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Abstract

Adipose tissue-derived microvascular fragments are
promising vascularisation units for applications in the field
of tissue engineering. Elderly patients are the major future
target population of such applications due to an increasing
human life expectancy. Therefore, we herein investigated
the effect of aging on the fragments’ vascularisation
capacity. Microvascular fragments were isolated from
epididymal fat pads of adult (8 months) and aged (16
months) C57BL/6 donor mice. These fragments were
seeded onto porous polyurethane scaffolds, which were
implanted into dorsal skinfold chambers to study their
vascularisation using intravital fluorescence microscopy,
histology and immunohistochemistry. Scaffolds seeded
with fragments from aged donors exhibited a significantly
lower functional microvessel density and intravascular
blood flow velocity. This was associated with an impaired
vessel maturation, as indicated by vessel wall irregularities,
constantly elevated diameters and a lower fraction of
CD31/a-smooth muscle actin double positive microvessels
in the implants’ border and centre zones. Additional in
vitro analyses revealed that microvascular fragments
from adult and aged donors do not differ in their stem cell
content as well as in their release of angiogenic growth
factors, survival and proliferative activity under hypoxic
conditions. However, fragments from aged donors exhibit
a significantly lower number of matrix metalloproteinase
-9-positive perivascular cells. Taken together, these
findings demonstrate that aging is a crucial determinant
for the vascularisation capacity of isolated microvascular
fragments.
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Introduction

Survival and long-term function of tissue constructs
are crucially dependent on the rapid establishment of
a sufficient blood supply after their implantation into a
defect site (Laschke et al., 2006a; Novosel et al., 2011).
This, however, cannot be solely achieved by the ingrowth
of blood vessels from the surrounding tissue, because
the physiological growth rate of newly developing
microvessels is estimated not to be faster than ~5 pm/h
(Zarem, 1969; Orr et al., 2003). To overcome this problem,
sophisticated prevascularisation strategies have emerged in
the field of tissue engineering during the last years (Rivron
et al., 2008; Muscari et al., 2014). All of these strategies
are based on the common concept of generating preformed
microvascular networks within tissue constructs prior to
their implantation, which may be rapidly blood-perfused by
developing interconnections to the host microvasculature
at the implantation site (Laschke ez al., 2009; Laschke and
Menger, 2012).

As in the case of other cell-based therapeutic approaches
(Stegemann et al., 2014), the clinical introduction of
prevascularisation strategies faces significant technical,
regulatory and policy hurdles. Hence, rather simple yet
effective strategies may have the best chance to enter
clinical practice in the medium term. In line with this
point of view, we and others recently reported that adipose
tissue-derived microvascular fragments are promising
prevascularisation units for tissue engineering (Shepherd
etal.,2007; Hiscox et al., 2008; Laschke et al., 2012; Pilia
et al., 2014). Importantly, these mixed arteriolar, capillary
and venular vessel segments can be easily isolated by
enzymatic digestion of fat tissue (Hoying et al., 1996;
Shepherd et al., 2004; Nunes et al., 2010). Moreover,
they rapidly reassemble to functional microvascular
networks within implanted tissue constructs (Laschke et
al., 2012). This circumvents the need for a complex and
time-consuming de novo formation of mature vessels in
vitro or in situ, which requires the long-term cultivation
of cell-seeded scaffolds or the implantation of empty
scaffolds at well vascularised sites (Laschke et al., 2008;
Duttenhoefer et al., 2013). Accordingly, in future clinical
practice microvascular fragments may be harvested from a
patient in large amounts by minimally-invasive liposuction
and directly transferred to a defect site without any further
manipulation in an intra-operative one-step procedure.

This approach, however, raises the important question,
if there are relevant patient-associated differences in the
quality of isolated microvascular fragments. It should be
considered that the number of elderly patients will increase
substantially during the next decades due to an increasing
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average human life expectancy. This makes them a major
target population of future tissue engineering applications
(Choudhery et al., 2014). Therefore, the aim of the present
study was to analyse whether the vascularisation potential
of microvascular fragments depends on the age of the fat
sample donor.

For this purpose, we isolated microvascular fragments
from epididymal adipose tissue of adult and aged
C57BL/6 mice. These fragments were seeded onto
porous polyurethane scaffolds, which were implanted into
dorsal skinfold chambers of recipient mice to study their
vascularisation by means of repetitive intravital fluorescence
microscopy, histology, and immunohistochemistry.
Additional in vitro experiments were performed, to assess
the stem cell content of microvascular fragments derived
from donors of different age as well as their survival,
proliferating activity and release of angiogenic growth
factors under hypoxic conditions.

Materials and Methods

Animals

All animal experiments were approved by the local
governmental animal care committee and were conducted
in accordance with the German legislation on protection of
animals and the NIH Guidelines for the Care and Use of
Laboratory Animals (NIH Publication #85-23 Rev. 1985).

