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Abstract In vitro models of angiogenesis are valuable
tools for understanding the underlying mechanisms of
pathological conditions and for the preclinical evalua-
tion of therapies. Our laboratory developed the rat mes-
entery culture model as a new tool for investigating
mechanistic cell–cell interactions at specific locations
across intact blood and lymphatic microvascular net-
works ex vivo. The objective of this study was to report
a method for evaluating the effect of aging on human
stem cell differentiation into pericytes during angiogen-
esis in cultured microvascular networks. DiI labeled
exogenous stem cells were seeded onto harvested adult
Wistar rat mesenteric tissues and cultured in alpha-

MEM+ 1% serum for up to 5 days according to four
experimental groups: (1) adult human adipose–derived
stem cells (hASCs), (2) aged hASCs, (3) adult human
bone marrow-derived stem cells (hBMSCs), and (4)
aged hBMSCs. Angiogenesis per experimental group
was supported by observation of increased vessel den-
sity and capillary sprouting. For each tissue per experi-
mental group, a subset of cells was observed in typical
pericyte location wrapped along blood vessels. Stem
cell differentiation into pericytes was supported by the
adoption of elongated pericyte morphology along endo-
thelial cells and positive NG2 labeling. The percentage
of cells in pericyte locations was not significantly dif-
ferent across the experimental groups, suggesting that
aged mesenchymal stem cells are able to retain their
differentiation capacity. Our results showcase an appli-
cation of the rat mesentery culture model for aging
research and the evaluation of stem cell fate within intact
microvascular networks.
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Introduction

Stem cell therapy has emerged as a promising method to
treat a wide range of age-related diseases including
peripheral artery disease (Hao et al. 2014) and myocar-
dial infarction (Fuchs et al. 2001), where the underlying
condi t ion is impairment of the angiogenic
process defined as the formation of new blood vessels.
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Impaired angiogenesis has been linked to aging through
altered endothelial cell dynamics, including decreased
capillary sprouting (Heiss et al. 2005; Hoetzer et al.
2007), cellular senescence (Minamino et al. 2004;
Erusalimsky 2009), and diminished responses to growth
factor signaling (Moriya and Minamino 2017). A po-
tential therapeutic target to combat impaired angiogen-
esis are vascular pericytes, specialized support cells that
function to promote angiogenesis and stabilize newly
formed blood vessels through the regulation of endothe-
lial cells (Gerhardt and Betsholtz 2003; Ozerdem 2006;
Stapor et al. 2013; Kelly-Goss et al. 2014; Hodges et al.
2018). One of the proposed solutions to restore pericyte
coverage and promote angiogenesis for the treatment of
age-related diseases has been the use of differentiated
stem cells (Mendel et al. 2013; Cronk et al. 2015;
Kramerov and Ljubimov 2016).

Tissue-resident stem cell populations present a sus-
tainable source for new pericytes to treat pathological
angiogenesis. Mesenchymal stem cells (MSCs) are res-
ident stem cells present in numerous tissue sources
including the bone marrow, adipose, and blood
(Izadpanah et al. 2006; Hou et al. 2016). These
multipotent cells have been used in recent years to
promote angiogenesis by cytokine signaling, direct cell
incorporation, and differentiation into various cell types
including pericytes (Rehman et al. 2004; Kondo et al.
2009; Kachgal and Putnam 2011; Mendel et al. 2013).
For example, Rajantie et al. showed that a subpopulation
of bone marrow-derived cells that participated in angio-
genesis had the distinct morphology of vascular
pericytes, expressed the pericyte marker NG2, and were
found in close spatial association with endothelial cells
along blood vessels (Rajantie et al. 2004). Mendel et al.
differentiated adipose-derived stem cells (ASCs) into
pericytes and intravitreally injected the cells to enhance
retinal microvascular stabilization in a murine model of
retinopathy. ASC derived pericytes incorporated into the
host vasculature and adopted both pericyte morphology
and marker expression (Mendel et al. 2013). While
MSCs derived from bone marrow and adipose tissue
have been shown to enhance angiogenesis, our under-
standing of their function and differentiation capacity
from aged tissue sources remain relatively unclear.

