
[6]. Most relevant to our investigation are studies dem-
onstrating associations between FGR and changes in 
astrocyte density [69, 70], vessel proliferation [14, 71], 
and vascular pericyte coverage [14, 15]. A previous study 
by Castillo-Melendez et  al. showed that FGR was asso-
ciated with a reduction in vascular density and number, 
endothelial proliferation, vascular–astrocyte and peri-
cyte coverage, and barrier integrity [14]. The Castillo-
Melendez study induced placental insufficiency using the 
same technique as used here, although the previous study 
induced late-onset FGR while here we employed early-
onset, and post-mortem tissue collection was previously 
performed in one-day-old lambs that were approximately 
20 days older than the fetuses in this current study. It is 
therefore possible that structural and functional deficits 
in the NVU predominantly arise in late gestation, when 
we would expect the degree of fetal hypoxaemia to be at 
its greatest. Vascular proliferation is increased in late ges-
tation, particularly in the cortex [72], and this enhanced 
angiogenic activity may also contribute to the develop-
ment of NVU deficits during this period. The potential 
for enhanced NVU vulnerability to FGR in late gestation 
is supported by Chand et al., who investigated FGR-asso-
ciated NVU alterations in newborn piglets at 4  days of 
age. They found the condition was linked to reductions in 
vessel density and length, astrocyte maturity, and vascu-
lar end-feet coverage, as well as vascular barrier function, 
all of which were improved following combination ECFC 
and MSC treatment [52]. Other pregnancy complica-
tions may also impact development of the NVU, with a 
recent study showing that cells of the NVU are adversely 
affected by chronic inflammation, with prolonged 
lipopolysaccharide exposure resulting in reduced cer-
ebral vascular density and glial coverage [73]. The appar-
ent discordance we have highlighted between results of 
the present investigation and findings of other studies 

highlights the relative lack of understanding that exists 
regarding the developing NVU, and the importance of 
continued efforts to develop this knowledge.

Although we were principally interested in cerebral 
vasculature and the NVU, FGR is also associated with 
altered microvascular density across the kidneys, retina, 
and musculature, among other systems [74]. These wide-
spread vascular deficits may arise as a result of EPC dys-
function also associated with FGR. Circulating maternal 
EPCs increase in pregnancy with increase in gestational 
age [75, 76]; however in FGR pregnancies, circulating 
EPC numbers are substantially lower than in healthy 
equivalents [77]. Reduced EPC counts in FGR extend to 
the UCB, where EPCs also display increased senescence 
alongside poorer vasculogenic function than those of 
healthy pregnancies [38, 39, 78], with these impairments 
in EPC numbers and functioning extending beyond the 
perinatal period into later life [79]. In light of the well-
established EPC dysfunction in FGR, it is likely that 
these cells have a role to play in NVU alterations asso-
ciated with the condition. This hypothesis is supported 
by the results of the present investigation, which dem-
onstrate ECFC administration leading to enhancements 
in NVU domains that have previously shown evidence 
of impaired development in the setting of FGR. The 
improvements we have observed following treatment 
also support the potential for the development of ECFC-
based therapies to substantially enhance NVU outcomes 
in FGR individuals.

The response of the developing NVU to treatment was 
encouraging for the prospects of ECFC-based therapies 
to ameliorate dysfunction associated with FGR; however, 
it is notable that this response also extended to appropri-
ately grown brains. Though the proangiogenic potential 
of ECFCs means this observation is somewhat unsurpris-
ing, it does raise questions regarding the consequences of 
enhanced vascular proliferation in the otherwise healthy 
brain. Vascular networks that are established at an 
increased rate may be more fragile, or vulnerable to dys-
regulation [80]. Conversely, ECFC administration medi-
ates functional enhancement and reparative effects at the 
BBB [81–83], indicative of increased angiogenesis fol-
lowing ECFC treatment that may enhance vascular sta-
bility. This is supported by our observations of albumin 
extravasation which provides an assessment of BBB sta-
bility, with our results showing that ECFC administration 
may reduce BBB ‘leak’ in the subcortical white matter 
and subventricular zone, although this finding requires 
substantiation in a more robust experimental model of 
NVU dysfunction.