To analyse whether the vascularisation potential of
microvascular fragments depends on the age of the fat
sample donors, microvascular fragments were isolated
from the epididymal fat pads of C57BL/6 mice (Institute
for Clinical and Experimental Surgery, University of
Saarland, Homburg/Saar, Germany) with an average age
of 8 months (hereinafter referred to as adult donors) or
16 months (hereinafter referred to as aged donors) (Fig.
1a). Importantly, both groups of donor animals exhibited
a body weight of > 30 g (Fig. 1b), which was necessary
for harvesting a sufficient amount of epididymal adipose
tissue for the isolation of microvascular fragments.

For the preparation of dorsal skinfold chambers, we
used C57BL/6 mice with an average age of 3-4 months
and a body weight of 22-26 g. The animals were housed
one per cage and had free access to tap water and standard
pellet food (Altromin, Lage, Germany).

Isolation of microvascular fragments and seeding of
scaffolds

The donor mice were anaesthetised by intraperitoneal (i.p.)
injection of ketamine (75 mg/kg body weight; Pharmacia,
Erlangen, Germany) and xylazine (25 mg/kg body weight;
Rompun, Bayer, Leverkusen, Germany). After midline
laparotomy, the epididymal fat pads were harvested
(Fig. 1c) and enzymatically digested for the isolation of
microvascular fragments (Fig. 1d), as described previously
in detail (Laschke et al., 2012).

Directly after the isolation procedure, the microvascular
fragments were seeded on porous nano-size hydroxyapatite
particles/poly(ester-urethane) composite scaffolds with a
size of ~3 x 3 x 1 mm and interconnected macropores of
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Fig. 1. (a, b): Age (months) (a) and body weight (g) (b)
of adult (white bars, n = 8) and aged (black bars, n = 8)
C57BL/6 mice, which served as donor animals for the
isolation of microvascular fragments from epididymal
fat pads. Means = SEM. *p < 0.05 vs. adult donors. (¢)
Vessel-containing epididymal fat pad harvested from
an adult donor mouse. (d) Microscopic image of a
microvascular fragment directly after the isolation from
the fat pad. Scale bars: (¢) =2 mm; (d) = 30 um. (e-g):
Dynamic seeding of a porous polyurethane scaffold with
microvascular fragments. The scaffold (e, 2) is fixed in
the lumen of a modified 1 mL syringe by means of a
rubber ring (e, 3). The tip of the syringe is filled with
20 puL PBS containing the microvascular fragments (e,
1). Negative (f) and positive pressure (g) is alternately
induced in the syringe until all microvascular fragments
are trapped in the scaffold pores.
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~220 pum (Laschke et al., 2010a). These elastic scaffolds
exhibit a good in vivo biocompatibility and, thus, have
been used in several former studies as standardised
matrices for the testing of novel vascularisation strategies
for tissue engineering (Laschke et al., 2010b; Laschke et
al.,2011a; Laschke et al.,2013). For the dynamic seeding
procedure, the scaffolds were fixed in the lumen of a
modified 1 mL syringe (BD Plastipak; BD Biosciences,
Heidelberg, Germany). The tip of the syringe was filled
with 20 pL phosphate-buffered saline (PBS) containing the
microvascular fragments (Fig. 1e). Subsequently, negative
and positive pressure was alternately induced three to five
times in the syringe so that the microvascular fragments
could pass the scaffolds from both sides and were finally
trapped in the scaffold pores (Figs. 1f,g).