Aging is accompanied by the gradual decline of
cellular competency and function in the body over
time. One of the hallmarks of aging is thought to be
stem cell exhaustion, which can manifest itself as a
reduction in the number of stem cells and decreased

tissue regeneration capabilities (López-Otín et al.
2013). For example, studies have reported that aged
bone marrow–derived stem cells (BMSCs) showed a
decline in proliferation and differentiation potential,
and exhibited a higher expression of p53 and p21,
both indicative of cellular senescence (Zhou et al.
2008; Yu et al. 2011). Similarly, Efimenko et al.
showed aged ASCs have impaired proliferation and
decreased angiogenic properties characterized by low
expression levels of vascular endothelial growth fac-
tor, a major regulator of new vessel formation
(Efimenko et al. 2011). These findings highlight the
need to evaluate stem cells from aged tissue sources
to help answer questions regarding their cellular fate
and function for effective therapeutic applications. In
addition, aging has been associated with microvascu-
lar alterations including changes in microvascular
phenotypes, impaired microvascular growth re-
sponses, cell senescence, oxidative stress–induced
microvascular injury, and altered neurovascular
coupling—all of which contribute to compromised
tissue function (Csiszar et al., 2017; Tarantini et al.
2017; Fulop et al. 2018; Sure et al. 2018; Ungvari
et al. 2018).

Our lab has developed the rat mesentery culture
model for studying endothelial cell dynamics during
angiogenesis in an ex vivo microvascular environ-
ment (Stapor et al. 2013). The complexity of native
microvascular networks in mesentery tissue provides
our model with the advantage of matching in vivo
physiology in a controlled environment. Previously,
we have shown the rat mesentery culture model can be
used as a tool to investigate pericyte-endothelial cell
interactions during angiogenesis (Stapor et al. 2013),
to evaluate VEGF-C–induced lymphangiogenesis
(Sweat et al. 2014), and to evaluate anti-angiogenic
drug responses using time-lapse capabilities (Azimi
et al. 2015). Here we introduce the rat mesentery
culture model as a platform to screen the differentia-
tion potential of aged versus adult stem cells real-time
in the presence of microvascular networks. We pro-
vide a method of seeding aged and adult stem cells
from both adipose and bone marrow tissue sources
onto rat mesentery tissue for time-lapse culture up to
5 days (Fig. 1). Our results validate that MSCs can be
seeded onto mesentery tissue, remain viable, and in-
corporate into the native microvascular networks.
Thus, the present manuscript provides a detailed pro-
tocol for screening stem cells from different aged
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donors to determine their potential for therapeutic
applications.

Materials and methods

Culture reagents and supplies

Saline (Baxter, Deerfield, IL), Dulbecco’s phosphate-
buffered saline (DPBS; Life Technologies, Carlsbad,
CA), minimum essential media (MEM; Life Technolo-
gies, Carlsbad, CA), penicillin-streptomycin 10,000 U/
mL (PS; Life Technologies, Carlsbad, CA), fetal bovine
serum (FBS; Life Technologies, Carlsbad, CA;
HyClone , Logan UT; At lan ta Bio logica l s ;
Lawrenceville, GA), formaldehyde 16% w/v (Thermo
Scientific, Waltham, MA), saponin (Sigma-Aldrich, St.
Louis, MO), Vybrant™ CM-DiI cell-labeling solution
(DiI; Invitrogen, Carlsbad, CA), CellCrown™ inserts
(Inserts; Sigma-Aldrich, St. Louis, MO), Isopore Mem-
brane Filter (Filter membrane; Millipore, Burlington,
MA), type I collagenase (Sigma-Aldrich, St. Louis,
MO), powdered bovine serum albumin (powdered
BSA, fraction V; Sigma-Aldrich, St. Louis, MO),
Dulbecco’s modified Eagle medium: nutrient mixture
F-12 (DMEM/F12; HyClone, Logan, UT), antibiotic/
antimycotic (Fisher Scientific, Hampton, NH), 0.25%
trypsin/1 mM EDTA (GIBCO, Grand Island, NY), α-
MEM (Thermo Scientific, Waltham, MA), L-glutamine
(Thermo Scientific, Waltham, MA).

Labeling reagents

B o v i n e s e r um a l b um i n ( B SA ; J a c k s o n
Immunoresearch, West Grove, PA), normal goat serum
(NGS; Jackson Immunoresearch, West Grove, PA),
phosphate-buffered saline (PBS; Sigma-Aldrich, St.
Louis, MO), glycerol (Fisher Scientific, Hampton,
NH), FITC-conjugated BSI-lectin (Sigma-Aldrich, St.
Louis, MO), anti-NG2 chondroitin sulfate proteoglycan
antibody (NG2; Sigma-Aldrich, St. Louis, MO), and
goat anti-rabbit Cy2-conjugated antibody (GAR-Cy2;
Jackson Immunoresearch, West Grove, PA).