Though the consequences of enhanced vascular 
proliferation in the healthy brain may provide impor-
tant insights into the mechanisms and safety of ECFC 
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administration, their direct relevance is limited. ECFC-
based therapies are targeted towards conditions of 
vascular compromise and as such are unlikely to be 
administered to healthy infants. Similarly, practical 
realities and safety considerations mean such therapies 
are unlikely to be administered directly to the fetus in 
utero, as was performed in this investigation, and we 
acknowledge this as a limitation of this work. With the 
primary purpose of this investigation being to deter-
mine whether ECFC administration could enhance 
NVU development, treatment was delivered in utero as 
this provided the best method for maintaining preterm 
animals chronically, without the confounding effects of 
birth and neonatal care. This was a proof-of-concept 
study, and an appropriate next step would be to deliver 
FGR lambs preterm and commence respiratory sup-
port as would occur clinically [15] and then adminis-
ter ECFCs via an intranasal route [84, 85]. The 127-day 
gestational age of fetal lambs analysed in this investiga-
tion corresponds to the late preterm period of human 
gestation [86], during which FGR is associated with 
vulnerability to certain neurovascular events [6]; how-
ever more commonly with early-onset FGR, the infant 
is born preterm. Future investigations should consider 
how the NVU response to ECFC administration is 
altered by factors such as whether treatment is given 
pre-or postnatally, as well as the age of the recipient at 
administration.

In summary, we have presented findings to validate and 
assess the potential of ECFCs as a therapeutic agent for 
treatment of disruption of the NVU in our fetal sheep 
model of FGR. This work was proof-of-concept as it is 
not envisaged that ECFCs would be administered to the 
fetuses in a clinical setting. However, our results demon-
strate that administration of exogenous ECFCs enhances 
perinatal NVU development, leading to increased vas-
cular size and improved structural integrity that is likely 
to be mediated, at least in part, through tight astrocytic 
end-feet attachment with the cerebral vasculature. These 
effects may augment cerebrovascular adaptations to FGR 
and enhance oxygen and nutrient delivery to the devel-
oping brain. Our results indicate that ECFCs may be 
an effective therapeutic strategy to target deficits in the 
NVU, in infants affected by FGR or with other NVU defi-
ciencies such as those that occur with preterm birth and 
intrauterine inflammation [6]. ECFCs can be obtained 
from multiple sources and here we used umbilical cord 
blood-derived ECFCs, highlighting the potential for 
development of allogeneic ECFC-based treatments. Fur-
ther ongoing preclinical investigations should consider 
the effect of neonatal ECFC administration on long-term 
structural and functional outcomes associated with FGR 
and other conditions of perinatal compromise in which 

the cerebral vasculature and NVU cells demonstrate 
altered development.

Conclusions
ECFC administration enhanced development of NVU 
components in both the AGA and FGR fetal brain. Fur-
ther investigation is required to assess how to optimise 
the enhanced angiogenic capabilities of ECFCs to provide 
a therapeutic strategy to protect the developing NVU 
against vulnerabilities associated with FGR.
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UCB	� Umbilical cord blood
VEGF	� Vascular endothelial growth factor
α-SMA	� α-Smooth muscle actin

Acknowledgements
We would like to acknowledge Dr Ilias Nitsos, animal house staff, and the 
Monash Animal Research Platform for help with the experiments and care of 
the animals.

Author contributions
AB conducted the sheep experiments, collected the brain tissue, did the 
analysis, and wrote the first draft of the manuscript. APW conceived and wrote 
the ECFC protocol for the study, carried out the ECFC isolation and culture, 
analysed the data, and edited the manuscript. ID conducted the sheep experi‑
ments, helped in collection of tissue, and edited the manuscript. YP helped in 
the sheep experiments, cord blood collection, isolation of ECFC, and edited 
the manuscript. AES helped in the sheep experiments, collection of tissue, and 
edited the manuscript. BJA helped in the sheep experiments, collection of tis‑
sue, and edited the manuscript. CAM helped in isolation and characterisation 
of the ECFCs, analysis of the data and edited the manuscript. MC-M helped in 
the design of the experiments, conduct of sheep experiments, analysis, and 
edited the manuscript. GJ helped in the design of the experiments, conduct 
of sheep experiments, and edited the manuscript. AM conceived the study 
design, helped in the conduct of experiments and analysis, provided supervi‑
sion to AB, and helped draft the manuscript. SLM conceived the study design, 
helped in the conduct of experiments and analysis, provided supervision to 
AB, and helped draft the manuscript. TY conceived the study design, helped 
in the conduct of experiments and analysis, provided supervision to AB, and 
helped draft the manuscript. All authors have read and approved the final 
manuscript.