Dorsal skinfold chamber model and intravital
fluorescence microscopy
The vascularisation of seeded scaffolds was analysed in
the dorsal skinfold chamber of C57BL/6 recipient mice
by means of repetitive intravital fluorescence microscopy
(Fig. 2a). A detailed description of the chamber preparation
is given by Laschke et al. (2011b). After the surgical
procedure, the mice were allowed to recover for 48 h.
Then, the cover glass of the dorsal skinfold chamber
was temporarily removed and one scaffold seeded with
microvascular fragments was placed onto the striated
muscle tissue within the centre of each chamber (Fig. 2b).
For intravital fluorescence microscopy, 0.05 mL
5 % fluorescein isothiocyanate (FITC)-labelled dextran
150,000 (Sigma-Aldrich, Taufkirchen, Germany) was
injected intravenously (i.v.) via the retrobulbar space of
the anaesthetised mice. This provided adequate contrast
enhancement by staining of blood plasma. The animals
were then fixed on a Plexiglas stage and the observation
window of the chamber was horizontally positioned
under a Zeiss Axiotech microscope (Zeiss, Oberkochen,
Germany) with a 100 W mercury lamp, which was attached
to an epi-illumination filter block for blue light. The
microscopic images were recorded by a charge-coupled
device video camera (FK6990; Pieper, Schwerte, Germany)
and transferred to a DVD system for off-line analysis. By
means of 5 x, 10 x and 20 x long-distance objectives (Zeiss)
magnifications of x 115, x 230 and x 460 were achieved
on a 14 inch video screen (Trinitron; Sony, Tokyo, Japan).
The microscopic images were analysed by means
of the software package Caplmage (Zeintl, Heidelberg,
Germany). Vascularisation of the scaffolds was evaluated
at a magnification of x 460 in § different microvascular
regions of interest (ROIs) within the border zone and 8
different microvascular ROIs within the centre of the
implants. Perfused ROIs (given in % of all analysed
ROIs) were defined as areas, which exhibited either newly
developed red blood cell (RBC)-perfused microvessels
or reperfused microvascular fragments. In addition, the
functional microvessel density, i.e., the length of all RBC-
perfused blood vessels per ROI, was measured and is given
in cm/cm? (Laschke et al., 2012). Finally, we assessed the
diameter (d, given in pm) and the centreline RBC velocity
(v, given in um/s) of 25 randomly selected microvessels in
the centre of the implants, which already exhibited a blood
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Fig. 2. (a) Dorsal skinfold chamber (chamber weight
~ 2 g) on the back of a C57BL/6 mouse. (b) Overview
of the observation window of a chamber directly
after implantation of a fragment-seeded polyurethane
scaffold (~ 3 x 3 x 1 mm; borders marked by arrows). (¢-
e) Intravital fluorescence microscopy of a central ROI
of a polyurethane scaffold seeded with microvascular
fragments from an adult donor mouse directly (¢) as
well as at day 10 (d) and 14 (e) after implantation into
the dorsal skinfold chamber. The scaffold initially
lacks a vascularisation (¢). However, due to the rapid
reassembly of the seeded microvascular fragments
the centre of the implant finally exhibits a dense
network of FITC-dextran-labelled blood-perfused
microvessels (d, e). Blue-light epi-illumination with
contrast enhancement by 5 % FITC-labelled dextran
150,000 i.v. Scaffold strands (c-e, asterisks) appear
grey under these imaging conditions. Scale bars: (a)
=5.6 mm; (b) = 1.5 mm; (c-e) = 60 pm.

perfusion at the time point of analysis. The wall shear rate
(v, given in 1/s) of these vessels was then calculated based
on the Newtonian definition: y = 8 * v/d (Ehrmantraut et
al.,2010).

Experimental protocol

Microvascular fragments from 8 adult and 8 aged mice
were seeded on 16 scaffolds and implanted into the dorsal
skinfold chamber of 16 C57BL/6 recipient mice (n = 8 per
group). Intravital fluorescence microscopy was performed
directly after implantation and the implants’ vascularisation
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was analysed at days 3, 6, 10 and 14. At the end of the
in vivo experiments, the animals were sacrificed with
an overdose of the anaesthetic and the dorsal skinfold
preparations were excised for further histological and
immunohistochemical analyses.

In a subset of experiments, microvascular fragments
from additional 4 adult mice and 4 aged mice were seeded
on 8 scaffolds (n =4 per group), which were transferred to
a 48-well plate filled with 550 pL endothelial cell growth
medium MV (PromoCell, Heidelberg, Germany) per well.
To simulate in vitro hypoxic stress, the seeded scaffolds
were cultivated for 18 h in a chamber at constant gas flow
(95%N,, 5% CO,) at 37 °C. This assured an O, saturation
of <5 mm Hg in the culture medium, which is comparable
to an O, atmosphere of 0.5 % (Oberringer et al., 2005;
Purins et al., 2010). After cultivation, the concentration
of vascular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) were analysed in culture
medium supernatants by enzyme-linked immunosorbent
assay (ELISA) and the scaffolds were preserved for further
immunohistochemical analyses.

Histology and immunohistochemistry
Formalin-fixed specimens of cultivated scaffolds as well
as dorsal skinfold preparations with scaffold implants were
embedded in paraffin and cut into 2 pm-thick sections.
Haematoxylin and eosin (HE) staining of individual
sections was performed according to standard procedures.
For immunohistochemical analyses, paraffin-embedded
2 um-thick sections were stained with a monoclonal
rat-anti-mouse antibody against CD31 (1:30; dianova,
Hamburg, Germany), with a polyclonal rabbit-anti-human
antibody against a-smooth muscle actin (a-SMA; 1:100;
Abcam, Cambridge, UK), with a monoclonal mouse-
anti-mouse antibody against proliferating cell nuclear
antigen (PCNA; 1:100, Dako, Hamburg, Germany), with
a polyclonal rabbit-anti-mouse antibody against cleaved
caspase-3 (Casp-3; 1:100; New England Biolabs, Frankfurt
am Main, Germany) and with a polyclonal rabbit-anti-
mouse antibody against matrix metalloproteinase-9 (MMP-
9; 1:25; Abcam). A goat-anti-rat [gG-Cy3 antibody (1:50;
dianova GmbH), a goat-anti-rat IgG-Alexa488 antibody
(1:50; Invitrogen, Eugene, OR, USA), a goat-anti-rabbit
IgG-Cy3 antibody (1:200; dianova), a goat-anti-mouse
IgG-biotinylated antibody (1:200; dianova) and a goat-
anti-rabbit IgG-biotinylated antibody (ready-to-use;
Abcam) served as secondary antibodies. The biotinylated
antibodies were detected by Cy3-labeled-streptavidin
(1:20; Invitrogen). On each section, cell nuclei were stained
with Hoechst 33342 (1:500; Sigma-Aldrich) to merge the
images exactly. The sections were examined using a BX60
microscope (Olympus, Hamburg, Germany). Quantitative
analyses of the sections included the determination of
the microvessel density (CD31-stained cells; given in
mm?) and the fraction of a-SMA-positive microvessels
(double staining with CD31; %) in the border and centre
of implanted scaffolds. Moreover, we assessed the fraction
of PCNA-positive or Casp-3-positive endothelial cells
(double staining with CD31) as well as MMP-9-positive
perivascular cells (double staining with a-SMA) of
microvascular fragments within cultivated scaffolds.
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ELISA