Stem cell sources

Primary human ASCs were obtained from 8 adult do-
nors (29.3 ± 6.4 years) and 8 aged donors (62.5 ±
6.6 years) undergoing elective liposuction procedures,

as previously described (Bunnell et al. 2008; Strong
et al. 2015; Jones et al. 2017). All human ASC protocols
were reviewed and approved by the Pennington Bio-
medical Research Center’s Institutional Review Board,
and all human participants provided written informed
consent. Primary human BMSCs were obtained from 8
adult donors (25.9 ± 5.5 years) and 8 aged donors (55.9
± 6.1 years). Bone marrow aspirates isolated from the
iliac crest, as previously described (Pachón-Peña et al.
2011; Semon et al. 2014). All human BMSC protocols
were approved by Tulane University’s Institutional Re-
view Board and the Partners Human Research Commit-
tee. The BMSCs and ASCs used for this study were
characterized before coculturing. After isolation and
cryopreservation, the cells were characterized by
performing a series of standard assays in which the cells
are characterized by their ability to form colonies in a
colony-forming unit assay, as well as their ability to
undergo osteogenic, adipogenic, and chondrogenic dif-
ferentiation (Bunnell et al. 2008; Strong et al. 2015;
Jones et al. 2017). Additionally, the cell surface antigen
profile was characterized by flow cytometry. The cells
are typically characterized for the expression of both
positive (CD90, CD105, CD73) and negative (CD45,
CD34, CD3) antigens (Pachón-Peña et al., 2011).

Mesentery tissue harvest

All animal experiments were approved by Tulane
University’s Institutional Animal and Care Use
Committee. Our laboratory has developed and pre-
viously published protocols for the rat mesentery
tissue culture method (Stapor et al. 2013; Azimi
et al. 2015), including detailed instructions to cre-
ate the surgical stage for mesentery harvest and a
complete list of reagents and supplies (Azimi et al.
2017). Autoclave instruments and supplies prior to
surgery and perform all procedures using sterile
technique.

1) Anesthetize an adult male Wistar rat (350 ± 25 g)
via an intramuscular injection of ketamine
(80 mg/kg body weight) and xylazine (8 mg/kg
body weight). Confirm that the rat is fully under
anesthesia by checking for a lack of reflex response.

2) Shave the abdominal region and remove remaining
hair using hair removal cream. Wipe the abdominal

GeroScience (2020) 42:515–526 517



skin three times with alternating 70% isopropyl
alcohol followed by povidone-iodine.

3) Make an incision along the abdominal midline
starting 1 in. below the sternum. Be careful not to
puncture the bowel or mesentery (1 layer of skin, 1
layer of connective tissue, and 1 layer of muscle).

4) Place a drape with a precut hole over the incision
and place the sterile surgical stage atop the drape,
ensuring both openings align with the incision. Use
sterile cotton-tipped applicators to locate and pull
out the ileum through the surgical stage opening.

5) Pull 6–8 mesentery tissues through the stage using
the cotton-tipped applicators being careful not to
touch the translucent windows. Keep the exposed
tissues moist with sterile saline as needed using a
sterile syringe to drip the solution.

6) Euthanize the rat via intracardiac injection of
Beuthanasia-D (0.2 mL per rat). Ensure the rat is
euthanized by palpating the heart; there should be
no pulse.

7) Identify vascularized mesentery tissues and harvest
using tweezers to grab the fat pad and fine scissors
to cut the edges of the window, leaving a border of
fat (0.2 mm).

8) Wash all tissues once in warmed sterile DPBS and
store in minimumMEM+ 1%PS placed in an incu-
bator until the stem cell seeding procedure.

9) Return exteriorized mesentery and ileum to the
abdominal cavity and dispose of animal according
to institutional guidelines.

Stem cell seeding on mesentery tissues

1) Suspend stem cells in media at 1 million cells/mL
concentration mixed with 5 μl/mL cell tracker DiI.
Incubate cell suspension at 37 °C for 30 min.