Funding
This project was supported by funding from National Health and Medical 
Research Council (Australia) and by Inner Wheel Australia. The Victorian Gov‑
ernment’s Operational Infrastructure Program, and an Australian Government 



Page 18 of 20Bell et al. Stem Cell Research & Therapy           (2023) 14:29 

Research Training Program Scholarship also supported the study. Funding 
bodies had no input in the design of the study and collection, analysis, and 
interpretation of data.

Availability of data and materials
The data that support the findings of this study are available on reasonable 
request from the corresponding author.

Declarations

Ethics approval and consent to participate
Experiments complied with the National Health and Medical Research Council 
(NHMRC) of Australia guidelines for the care and use of animals for scientific 
purposes and were approved by Monash Medical Centre Animal Ethics Com‑
mittee A. Ethics approval to obtain human umbilical cord blood for this study 
was obtained from Monash Health Human Ethics Committee, with informed, 
written consent provided by all participants. All research was conducted in 
compliance with the Helsinki declaration.

Consent for publication
Not applicable.

Competing interests
The authors do not have any disclosures or conflicts of interest to declare.

Received: 16 August 2022   Accepted: 1 February 2023

References
	1.	 Suhag A, Berghella V. Intrauterine growth restriction (IUGR): etiology and 

diagnosis. Curr Obstetr Gynecol Rep. 2013;2(2):102–11.
	2.	 Malhotra A, Allison BJ, Castillo-Melendez M, Jenkin G, Polglase GR, Miller 

SL. Neonatal morbidities of fetal growth restriction: pathophysiology and 
impact. Front Endocrinol. 2019;10:55.

	3.	 Gordijn SJ, Beune IM, Thilaganathan B, Papageorghiou A, Baschat AA, 
Baker PN, et al. Consensus definition of fetal growth restriction: a Delphi 
procedure. Ultrasound Obste Gynecol. 2016;48(3):333–9.

	4.	 Ormesher L, Warrander L, Liu Y, Thomas S, Simcox L, Smith GCS, et al. 
Risk stratification for early-onset fetal growth restriction in women with 
abnormal serum biomarkers: a retrospective cohort study. Sci Rep. 
2020;10(1):22259.

	5.	 Sharma D, Shastri S, Sharma P. Intrauterine growth restriction: antenatal 
and postnatal aspects. Clin Med Insights Pediatr. 2016;10:67–83.

	6.	 Bell AH, Miller SL, Castillo-Melendez M, Malhotra A. The neurovascular 
unit: effects of brain insults during the perinatal period. Front Neurosci. 
2019;13:1452.

	7.	 Damodaram MS, Story L, Eixarch E, Patkee P, Patel A, Kumar S, et al. Foetal 
volumetry using Magnetic Resonance Imaging in intrauterine growth 
restriction. Early Hum Dev. 2012;88:S35–40.

	8.	 Dudink I, Huppi PS, Sizonenko SV, Castillo-Melendez M, Sutherland AE, 
Allison BJ, et al. Altered trajectory of neurodevelopment associated with 
fetal growth restriction. Exp Neurol. 2022;347: 113885.

	9.	 Miller SL, Huppi PS, Mallard C. The consequences of fetal growth restric‑
tion on brain structure and neurodevelopmental outcome. J Physiol. 
2016;594(4):807–23.

	10.	 Muoio V, Persson PB, Sendeski MM. The neurovascular unit - concept 
review. Acta Physiol (Oxf ). 2014;210(4):790–8.

	11.	 Gilbert WM, Danielsen B. Pregnancy outcomes associated with intrauter‑
ine growth restriction. Am J Obstet Gynecol. 2003;188(6):1596–9.