The amount of VEGF and bFGF released from cultivated
scaffolds was measured in 100 pL culture medium by
means of ELISA kits (VEGF: R&D Systems Europe,
Abingdon, UK; bFGF: RayBiotech, Norcross, GA, USA)
using recombinant murine VEGF and bFGF as standards.
Each sample was assayed in duplicate. The values were
corrected to blank values (culture medium without
incubated scaffolds).

Flow cytometric analysis of microvascular fragments
To analyse the stem cell content of microvascular fragments
from adult and aged donors, we performed additional flow
cytometric analyses. For this purpose, microvascular
fragments from 10 adult donor mice and 12 aged donor
mice (pooled in two separate assays) were digested in
Accutase® (BioLegend, Fell, Germany) for 30 min into
single cells. Subsequently, the cells were analysed for
the expression of the mesenchymal stem cell markers
monoclonal rat-anti-mouse CD117-FITC (BD Pharmingen,
Heidelberg, Germany) and unlabelled monoclonal rat-anti-
mouse CD73 (BD Pharmingen) as well as the endothelial
progenitor cell marker combination monoclonal rat-anti-
mouse Sca-1-FITC (BD Pharmingen) and monoclonal
rat-anti-mouse VEGFR-2-PE (BD Pharmingen). Isotype-
identical rat IgG2ax or IgG2bk (BD Pharmingen) and
goat-anti-rat [gG-Cy3 (dianova GmbH) served as controls.
Flow cytometric analyses were performed by means of a
FACScan (BD Pharmingen). Data were evaluated by the
software package CellQuest (BD Pharmingen).

Statistics

After testing the data for normal distribution and equal
variance, differences between the two groups were
analysed by the unpaired Student’s z-test. To test for time
effects in the individual groups, ANOVA for repeated
measures was applied. This was followed by the Student-
Newman-Keuls test, including the correction of the alpha
error according to Bonferroni probabilities to compensate
for multiple comparisons (SigmaStat; Jandel Corporation,
San Rafael, CA, USA). All values are expressed as means
+ SEM. Statistical significance was accepted for a value
of p <0.05.

Results

Vascularisation of implanted scaffolds

After implantation into the dorsal skinfold chamber, the
vascularisation of seeded scaffolds could be repetitively
visualised over an observation period of 14 days by
means of intravital fluorescence microscopy (Figs. 2c-e).
During the first 3 days, newly formed vascular sprouts
were detected in the border zones of the scaffolds as a
typical early sign of the angiogenic host tissue reaction
to the implants. These sprouts originated from capillary
and venular segments of the host microvasculature and
progressively grew towards the scaffold strands. At day
6 after implantation, we detected first blood-perfused
microvessels in the scaffolds’ centre. This finding proves
that at this early time point the seeded microvascular
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Fig. 3. (a, b) Intravital fluorescence microscopy of the centre of a polyurethane scaffold seeded with microvascular
fragments from an adult (a) and an aged donor mouse (b) at day 14 after implantation into the dorsal skinfold
chamber. The scaffold seeded with microvascular fragments from the adult donor contains a dense network of
FITC-dextran-labelled blood-perfused microvessels (a), whereas the scaffold seeded with microvascular fragments
from the aged donor still exhibits large areas lacking a blood supply (b, asterisks). Blue-light epi-illumination with
contrast enhancement by 5 % FITC-labelled dextran 150,000 .v. Scale bars: 320 um. (¢-f) Perfused ROIs (%) (¢, d)
and functional microvessel density (e, f) within the border (c, e) and the centre (d, f) of polyurethane scaffolds seeded
with microvascular fragments derived from adult (white circles, » = 8) and aged donor mice (black circles, n = 8)
after implantation into dorsal skinfold chambers, as assessed by intravital fluorescence microscopy and computer-
assisted image analysis. Means = SEM. #p < 0.05 vs. 0 d and 3 d within each individual group; °» <0.05vs.0d, 3 d
and 6 d within each individual group; ¢» <0.05 vs. 0 d, 3 d, 6 d and 10 d within each individual group; *p < 0.05 vs.
adult donors.
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fragments had already developed interconnections to
the surrounding blood vessels of the chamber tissue.
Throughout the further time course of the experiment,
an increasing number of microvascular fragments
reassembled. Moreover, they served as the origin of new