2) Centrifuge the cell suspension at 1000 rpm for
5 min, followed by replacing the supernatant with
fresh media. Repeat this centrifuge step two more
times.

3) Dilute the cell suspension using fresh media to a
final concentration of 500,000 cells/mL.

4) Remove harvested mesentery tissues from incuba-
tor and place in a sterile laminar flow hood. Use
tweezers to transfer one tissue atop a polycarbonate
filter membrane secured to an insert. Be sure to grab
tissues by their fat pad to avoid damaging the trans-
lucent window.

5) Quickly spread the tissue flat using the fat pad and
drip 100–200 μL of cell suspension on top of the
translucent window. Place the stem cell-tissue

Fig. 1 MSC and mesentery
tissue coculture. Stem cells were
suspended in media at 500,000
cell/mL concentration, and 100–
200 μL was placed on top of the
mesentery tissue. The setup was
placed in an incubator for 20 min
to give the stem cells enough time
to adhere to the mesentery tissue.
The supernatant was then aspirat-
ed, and the coculture was trans-
ferred to a well in a nontreated 6-
well tissue culture plate. The in-
sert was covered with 4 mL of
media supplemented with 1% se-
rum and cultured for up to 5 days
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coculture in an incubator for 20min to allow the stem
cells enough time to adhere to the mesentery tissue.

6) Following incubation, carefully aspirate the remain-
ing supernatant atop the tissue. Place 1 mL of culture
media (MEM+ 1%PS + 1%FBS) into the well of a
6-well plate. Gently invert the stem cell seeded tissue
into the well, being careful to avoid bubbles between
the tissue and base of the well. Cover the tissue with
an additional 3 mL of culture media.

7) Continue steps 4 through 6 for the remaining tissues
and culture in standard incubator conditions (5%
CO2, 37 °C) for 5 days.

Immunohistochemistry

Tissue fixation

1) Fix cultured tissues in the 6-well plate with 4% form-
aldehyde solution for 10 min at room temperature.

2) Remove formaldehyde solution and rinse tissues with
PBS for 10 min at room temperature three times.

3) Mount tissues on glass slides using tweezers to
carefully spread the window flat and remove the
fat border with a scalpel blade.

Lectin labeling

1) Following tissue fixation, prepare lectin antibody
solution by mixing 1:40 BSI-lectin conjugated to
FITC with PBS.

2) Drip lectin antibody solution onto tissues and incu-
bate for 30 min at room temperature protected from
light.

3) Remove lectin antibody solution and wash tissues
with PBS for 10 min at room temperature three
times.

4) Cover tissues with 50:50 PBS and glycerol solution,
place coverslip on top, and seal the glass slide
edges.

NG2 labeling

1) Following tissue fixation, prepare antibody buffer
solution by mixing PBS with 0.1% saponin and 2%
BSA.

2) Prepare NG2 primary antibody solution by mixing
1:100 rabbit polyclonal NG2 with 5% NGS and
antibody buffer solution. Incubate tissues for 1 h a
room temperature protected from light.

3) Remove NG2 primary antibody solution and wash
tissues with PBS for 10 min at room temperature
three times.

4) Prepare secondary antibody solution by mixing
1:100 GAR-Cy2 with 5%NGS and antibody buffer
solution. Incubate tissues for 1 h at room tempera-
ture protected from light.

5) Remove secondary antibody solution and wash tis-
sues with PBS for 10 min at room temperature three
times.

6) Cover tissues with 50:50 PBS and glycerol solution,
place coverslip on top, and seal the glass slide
edges.

Quantification of MSC differentiation into Pericytes

1) Label live mesentery tissues with FITC-conjugated
BSI-lectin as described above (labeling of live mes-
entery tissue).

2) Image three to four randomly selected microvascu-
lar regions in mesentery tissue using a × 4 objective
connected with a fluorescent microscope.

3) Count the total number of DiI-positive cells and
the number of DiI-positive cells in pericyte lo-
cations with typical pericyte morphology.
Pericyte location is defined as cells in contact
with the abluminal surface of lectin-labeled cap-
illary blood vessels, and pericyte morphology is
defined as cells with protrusions wrapping
around capillary blood vessels.