	12.	 Ortigosa Rocha C, Bittar RE, Zugaib M. Neonatal outcomes of late-pre‑
term birth associated or not with intrauterine growth restriction. Obstet 
Gynecol Int. 2010;2010: 231842.

	13.	 Castillo-Melendez M, Yawno T, Sutherland A, Jenkin G, Wallace EM, 
Miller SL. Effects of antenatal melatonin treatment on the cerebral 
vasculature in an ovine model of fetal growth restriction. Dev Neurosci. 
2017;39(1–4):323–37.

	14.	 Castillo-Melendez M, Yawno T, Allison BJ, Jenkin G, Wallace EM, Miller 
SL. Cerebrovascular adaptations to chronic hypoxia in the growth 
restricted lamb. Int J Dev Neurosci. 2015;45:55–65.

	15.	 Malhotra A, Castillo-Melendez M, Allison BJ, Sutherland AE, Nitsos I, 
Pham Y, et al. Neurovascular effects of umbilical cord blood-derived 
stem cells in growth-restricted newborn lambs : UCBCs for perinatal 
brain injury. Stem Cell Res Ther. 2020;11(1):17.

	16.	 Zhang ZG, Zhang L, Jiang Q, Chopp M. Bone marrow-derived endothe‑
lial progenitor cells participate in cerebral neovascularization after 
focal cerebral ischemia in the adult mouse. Circ Res. 2002;90(3):284–8.

	17.	 Fan Y, Shen F, Frenzel T, Zhu W, Ye J, Liu J, et al. Endothelial progenitor 
cell transplantation improves long-term stroke outcome in mice. Ann 
Neurol. 2010;67(4):488–97.

	18.	 Zhang R, Yang J, Yuan J, Song B, Wang Y, Xu Y. The Therapeutic value of 
bone marrow-derived endothelial progenitor cell transplantation after 
intracerebral hemorrhage in rats. Front Neurol. 2017;8:174.

	19.	 Huang X, Li M, Zhou D, Deng Z, Guo J, Huang H. Endothelial progenitor 
cell transplantation restores vascular injury in mice after whole-brain 
irradiation. Brain Res. 2020;1746: 147005.

	20.	 Zhang S, Zhi Y, Li F, Huang S, Gao H, Han Z, et al. Transplantation of 
in vitro cultured endothelial progenitor cells repairs the blood-brain 
barrier and improves cognitive function of APP/PS1 transgenic AD 
mice. J Neurol Sci. 2018;387:6–15.

	21.	 Geng J, Wang L, Qu M, Song Y, Lin X, Chen Y, et al. Endothelial progeni‑
tor cells transplantation attenuated blood-brain barrier damage 
after ischemia in diabetic mice via HIF-1alpha. Stem Cell Res Ther. 
2017;8(1):163.

	22.	 Hirschi KK, Ingram DA, Yoder MC. Assessing identity, phenotype, and 
fate of endothelial progenitor cells. Arterioscler Thromb Vasc Biol. 
2008;28(9):1584–95.

	23.	 Medina RJ, O’Neill CL, Sweeney M, Guduric-Fuchs J, Gardiner TA, Simp‑
son DA, et al. Molecular analysis of endothelial progenitor cell (EPC) 
subtypes reveals two distinct cell populations with different identities. 
BMC Med Genomics. 2010;3:18.

	24.	 Keighron C, Lyons CJ, Creane M, O’Brien T, Liew A. Recent advances 
in endothelial progenitor cells toward their use in clinical translation. 
Front Med (Lausanne). 2018;5:354.

	25.	 Ma F, Morancho A, Montaner J, Rosell A. Endothelial progenitor cells 
and revascularization following stroke. Brain Res. 2015;1623:150–9.

	26.	 Liman TG, Endres M. New vessels after stroke: postischemic neovascu‑
larization and regeneration. Cerebrovasc Dis. 2012;33(5):492–9.

	27.	 Halurkar MS, Wang J, Chen S, Bihl JC. EPC-EXs improve astrocyte 
survival and oxidative stress through different uptaking pathways in 
diabetic hypoxia condition. Stem Cell Res Ther. 2022;13(1):91.