Aging and microvascular fragments

aged donors (Figs. 5a,b). Moreover, it presented with a
significantly reduced microvessel density in the border and
centre zones of the implants when compared to the other
group (Figs. Sc, d and i). Taken together, these findings
indicate a deteriorated incorporation of the scaffolds

vessel sprouts, finally resulting in the formation of blood-
perfused microvascular networks within the implants.
Importantly, this vascularisation process markedly
differed between implanted scaffolds, which were seeded
with microvascular fragments from adult and aged
fat donors. In fact, the scaffolds in the group of aged
donors exhibited a delayed vascularisation, as indicated
by a significantly reduced number of perfused ROIs
in their border and centre zones between day 6 and 14
after implantation when compared to those in the adult
group (Figs. 3a-d). In addition, the newly developing
microvascular networks in the group of aged donors
presented also with a significantly lower functional

microvessel density (Figs. 3a, b, ¢ and f). 801
More detailed intravital fluorescent microscopic 701 C
analyses of microhaemodynamic parameters further = 601
revealed that reperfused microvascular fragments in the 2 50
scaffolds’ centre of both groups exhibited comparable 2
diameters of 50-60 pm at day 6 (Fig. 4c). During the 5 407
further time course, however, diameters of microvascular © 30 1
fragments from adult donors progressively decreased, 20 A
whereas microvascular fragments from aged donors 10 . ' ‘
presented with vessel wall irregularities and constant 6d 10d 14d
diameters until the end of the experiment (Figs. 4a-c). The
decline in vessel diameters in the group of adult donor 320 1 b
fragments was associated with an increase of the centreline g 2801d
RBC velocity (Fig. 4d). Accordingly, calculated values = 2401
of the wall shear rate also progressively increased in this % 200 +
group (Fig. 4¢). In contrast, blood-perfused fragments from & 160 1
aged donors exhibited a constant centreline RBC velocity £ 120 1 2 *
and wall shear rate, which were markedly reduced at day 2 80
14 when compared to those of the fragments from adult % 40
donors (Figs. 4d,¢). 8 ol i
6d 10d 14d
Incorporation and angioarchitecture of implanted _—
scaffolds 0 { @ b
At day 14 after implantation into the dorsal skinfold —
chamber, we additionally analysed the scaffolds by means é 1209
of histology and immunohistochemistry. In both groups, *g 1007
we detected a newly formed granulation tissue in the g 22:
border zones and the pores of the implants. However, this ® a .
granulation tissue exhibited a lower cellular density in ‘=g 401
the scaffolds seeded with microvascular fragments from 22 |

6d 10d 14d

Fig. 4. (a, b) Intravital fluorescence microscopy of a typical blood-perfused microvessel in the centre of a polyurethane
scaffold seeded with microvascular fragments from an adult (a) and an aged donor mouse (b) at day 14 after implantation
into the dorsal skinfold chamber. Note that the microvessel in (b) exhibits a much larger diameter and a lower blood
flow (indicated by the visualisation of individual black-appearing erythrocytes (arrows) in the vessel lumen) when
compared to the microvessel in (a). Blue-light epi-illumination with contrast enhancement by 5 % FITC-labelled
dextran 150,000 i.v.. Scale bars: 30 um. (c-e) Diameter (um) (c¢), centreline RBC velocity (um/s) (d) and wall shear
rate (1/s) (e) of blood-perfused microvessels in the centre of polyurethane scaffolds seeded with microvascular
fragments derived from adult (white circles, » = 8) and aged donor mice (black circles, n = 8) after implantation into
dorsal skinfold chambers, as assessed by intravital fluorescence microscopy and computer-assisted image analysis.
Means + SEM. #p < 0.05 vs. 6 d within each individual group; ®» < 0.05 vs. 6 d and 10 d within each individual group;
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Fig. 5. (a, b) HE-stained sections of a polyurethane scaffold (borders marked by broken line) seeded with microvascular
fragments from an adult (a) and an aged donor mouse (b) at day 14 after implantation onto the host striated muscle
tissue (arrows) within the dorsal skinfold chamber. Note that the newly formed granulation tissue surrounding and
invading the implants exhibits a lower cellular density in (b) when compared to (a). Scale bars: 650 um. (¢, d)
Immunohistochemical detection of CD31-positive microvessels (red) in a polyurethane scaffold (borders marked
by broken line) seeded with microvascular fragments from an adult (¢) and an aged donor mouse (d). The sections
are stained with Hoechst 33342 to identify cell nuclei. Note the markedly higher microvessel density in (¢) when
compared to (d). Scale bars: 650 pm. (e-h) Immunohistochemical detection of CD31 (green) and a-SMA (red) in
the border (e, g) and the centre (f, h) of a polyurethane scaffold seeded with microvascular fragments from an adult
(e, f) and an aged donor mouse (g, h). The sections are stained with Hoechst 33342 to identify cell nuclei. Note the
higher number of CD31/a-SMA-double positive microvessels (arrows) in (e) and (f) when compared to (g) and (h).
Scale bars: 27 um. (i, j) Microvessel density (mm?) (i) and a-SMA-positive microvessels (%) (j) in the border and
centre of polyurethane scaffolds seeded with microvascular fragments derived from adult (white bars, #» = 8) and aged
donor mice (black bars, n = 8) at day 14 after implantation into dorsal skinfold chambers, as assessed by quantitative
immunohistochemical analysis. Means + SEM. *p < 0.05 vs. adult donors.