4) For this study, the average percentage of cells
in pericyte location per experimental group
was statistically compared using a one-way
ANOVA. Post hoc tests were not performed
as difference in the mean values among the
groups were not great enough to exclude the
possibility that differences were due to random
sampling. Comparisons were made across
groups. Statistical comparisons between donors
within specific stem cell groups were not
reported.
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Representative results and discussion

The rat mesentery culture model can be used as a
novel tool to evaluate stem cell fate within intact
ex vivo microvascular networks. After 5 days in
culture, a subset of human derived MSCs displayed
pericyte characteristics by elongating and wrapping
along lectin-positive vessels within the cultured mi-
crovascular networks (Fig. 2). For the present study,
paraformaldehyde fixation and immunohistochemis-
try of whole mounted tissues enabled the evaluation
of DiI-positive stem cell location and morphology
post-culture. An alternative method for tracking
stem cell fate using the rat mesentery culture model
includes lectin labeling of live mesentery tissues to
enable real-time imaging, as demonstrated in previ-
ous studies (Stapor et al. 2013; Azimi et al. 2015).
We confirmed cultured networks were angiogenic
based on the observation of increased microvascular
density and capillary sprouting, consistent with our
previous reports (Stapor et al. 2013; Motherwell
et al. 2018; Hodges et al. 2018). The pericyte iden-
tity of MSCs was defined based on cell morphology,
periendothelial cell position, and DiI colocalization
with NG2 labeling (Fig. 3).

The use of stem cells to manipulate angiogene-
sis offers a promising approach for future therapies
(Ballard and Edelberg 2007; Kelly-Goss et al.
2014). Diabetic retinopathy, cardiac ischemia, and
peripheral arterial disease represent age-related pa-
thologies where the use of stem cells has already
proven valuable. MSCs derived from bone marrow
and adipose tissue potentially enhance angiogene-
sis via paracrine signaling and direct cell incorpo-
ration (Kelly-Goss et al. 2014). In order to ad-
vance our manipula t ion of s tem cel ls as
proangiogenic therapies, experimental models are
needed to evaluate stem cell function and differen-
tiation capacity. For aging research, critical ques-
tions remain unanswered: Do MSCs from aged
populations have different capacities to become
vascular cells compared with MSCs from adult
populations? Does the tissue source of MSCs in-
fluence cellular fate? To answer these questions,
the fate of stem cells must be tracked in a phys-
iologically relevant microvascular network environ-
ment. The method described in this study offers an
ex vivo experimental model as an alternative to
current in vivo techniques.

While MSCs from aged donors are generally consid-
ered to have reduced differentiation capabilities, dimin-
ished wound repair, and decreased effectiveness at low-
ering inflammation (Pandey et al. 2011; Yu et al. 2011;
Scruggs et al. 2013; Ungvari et al. 2018), a theme from
the literature is that stem cell differentiation capacity is
dependent on target cell type. For example, aging might
alter adipogenic versus osteoblastic differentiation
(Stenderup et al. 2001; Ding et al. 2013; Beane et al.
2014; Dufrane, 2017). The impact of aging on MSC’s
ability to become specific vascular cells has not been
thoroughly investigated. Our results suggest that aged
MSC populations have similar cellular fate capabilities
as adult MSC populations in differentiating into
pericytes (Fig. 4). Pericyte differentiation is supported
by the localization of the prelabeled DiI stem cells and
NG2 (Fig. 3). However, it should be noted that pericytes
are phenotypically and morphologically heterogeneous
(Stapor et al. 2014; Kelly-Goss et al., 2014). In order to
determine whether stem cells have adopted a cell type
along the pericyte spectrum additional evaluation is
needed. For our methods demonstration study, we de-
fined pericytes based on NG2 labeling and morphology
along blood vessels. We used NG2 as the main colabel
based on our previous characterization of rat mesentery
microvascular networks (Stapor et al. 2013; Stapor et al.
2014). A limitation is that other pericyte markers were
not examined. We have confirmed that at least a subset
of the stem cells in pericyte location can express SMA
(data not shown). Similar costaining with other pericyte
lineage markers, such as PDGFRβ, desmin, CD13, and/
or CD146, would serve to more comprehensively iden-
tify the differentiation potential of the stem cells. Future
analysis will also be needed to fully characterize wheth-
er MSCs are able to become other types of cells includ-
ing endothelial cells and tissue-resident macrophages.
For example, to determine endothelial fate DiI labeling
can be colocalized with endothelial-specific PEACM
labeling.