	28.	 Zagrean AM, Hermann DM, Opris I, Zagrean L, Popa-Wagner A. 
Multicellular crosstalk between exosomes and the neurovascular 
unit after cerebral ischemia. Therapeutic implications. Front Neurosci. 
2018;12:811.

	29.	 Chand KK, Miller SM, Cowin GJ, Mohanty L, Pienaar J, Colditz PB, 
et al. Neurovascular unit alterations in the growth-restricted new‑
born are improved following ibuprofen treatment. Mol Neurobiol. 
2022;59(2):1018–40.

	30.	 McDonald CA, Penny TR, Paton MCB, Sutherland AE, Nekkanti L, Yawno 
T, et al. Effects of umbilical cord blood cells, and subtypes, to reduce 
neuroinflammation following perinatal hypoxic-ischemic brain injury. J 
Neuroinflammation. 2018;15(1):47.

	31.	 Geissler M, Dinse HR, Neuhoff S, Kreikemeier K, Meier C. Human umbili‑
cal cord blood cells restore brain damage induced changes in rat 
somatosensory cortex. PLoS ONE. 2011;6(6): e20194.

	32.	 Li J, Yawno T, Sutherland A, Loose J, Nitsos I, Bischof R, et al. Preterm 
white matter brain injury is prevented by early administration of 
umbilical cord blood cells. Exp Neurol. 2016;283(Pt A):179–87.

	33.	 Pimentel-Coelho PM, Magalhaes ES, Lopes LM, deAzevedo LC, 
Santiago MF, Mendez-Otero R. Human cord blood transplantation in 
a neonatal rat model of hypoxic-ischemic brain damage: functional 
outcome related to neuroprotection in the striatum. Stem Cells Dev. 
2010;19(3):351–8.

	34.	 Razazian M, Khosravi M, Bahiraii S, Uzan G, Shamdani S, Naserian S. Differ‑
ences and similarities between mesenchymal stem cell and endothelial 



Page 19 of 20Bell et al. Stem Cell Research & Therapy           (2023) 14:29 	

progenitor cell immunoregulatory properties against T cells. World J 
Stem Cells. 2021;13(8):971–84.

	35.	 Ladhoff J, Fleischer B, Hara Y, Volk HD, Seifert M. Immune privilege 
of endothelial cells differentiated from endothelial progenitor cells. 
Cardiovasc Res. 2010;88(1):121–9.

	36.	 Nuzzolo ER, Capodimonti S, Martini M, Iachininoto MG, Bianchi M, 
Cocomazzi A, et al. Adult and cord blood endothelial progenitor cells 
have different gene expression profiles and immunogenic potential. 
Blood Transfus. 2014;12(Suppl 1):s367–74.

	37.	 Jia J, Ma B, Wang S, Feng L. Therapeutic potential of endothelial colony 
forming cells derived from human umbilical cord blood. Curr Stem Cell 
Res Ther. 2019;14(6):460–5.

	38.	 Monga R, Buck S, Sharma P, Thomas R, Chouthai NS. Effect of preec‑
lampsia and intrauterine growth restriction on endothelial progenitor 
cells in human umbilical cord blood. J Matern Fetal Neonatal Med. 
2012;25(11):2385–9.

	39.	 Hwang HS, Kwon YG, Kwon JY, Won Park Y, Maeng YS, Kim YH. 
Senescence of fetal endothelial progenitor cell in pregnancy with 
idiopathic fetal growth restriction. J Matern Fetal Neonatal Med. 
2012;25(9):1769–73.

	40.	 Malhotra A, Castillo-Melendez M, Allison BJ, Sutherland AE, Nitsos I, 
Pham Y, et al. Neuropathology as a consequence of neonatal ventila‑
tion in premature growth-restricted lambs. Am J Physiol Regul Integr 
Comp Physiol. 2018;315(6):R1183–94.

	41.	 Lves de Alencar Rocha AK, Allison BJ, Yawno T, Polglase GR, Sutherland 
AE, Malhotra A, et al. Early- versus late-onset fetal growth restriction 
differentially affects the development of the fetal sheep brain. Dev 
Neurosci. 2017;39(1–4):141–55.