seeded with microvascular fragments from aged donors
into the surrounding tissue.

In addition, we assessed the fraction of mature oa-SMA -
positive microvessels in the border and centre zones of
the implants of both groups. Of interest, we found that the
scaffolds seeded with microvascular fragments from aged
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donors contained a significantly lower number of mature
microvessels when compared to scaffolds seeded with
microvascular fragments from adult donors (Figs. Se, f, g, h
and j). This indicates that the process of vessel maturation
is markedly impaired in microvascular fragments from
aged donors.
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Fig. 6. (a, b) Immunohistochemical
detection of CD31 (green) and MMP-9
(red) in microvascular fragments from
an adult (a) and an aged donor mouse (b)
after seeding on polyurethane scaffolds
and cultivation for 18 h under hypoxic
conditions. The sections are stained
with Hoechst 33342 to identify cell
nuclei. Note that in contrast to (b), the
microvascular fragment in (a) contains
many perivascular cells, which exhibit
a strong MMP-9 expression (arrows).
Scale bars: 11 pm. (c-e) PCNA-positive
endothelial cells (%) (¢), Casp-3-
positive endothelial cells (%) (d) and
MMP-9-positive perivascular cells
(%) (e) in microvascular fragments
derived from adult (white bars, n = 4)
and aged donor mice (black bars, n=4)
after seeding on polyurethane scaffolds
and cultivation for 18 h under hypoxic
conditions, as assessed by quantitative
immunohistochemical analysis. Means
+ SEM. *p < 0.05 vs. aged donors. 0 -
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Regenerative properties of hypoxia-exposed
microvascular fragments

To study the regenerative properties of microvascular
fragments in a controlled in vitro setting, we cultivated
fragment-seeded scaffolds for 18 h under hypoxic
conditions, as they would also occur during the initial
hours after scaffold implantation into a defect site. After
this hypoxic phase, we measured the levels of angiogenic
growth factors released in the culture medium. We found
that VEGF and bFGF levels did not significantly differ
between scaffolds seeded with microvascular fragments
from adult (VEGF: 35 + 6 pg/mL, bFGF: 541 + 74 pg/
mL) and aged donors (VEGF: 28 + 4 pg/mL, bFGF:
428 £ 50 pg/mL).

‘We next analysed the proliferative activity and survival
of endothelial cells within the microvascular fragments
by means of immunohistochemistry. For this purpose, the
cells were stained with the endothelial marker CD31 to
distinguish them from the surrounding perivascular cells. In
addition, the sections were stained with antibodies against
the proliferation marker PCNA and the apoptosis marker
Casp-3. By this, we could demonstrate that microvascular
fragments from adult and aged donors exhibited a
comparable number of PCNA-positive and Casp-3-positive
endothelial cells (Figs. 6¢,d).

Finally, the sections were stained with an antibody
against MMP-9, which is a crucial regulator of the
invasive and migratory behaviour of endothelial cells and
perivascular smooth muscle cells during angiogenesis
and vascular remodelling (Chen et al., 2013). Of interest,
MMP-9 was only expressed in a very few endothelial cells
(<1 %) of microvascular fragments from adult and aged
donors. However, we detected a strong MMP-9 expression
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in many perivascular cells of microvascular fragments from
adult donors (Figs. 6a,e), which was almost completely
abolished in the group of aged donors (Figs. 6b,e).

Stem cell content of microvascular fragments

To clarify, whether there is a difference in the stem cell
content between microvascular fragments from adult and
aged donors, we performed additional flow cytometric
analyses. Freshly isolated microvascular fragments from
adult donors contained 7 + 3 % and 2 £+ 1 % of cells, which
expressed the mesenchymal stem cell markers CD73 and
CD117, respectively. Moreover, they contained 2 = 0 %
Sca-1/VEGFR-2-positive EPCs. Of interest, the stem cell
content of microvascular fragments from aged donors
did not differ from these values (CD73: 6 +£3 %, CD117:
1 £ 0 %, Sca-1/VEGFR-2: 2 £ 0 %).