Comparison of pericyte fate percentages for do-
nors with the same age highlights donor variability
(Fig. 5). In this study, the average donor age for the
aged ASC and BMSC groups were 62.5 ± 6.6 years
and 55.9 ± 6.1 years, respectively. Future studies
will be needed to evaluate aging effects in popula-
tions older than those used in this present report.
Increased donor variability with the aged MSC pop-
ulations is consistent with previous reports (117).
Donor variabil i ty within each experimental
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group is represented by the donor cell fate percent-
ages. For example, maximum fate percentages var-
ied for each donor group (maximums: adult ASC =
0–26%; aged ASC = 3–21%; adult BMSC = 4–23%;
aged BMSC = 4–50%; minimums: adult ASC = 0–
4%; aged ASC = 0–2%; adult BMSC = 0–2%; aged
BMSC = 0–3%). In addition, the percentage of
MSCs in pericyte location was often spatially het-
erogeneous within a field of view or network, where
some vessels displayed a higher percentage than
others (Fig. 2). The donor variability and observa-
tions of vessel- or region-specific cell fate support a
phenomenon of vessel-specific recruitment and ad-
ditionally raise questions regarding the importance
of local microenvironments for cell recruitment and
differentiation.

An advantage of the rat mesentery culture mod-
el compared with two- and three-dimensional
in vitro cell cultures or ex vivo tissue explant
assays is the ability to observe single cells across
the spatial hierarchy of an intact microvascular
network. The mesentery’s thinness, which has been
reported to be approximately 20–40 μm (Norrby
2006), enables this unique en face view. Interest-
ingly MSCs were only observed in pericyte loca-
tions along capillaries and were not observed
along larger arterioles, venules, or lymphatic ves-
sels. Eighty-four percent of the stem cells in
pericyte location were located along capillaries,
and 16% were along precapillary arterioles or

postcapillary venules. Zero percent of cells wrap-
ping around vessels were located along larger ar-
terioles/venules, and 0% were located along lym-
phatic vessels—an observation maybe expected be-
cause initial lymphatic vessels in the mesentery
networks do not have perivascular cells. These
results also suggest vessel type specific recruitment
and motivate future studies to further investigate
the differences in vessel type microenvironments.

The stem cell fate analysis method described
here and the time-lapse capability of our model
(Azimi et al. 2015; Azimi et al., 2017) motivate
future studies aimed at tracking specific stem cell
migration over time. For example, tracking cells
over time could determine if the stem cell-derived
pericytes preferentially wrap around new capillaries
(formed by angiogenesis during the culture period)
versus preexisting ones. Such information could be
used to support the argument that stem cell-derived
pericytes contribute to angiogenesis versus simply
incorporating into the existing microvascular vascu-
lar network. In addition, time-lapse studies could be
used to determine the specific time-course of stem
cell population recruitment and differentiation.

A limitation of applying the rat mesentery cul-
ture model for aging stem cell fate studies is that
it lacks vessel perfusion. However, the pericyte
incorporation rate reported in our method is simi-
lar to previous reports using in vivo techniques
(Mendel et al. 2013; Cronk et al. 2015). For

Fig. 2 MSCs differentiate into vascular pericytes. A subset of
MSCs labeled with DiI cell tracker displayed pericyte location and
morphology after 5 days (a). The outlined region was selected and
higher magnification imaging was performed (b). The arrowheads
point to examples of newly differentiated pericyte cells on lectin-

positive capillaries. Images were acquired using × 4 (dry, NA =
0.1), and × 10 (dry, NA = 0.3) objectives on an inverted micro-
scope (Olympus I× 70) coupled with a Photometrics CoolSNAP
EZ camera. Scale bars = 100 μm
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example, in a study where human ASCs were
injected into the vitreous of mice to investigate
the incorporation of exogenous stem cells into
the retina, they found only 3.08% of the initial
cell suspension engrafted into the retina after
8 weeks (Mendel et al. 2013). Thus, we speculate

our rat mesentery culture model can be used as a
predictor of in vivo responses, one of the major
goals for biomimetic model development. The bio-
mimetic potential of our model is also supported
by previous validation studies comparing endothe-
l ia l ce l l phenotypes in ex vivo cul tured

Fig. 3 NG2 expression of MSCs in vascular pericyte locations.
Confocal images taken from DiI-positive MSCs confirm their
presence in pericyte locations (b) while expressing NG2 (b), a
common pericyte marker. The arrowhead points to the cell body
and the 3D projection shows DiI and NG2 co-labeling on the cell

(c). Confocal microscopy images were captured with a × 40 ob-
jective (NA= 1.3) on a Nikon A1 confocal microscope equipped
with 405 nm, 488 nm, and 561 nm diode laser lines, coupled with
an ECLIPSE Ti Nikon inverted microscope. Optical slice thick-
ness was less than 1 μm. Scale bars = 10 μm
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microvascular networks and in vivo networks dur-
ing angiogenesis (Motherwell et al. 2018).