	42.	 Paton MCB, Allison BJ, Li J, Fahey MC, Sutherland AE, Nitsos I, et al. 
Human umbilical cord blood therapy protects cerebral white matter 
from systemic LPS exposure in preterm fetal sheep. Dev Neurosci. 
2018;40(3):258–70.

	43.	 Watt AP, Kirkland M, Nekkanti L, Pham Y, McDonald C, Malhotra A, et al. 
Effect of expansion of human umbilical cord blood CD34 + cells on 
neurotrophic and angiogenic factor expression and function. Cell Tis‑
sue Res. 2022;388(1):117–32.

	44.	 Chopra H, Hung MK, Kwong DL, Zhang CF, Pow EHN. Insights into 
endothelial progenitor cells: origin, classification, potentials, and pros‑
pects. Stem Cells Int. 2018;2018:9847015.

	45.	 Kim SW, Roh J, Park CS. Immunohistochemistry for pathologists: proto‑
cols, pitfalls, and tips. J Pathol Transl Med. 2016;50(6):411–8.

	46.	 Castillo-Melendez M, Baburamani AA, Cabalag C, Yawno T, Witjaksono 
A, Miller SL, et al. Experimental modelling of the consequences of 
brief late gestation asphyxia on newborn lamb behaviour and brain 
structure. PLoS ONE. 2013;8(11): e77377.

	47.	 Veys K, Fan Z, Ghobrial M, Bouche A, Garcia-Caballero M, Vriens K, et al. 
Role of the GLUT1 glucose transporter in postnatal CNS angiogenesis 
and blood-brain barrier integrity. Circ Res. 2020;127(4):466–82.

	48.	 Dunn KW, Kamocka MM, McDonald JH. A practical guide to evaluat‑
ing colocalization in biological microscopy. Am J Physiol Cell Physiol. 
2011;300(4):C723–42.

	49.	 Costes SV, Daelemans D, Cho EH, Dobbin Z, Pavlakis G, Lockett S. Auto‑
matic and quantitative measurement of protein-protein colocalization 
in live cells. Biophys J. 2004;86(6):3993–4003.

	50.	 Timmermans F, Plum J, Yoder MC, Ingram DA, Vandekerckhove B, 
Case J. Endothelial progenitor cells: identity defined? J Cell Mol Med. 
2009;13(1):87–102.

	51.	 Borch K, Greisen G. Blood flow distribution in the normal human pre‑
term brain. Pediatr Res. 1998;43(1):28–33.

	52.	 Chand KK, Patel J, Bjorkman ST, Sim SL, Miller SM, Teo E, et al. Combina‑
tion of human endothelial colony-forming cells and mesenchymal 
stromal cells exert neuroprotective effects in the growth-restricted 
newborn. NPJ Regen Med. 2021;6(1):75.

	53.	 Castillo-Melendez M, Yawno T, Jenkin G, Miller SL. Stem cell therapy to 
protect and repair the developing brain: a review of mechanisms of 
action of cord blood and amnion epithelial derived cells. Front Neuro‑
sci. 2013;7:194.

	54.	 Li J, McDonald CA, Fahey MC, Jenkin G, Miller SL. Could cord blood cell 
therapy reduce preterm brain injury? Front Neurol. 2014;5:200.

	55.	 El-Khoury N, Braun A, Hu F, Pandey M, Nedergaard M, Lagamma EF, 
et al. Astrocyte end-feet in germinal matrix, cerebral cortex, and white 
matter in developing infants. Pediatr Res. 2006;59(5):673–9.

	56.	 OSullivan ML, Punal VM, Kerstein PC, Brzezinski JAT, Glaser T, Wright KM, 
et al. Astrocytes follow ganglion cell axons to establish an angiogenic 
template during retinal development. Glia. 2017;65(10):1697–716.

	57.	 Duan LJ, Fong GH. Developmental vascular pruning in neonatal mouse 
retinas is programmed by the astrocytic oxygen-sensing mechanism. 
Development. 2019;146(8).

	58.	 Mi H, Haeberle H, Barres BA. induction of astrocyte differentiation by 
endothelial cells. J Neurosci. 2001;21(5):1538–47.