Discussion

In recent years, a growing number of studies indicate that
the transplantation of adipose tissue-derived microvascular
fragments represents a highly promising vascularisation
strategy in the field of regenerative medicine and tissue
engineering (Shepherd et al., 2007; Hiscox et al.,
2008; Laschke et al., 2012; Pilia et al., 2014). In fact,
this approach is of particular clinical relevance in that
microvascular fragments may be rapidly isolated from
fat tissue samples of a patient and directly transferred
back into a defect site in an intra-operative one-step
procedure. However, as for any other cell-based autologous
approach (Stolzing et al., 2008; Steinert et al., 2012), the
regenerative potential of these vessel segments may be
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crucially determined by distinct patient characteristics. In
line with this view, our novel experimental data indicate
that microvascular fragments from aged donors exhibit an
impaired vascularisation capacity.

Although the use of microvascular fragments
circumvents the need for a time-consuming de novo vessel
formation within tissue constructs, the reassembly of these
fragments into new microvascular networks and their
interconnection with the surrounding host microvasculature
also involves distinct steps of angiogenesis and vascular
remodelling (Chang ef al., 2010; Nunes et al., 2010). By
now, there is no doubt that these processes are markedly
impaired in the elderly, which likely contributes to the
increased prevalence of cardiovascular diseases and
their sequelae in this patient population (Léhteenvuo and
Rosenzweig, 2012). Accumulating evidence, however,
indicates that there may be major discrepancies between
the molecular and cellular mechanisms, which impair
blood vessel formation under different conditions. For
instance, angiogenesis is affected in the elderly during
wound healing or limb ischemia (Rivard et al., 1999; Swift
et al., 1999) but does not show any alterations in response
to exercise training (Rossiter et al., 2005; Gavin et al.,
2007). Accordingly, we focused in our study on several
mechanisms, which may have specifically contributed to
the impaired vascularisation capacity of microvascular
fragments from aged donors in the present setting.

After implantation into the dorsal skinfold chamber,
the vascularisation of fragment-seeded scaffolds was
analysed by means of intravital fluorescence microscopy.
Importantly, this approach did not only enable the
repetitive in vivo visualisation of network formation
within the implants but also allowed for the assessment
of microhaemodynamic parameters. By this, we could
demonstrate that the reperfusion of microvascular
fragments from adult donors was associated with a
progressive decrease of the microvascular diameter and an
increase of the centreline RBC velocity. This observation
is typical for the maturation and vascular remodelling of
developing microvascular networks within different types
of tissue grafts during the initial days after transplantation
(Menger et al., 1989; Vollmar ef al., 2001; Laschke et al.,
2006b). In consequence, calculated values of wall shear
rates of individual microvessels increased continuously
over time. Considering the fact that shear stress-induced
mechanical forces promote angiogenesis (Brown and
Hudlika, 2003; Resnick et al., 2003), this mechanism may
have markedly contributed to the accelerated formation of
dense microvascular networks in the implants’ centre of
this group.

In contrast, microvessels in scaffolds seeded with
microvascular fragments derived from aged donors
exhibited constantly elevated diameters with vessel wall
irregularities and low centreline RBC velocities throughout
the observation period. This indicates a disturbed
maturation of the newly developing microvasculature.
The maturation of microvessels is characterised by the
recruitment of perivascular pericytes or smooth muscle
cells, which stabilise the vessel wall, resulting in a regular
shape of the vessel and a reduction of the vessel calibre
(Hellstrom et al., 2001). In addition, it has been shown that
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immature blood vessels finally undergo regression (Papetti
and Herman, 2002). In line with these findings, we detected
a significantly reduced fraction of CD31/a-SMA-positive
microvessels and a markedly lower microvessel density
in the border and centre zones of scaffolds seeded with
microvascular fragments derived from aged donors.

For a more detailed analysis of the regenerative
properties of microvascular fragments, we next chose
a controlled in vitro setting, mimicking the challenging
environment within an implanted scaffold during the early
avascular phase after implantation into a defect site. For this
purpose, we cultivated fragment-seeded scaffolds for 18 h
under hypoxic conditions. It is well known that hypoxia
is one of the strongest driving forces for the production
and release of angiogenic growth factors (Choi et al.,
2003) and that the underlying mechanisms are impaired
in the elderly (L&hteenvuo and Rosenzweig, 2012). In our
experiment, however, levels of released VEGF and bFGF
in the culture medium did not markedly differ between
scaffolds seeded with microvascular fragments from adult
and aged donors. In contrast to other studies (Wang et
al. 2004; Wang et al., 2014), we also did not detect any
age-dependent differences in the number of proliferating
and apoptotic endothelial cells. These results indicate that
the impaired vascularisation capacity of microvascular
fragments from aged donors is not primarily caused by a
deteriorated angiogenic activation of the endothelium or
endothelial cell survival.