Other limitations of the model include the un-
defined timeframe for tissue culture and physiolog-
ical relevance of the mesentery compared with
other tissues. While we have confirmed that non-
perfused cultured tissues remain viable out to at
least 7 days (Stapor et al., 2013), and have also
observed viable cells along endothelial cell seg-
ments out to 14 days (data not shown), the max-
imum time duration for observing stem cell behav-
iors is unknown. For the current experiments, stem
cell fate was tracked over 5 days. Regarding phys-
iological relevance, it is again important to point
out that the percentage of cells that adopt pericyte
location for the current study is within the range
of chronic animal studies (Kelly-Goss et al. 2014).
Despite this evidence and our speculation that the

rat mesentery culture model can be used as a
predictor of in vivo responses, the relevance of
our mesenteric model remains debatable, and it
might not necessarily reflect the capacity of stem
cell–derived pericytes to incorporate into other an-
giogenic vascular beds. Additionally, stem cell re-
cruitment entails cell mobilization, homing to a
tissue, recruitment within the tissue and differenti-
ation. Hence, our model characterizes the recruit-
ment of exogenously applied stem with a tissue
after cells have already become tissue resident—
mimicking the therapeutic scenario for which stem
cells are injected into a tissue. Any effects of
increased age on cell mobilization or homing to
a tissue from the circulation cannot be evaluated.

In summary, here we demonstrate the rat mesen-
tery culture model can be used to screen different
stem cell populations. Both human ASCs and
BMSCs can incorporate into microvascular net-
works when seeded onto mesenteric tissues
ex vivo. The view of stem cells across an intact
microvascular network highlights the value of the
tissue culture model and creates new questions re-
lated to the heterogeneity of cell fate and how mi-
croenvironments within a tissue might influence be-
havior. The top-down tissue culture approach offers
a method for comparing aged versus adult tissues
harvested from healthy and pathological animal
strains. The ability to exogenously introduce stem
cell populations enables experiments to evaluate the
influence of cell versus environment age. Funda-
mental questions remain. Does the aged environ-
ment matter? Does the cell age matter? The tissue
culture model offers a unique view to gain spatial-
temporal information about cell dynamics not possi-
ble with common single-cell or cell population anal-
yses. In addition to the pericyte fate readout demon-
strated in this study, other metrics such as cell mi-
gration, stem cell differentiation into other cell
types, angiogenesis, lymphangiogenesis, immune
cell activation, and stem cell pattern distribution
could provide valuable insights for advancing our
understanding the impact of age-related changes on
stem cell-microvascular network interactions. The
ability to supplement media during tissue culture
also enables, for example, the evaluation of how
stem cell secretomes influence network pattern
changes, vessel growth, and cell proliferation or
senescence. Conversely, the effects of microvascular

Fig. 4 The average percent incorporation of stem cells into mi-
crovascular networks per experimental group. The average
pericyte differentiation rate remained close across different exper-
imental groups: (1) adult ASCs 6.72 ± 1.15%, (2) aged ASCs 5.60
± 0.96%, (3) adult BMSCs 5.57 ± 0.82%, and (4) Aged BMSCs
6.80 ± 1.89%. Each black bar represents the average percent cal-
culated across the 8 individual donor trials per experimental group.
The data for each donor trial included analysis of approximately 10
tissues from 2 to 4 rats per donor per experimental group, and the
average percent of cells in pericyte locations was calculated.
Statistical analysis was carried out using one-way ANOVA. Re-
sults were considered statistically significant when p < 0.05. No
significant differences were found between the experimental
groups. Post hoc tests were not performed as difference in the
mean values among the groups were not great enough to exclude
the possibility that differences were due to random sampling.
Values are averages ± SEM
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secretome on stem cell behavior could be evaluated
via immunohistochemical labeling and vessel-type
specific analysis.
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