	59.	 Zerlin M, Goldman JE. Interactions between glial progenitors and blood 
vessels during early postnatal corticogenesis: blood vessel contact 
represents an early stage of astrocyte differentiation. J Comp Neurol. 
1997;387(4):537–46.

	60.	 Chow J, Ogunshola O, Fan S-Y, Li Y, Ment LR, Madri JA. Astrocyte-derived 
VEGF mediates survival and tube stabilization of hypoxic brain microvas‑
cular endothelial cells in vitro. Dev Brain Res. 2001;130(1):123–32.

	61.	 Ment LR, Stewart WB, Fronc R, Seashore C, Mahooti S, Scaramuzzino D, 
et al. Vascular endothelial growth factor mediates reactive angiogenesis 
in the postnatal developing brain. Dev Brain Res. 1997;100(1):52–61.

	62.	 Sinor AD, Irvin SM, Cobbs CS, Chen J, Graham SH, Greenberg DA. Hypoxic 
induction of vascular endothelial growth factor (VEGF) protein in astro‑
glial cultures. Brain Res. 1998;812(1–2):289–91.

	63.	 Scott A, Powner MB, Gandhi P, Clarkin C, Gutmann DH, Johnson RS, et al. 
Astrocyte-derived vascular endothelial growth factor stabilizes vessels in 
the developing retinal vasculature. PLoS ONE. 2010;5(7): e11863.

	64.	 Silverman WF, Krum JM, Mani N, Rosenstein JM. Vascular, glial and 
neuronal effects of vascular endothelial growth factor in mesencephalic 
explant cultures. Neuroscience. 1999;90(4):1529–41.

	65.	 Mani N, Khaibullina A, Krum JM, Rosenstein JM. Astrocyte growth effects 
of vascular endothelial growth factor (VEGF) application to perinatal neo‑
cortical explants: receptor mediation and signal transduction pathways. 
Exp Neurol. 2005;192(2):394–406.

	66.	 Urbich C, Aicher A, Heeschen C, Dernbach E, Hofmann WK, Zeiher AM, 
et al. Soluble factors released by endothelial progenitor cells promote 
migration of endothelial cells and cardiac resident progenitor cells. J Mol 
Cell Cardiol. 2005;39(5):733–42.

	67.	 Rosell A, Morancho A, Navarro-Sobrino M, Martinez-Saez E, Hernandez-
Guillamon M, Lope-Piedrafita S, et al. Factors secreted by endothelial 
progenitor cells enhance neurorepair responses after cerebral ischemia in 
mice. PLoS ONE. 2013;8(9): e73244.

	68.	 Volpe JJ. The encephalopathy of prematurity–brain injury and impaired 
brain development inextricably intertwined. Semin Pediatr Neurol. 
2009;16(4):167–78.

	69.	 Nitsos I, Rees S. The effects of intrauterine growth retardation on the 
development of neuroglia in fetal guinea pigs An immunohistochemical 
and an ultrastructural study. Int J Dev Neurosci. 1990;8(3):233–44.

	70.	 Bassan H, Kidron D, Bassan M, Rotstein M, Kariv N, Giladi E, et al. The 
effects of vascular intrauterine growth retardation on cortical astrocytes. J 
Matern Fetal Neonatal Med. 2010;23(7):595–600.

	71.	 Ogunshola OO, Stewart WB, Mihalcik V, Solli T, Madri JA, Ment LR. Neu‑
ronal VEGF expression correlates with angiogenesis in postnatal develop‑
ing rat brain. Dev Brain Res. 2000;119(1):139–53.

	72.	 Mito T, Konomi H, Houdou S, Takashima S. Immunohistochemical study of 
the vasculature in the developing brain. Pediatr Neurol. 1991;7(1):18–22.

	73.	 Disdier C, Awa F, Chen X, Dhillon SK, Galinsky R, Davidson JO, et al. 
Lipopolysaccharide-induced changes in the neurovascular unit in the 
preterm fetal sheep brain. J Neuroinflammation. 2020;17(1):167.

	74.	 Bourque SL, Davidge ST. Developmental programming of car‑
diovascular function: a translational perspective. Clin Sci (Lond). 
2020;134(22):3023–46.