We next analysed the expression of MMP-9 in the
fragments. This proteolytic endopeptidase is crucially
involved in vascular remodelling by regulating the
degradation of extracellular matrix components and the
recruitment of pericytes (Chantrain et al., 2006; Chen et al.,
2013). Of interest, we detected a strong MMP-9 expression
in many perivascular cells of microvascular fragments from
adult donors, which was almost completely abolished in the
group of aged donors. This observation is in line with our
in vivo finding that the process of network maturation is
impaired in implanted scaffolds seeded with microvascular
fragments derived from aged donors. In addition, it has
recently been shown that engrafted vascular networks
typically wrap around existing host vessels and express
high levels of MMP-9 and MMP-14. This results in the
disruption of the underlying host vessel, thereby diverting
blood flow into the nascent, implanted network (Cheng
et al., 2011). Taking this novel mechanism of ‘wrapping-
and-tapping anastomosis’ into account in the present study,
down-regulation of perivascular MMP-9 expression may
have markedly affected the rapid reassembly of fragments
derived from aged donors into functional microvascular
networks and their interconnection with the surrounding
host microvasculature.

Previous studies indicate that microvascular fragments
are a source of several types of regenerative stem cells
(Laschke et al., 2012; McDaniel et al., 2014). Accordingly,
we finally analysed the stem cell content of microvascular
fragments from young and old donor mice by means
of flow cytometry. We found that both fragment types
exhibited a comparable number of CD73- and CD117-
positive mesenchymal stem cells as well as Sca-1/VEGFR-
2-positive EPCs. This, however, does not necessarily
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mean that the regenerative potential of these cells is also
comparable in both groups. In fact, recent reports indicate
that aging alters the proliferation, differentiation and
angiogenic activity of adipose-derived mesenchymal stem
cells (Altetal.,2012; Efimenko et al., 2014). Accordingly,
further studies are needed to clarify whether this aging
effect contributes to the herein observed impaired
vascularisation capacity of microvascular fragments.

Conclusions

The present study demonstrates that network formation,
onset of blood perfusion and vascular remodelling are
markedly affected in implanted scaffolds seeded with
adipose tissue-derived microvascular fragments from
aged donors. In light of the fact that elderly patients will
be the major target population of regenerative approaches
in the future, following studies should therefore focus on
novel strategies to stimulate the vascularisation capacity
of microvascular fragments for different tissue engineering
applications.
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Discussion with Reviewers

M. Ioibl: You clearly demonstrated a difference regarding
the weight of adult and aged C57BL/6 mice. Could you
imagine a diet-induced obesity in some of the animals with
resulting cardiovascular disease? Please comment!
Authors: The measured difference in weight of adult and
aged C57BL/6 mice in the present study was physiological
and not induced by the standard diet. However, it is possible
to induce obesity in these animals by means of a specific
fat diet. This could be an interesting approach to analyse
in future studies the effects of cardiovascular disease on
the vascularisation potential of isolated microvascular
fragments.

M. Ioibl: You gathered a large body of evidence about
the impaired vascularisation. The question if it clinically
“matters” is not addressed in this study. Could you
speculate on the clinical impact for tissue defect healing
in vivo?

Authors: As already mentioned in our article, elderly
patients will be the major target population of regenerative
approaches in the future. Our findings indicate that the
vascularisation potential of microvascular fragments may
be impaired in these patients, which may markedly affect
the clinical success of tissue defect healing when using this
vascularisation strategy for implanted tissue constructs.
Therefore, we suggest that future studies should focus
on the establishment of approaches, which may help to
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improve the vascularisation potential of microvascular
fragments in elderly patients.

M. Ioibl: Stem cell origin is crucial for various tissue-
engineering purposes. Have you looked at the differentiation
capacity of the contained stem cells in the applied
microvascular fragments? For the regeneration of which
tissues do you specifically recommend microvascular
fragments?

Authors: In the present study, we did not analyse the
differentiation capacity of the stem cells inside the isolated
microvascular fragments. However, previous studies
have already shown that aging alters the differentiation of
adipose-derived mesenchymal stem cells (Alt et al., 2012;
Efimenko et al., 2014, text references).

We feel that the use of microvascular fragments as
vascularisation units is not restricted to a specific tissue.
In fact, microvascular fragments may be applied whenever
a rapid and sufficient scaffold vascularisation is needed.
For this purpose, microvascular fragments may also be
combined with tissue-specific cells, such as keratinocytes
for the generation of skin or osteoblasts for the generation
of bone.

H.-G. Machens: What chance do you see to upscale the
size of the matrix used in this model?

Authors: In the present study we used porous nano-size
hydroxyapatite particles/poly(ester-urethane) composite
scaffolds, which were fabricated by a salt leaching-phase
inverse technique (Laschke et al., 2010a, text reference).
The original size of these scaffolds during the production
process was 2 x 9 cm. For the dorsal skinfold chamber
experiments, the material had to be sliced into 3 x 3 x I mm
samples by means of water jet cutting and a laser ablation
technique. Accordingly, upscaling of the scaffolds for other
applications is not a problem.

H.-G. Machens: Would this seeding technique be
applicable in matrices for both dermal and bone
replacement?

Authors: Our seeding technique is applicable for a
broad range of different scaffolds as long as they exhibit
interconnected pores, which allow a dynamic flow of
seeding suspensions through the material.
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