	75.	 Elicha Gussin HA, Bischoff FZ, Hoffman R, Elias S. Endothelial precursor 
cells in the peripheral blood of pregnant women. J Soc Gynecol Investig. 
2016;9(6):357–61.

	76.	 Sugawara J, Mitsui-Saito M, Hoshiai T, Hayashi C, Kimura Y, Okamura K. 
Circulating endothelial progenitor cells during human pregnancy. J Clin 
Endocrinol Metab. 2005;90(3):1845–8.

	77.	 Calcaterra F, Taddeo A, Colombo E, Cappelletti M, Martinelli A, Calabrese 
S, et al. Reduction of maternal circulating endothelial progenitor cells 



Page 20 of 20Bell et al. Stem Cell Research & Therapy           (2023) 14:29 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

in human pregnancies with intrauterine growth restriction. Placenta. 
2014;35(7):431–6.

	78.	 Sipos PI, Bourque SL, Hubel CA, Baker PN, Sibley CP, Davidge ST, et al. 
Endothelial colony-forming cells derived from pregnancies complicated 
by intrauterine growth restriction are fewer and have reduced vasculo‑
genic capacity. J Clin Endocrinol Metab. 2013;98(12):4953–60.

	79.	 Souza LV, De Meneck F, Oliveira V, Higa EM, Akamine EH, Franco MDC. 
Detrimental impact of low birth weight on circulating number and func‑
tional capacity of endothelial progenitor cells in healthy children: role of 
angiogenic factors. J Pediatr. 2019;206(72–7): e1.

	80.	 Coelho-Santos V, Berthiaume AA, Ornelas S, Stuhlmann H, Shih AY. Imag‑
ing the construction of capillary networks in the neonatal mouse brain. 
Proc Natl Acad Sci U S A. 2021;118(26).

	81.	 Malinovskaya NA, Komleva YK, Salmin VV, Morgun AV, Shuvaev AN, Panina 
YA, et al. Endothelial progenitor cells physiology and metabolic plasticity 
in brain angiogenesis and blood-brain barrier modeling. Front Physiol. 
2016;7:599.

	82.	 Gao W, Li F, Liu L, Xu X, Zhang B, Wu Y, et al. Endothelial colony-forming 
cell-derived exosomes restore blood-brain barrier continuity in mice 
subjected to traumatic brain injury. Exp Neurol. 2018;307:99–108.

	83.	 Huang XT, Zhang YQ, Li SJ, Li SH, Tang Q, Wang ZT, et al. Intracerebroven‑
tricular transplantation of ex vivo expanded endothelial colony-forming 
cells restores blood-brain barrier integrity and promotes angiogenesis of 
mice with traumatic brain injury. J Neurotrauma. 2013;30(24):2080–8.

	84.	 McDonald CA, Djuliannisaa Z, Petraki M, Paton MCB, Penny TR, 
Sutherland AE, et al. Intranasal delivery of mesenchymal stromal cells 
protects against neonatal hypoxic(-)ischemic brain injury. Int J Mol Sci. 
2019;20(10).

	85.	 van den Heuij LG, Fraser M, Miller SL, Jenkin G, Wallace EM, Davidson 
JO, et al. Delayed intranasal infusion of human amnion epithelial cells 
improves white matter maturation after asphyxia in preterm fetal sheep. J 
Cereb Blood Flow Metab. 2019;39(2):223–39.

	86.	 Back SA, Riddle A, Dean J, Hohimer AR. The instrumented fetal sheep as 
a model of cerebral white matter injury in the premature infant. Neuro‑
therapeutics. 2012;9(2):359–70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Endothelial colony forming cell administration promotes neurovascular unit development in growth restricted and appropriately grown fetal lambs
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Ethics approval
	Surgical preparation and tissue collection
	Human ECFC culture and preparation
	Tube formation assay
	acLDL uptake assay
	Flow cytometry
	Immunohistochemistry
	Image analysis and quantification
	Vascular density and morphology
	VEGF expression
	Basement membrane breakdown

	Endothelial GLUT1 expression
	Co-localisation analysis
	Blood brain barrier integrity

	Statistical analysis

	Results
	Culture and characterisation of ECFCs
	Animal characteristics
	Vascular structure
	Vascular function

	Discussion
	Conclusions
	Acknowledgements
	References


