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PURPOSE. To establish the regulatory roles that pericytes have in coordinating retinal
endothelial cell (EC) growth and angiogenic potential.
METHODS. Pericytes were derived from donor diabetic (DHuRP) or normal (NHuRP) human
retinae, and characterized using vascular markers, coculture, contraction, morphogenesis,
and proliferation assays. To investigate capillary ‘‘cross-talk,’’ pericyte-endothelial coculture
growth, and connexin-43 (Cx43) expression assays were performed. Paracrine effects were
examined via treating EC with pericyte-derived conditioned media (CM) in proliferation,
angiogenesis, and angiocrine assays. The effects of sphingosine 1-phosphate (S1P) were
assessed using receptor antagonists.
RESULTS. The DHuRP exhibit unique proliferative and morphologic properties, reflecting
distinctive cytoskeletal and isoactin expression patterns. Unlike NHuRP, DHuRP are unable to
sustain EC growth arrest in coculture and display reduced Cx43 expression. Further, CM from
DHuRP (DPCM) markedly stimulates EC proliferation and tube formation. Treatment with S1P
receptor antagonists mitigates DPCM growth-promotion in EC and S1P-mediated pericyte
contraction. Angiocrine assays on normal and diabetic pericyte secretomes reveal factors
involved in angiogenic control, inflammation, and metabolism.
CONCLUSIONS. Effects from the diabetic microenvironment appear sustainable in cell culture:
pericytes derived from diabetic donor eyes seemingly possess a ‘‘metabolic memory’’ in vitro,
which may be linked to original donor health status. Diabetes- and pericyte-dependent effects
on EC growth and angiogenesis may reflect alterations in bioactive lipid, angiocrine, and
chemomechanical signaling. Altogether, our results suggest that diabetes alters pericyte
contractile phenotype and cytoskeletal signaling, which ultimately may serve as a key,
initiating event required for retinal endothelial reproliferation, angiogenic activation, and the
pathological neovascularization accompanying proliferative diabetic retinopathy.
Keywords: S1P, connexin 43, neovascularization, cytoskeleton, contractility, microcirculation,
endothelial cell, retina

iabetic retinopathy (DR) remains one of the leading causes
of adult blindness in the United States.1 As the incidence of
diabetes is projected to rise to 33% of the United States
population by 2050,2 there is an urgent need for developing
therapeutics that could successfully target diabetes-associated
ocular complications. Currently, treatments are focused on
inhibiting pathologic angiogenesis through growth factor targeting and antibody-based growth factor neutralization.3 However,
decades of global growth factor ablative therapies may produce
unintended consequences on macrovascular physiology, blood
pressure regulation, and/or neural retinal physiology, as the longterm effects of chronic growth factor inhibition remain
unknown.4 Thus, we anticipate that a detailed understanding of
the pathophysiologic changes and mechanisms controlling
microvascular cell dysfunction could inform strategies aimed at
creating advanced molecular or cellular therapies able to abrogate
the pathogenesis of proliferative DR.

Foundational work revealed that pericytes have a pivotal role
in modulating microvascular physiology and pathological
angiogenesis.5–9 Situated within the basement membrane of
capillary and postcapillary venules, which they help to organize
and synthesize, pericytes are notably absent in histologic
preparations of late-stage diabetic retinae, where acellular
capillaries and areas of central nonperfusion can be observed.10
Conferring increased vascular stability through varying degrees
of capillary coverage,11 pericytes have been shown to repress
endothelial proliferation, and modulate capillary remodeling.12,13 In contrast, pericyte-deficient microvessels or pericyte-dysfunctional capillaries may be prone to becoming
angiogenically-active or permissive for angiogenic sprouting.14
Indeed, it has been suggested that pericyte drop-out is a
prerequisite for pathological angiogenic induction.15,16 However, recent work from our group17,18 and others19 suggests that
pericyte dysfunction, rather than their frank loss from the
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microvasculature, could be sufficient to initiate an ‘‘angiogenic
switch,’’ therein enabling the ensuing pathological angiogenesis associated with DR. Thus, it is plausible that the loss of
physical associations between endothelial cells (ECs) and
pericytes alone is insufficient in explaining the regulatory roles
that pericytes have in governing endothelial growth dynamics
and pathological angiogenic activation during diabetes.
Microvascular angiogenic potential involves contact-dependent and -independent signaling between pericytes and ECs.
Transforming growth factor-b (TGF-b), pericyte force generation, and gap junctions have been identified as a subset of key
cell- and molecular-based signaling pathways controlling
pericyte-endothelial ‘‘cross-talk.’’ Capillary stabilization mediated by activation of TGF-b is achieved by close investment of
the endothelium by pericytes,20 which not only confers
endothelial growth arrest, but also acts as a mechanochemical
signal21 to stimulate a-smooth muscle actin (aSMA) expression
and contractile phenotype in pericytes. Moreover, pericyte
contractility, regulated by cytoskeletal organization and Rho
signaling, has been shown to mediate endothelial proliferation
and capillary tone.17,22,23 Pericytes have been shown to form
functional heterotypic gap junctions that electrically couple
with the endothelium,24,25 and it is hypothesized that signaling
through gap junctions could influence angiogenic potential.
Contact-independent signals, such as soluble growth factors,
including angiopoietin-1 (Ang-1), platelet-derived growth factor
(PDGF), FGF, and VEGF can promote either vessel maturation or
proangiogenic signals.26–29 While these factors are highly
studied, bioactive lipids, in particular sphingosine 1-phosphate
(S1P), are generating considerable interest as mediators of
vascular physiology.30,31 S1P has a wide range of vascular effects,
including proliferation, migration, and permeability.32,33 Vesselderived S1P can be produced by ECs34 and pericytes,34–36 and
primarily signals through S1P receptors 1 to 3 (S1P1–3) due to
vascular-restricted expression.37 Recently, pericyte-derived S1P
was shown to mediate mural cell–lymphocyte interactions36 and
endothelial barrier integrity.35 Furthermore, S1P signaling
appears to be a driving force in pathologic ocular angiogenesis
as anti-S1P antibodies attenuate retinal neovascularization,38 and
S1P2-null mice have reduced angiogenesis in ischemia-driven
models of retinopathy.39 Therefore, S1P may represent a vital
therapeutic target in DR.
In this study, we isolated microvascular pericytes from
diabetic and nondiabetic human retinae (DHuRP and NHuRP,
respectively), and then explored their phenotypic differences
while interrogating the regulatory roles pericytes have in
orchestrating retinal capillary endothelial growth dynamics.
While normal and diabetic pericytes express bona fide pericyte
markers, including 3G5 and NG2, and do not bind or
internalize acyl-LDL (as do ECs), DHuRP are phenotypically
and functionally different from NHuRP. First, DHuRP possess
an altered cytoskeleton compared to NHuRP, since the steady
state levels of aSMA and the resultant F-actin–containing
cytoskeleton are uniquely different from NHuRP. Indeed,
isoactin-containing stress fibers found in DHuRP are diminutive
as are the cells’ morphology reflective of this diabetes-induced
state; for example, unable to undergo cytoskeletal rearrangements, which are seen in NHuRP following growth factor
stimulation. Furthermore, DHuRP actomyosin-mediated forcetransducing abilities are diminished when compared to NHuRP
silicone substrate-deforming capacity. Moreover, the expression and localization of the gap junction protein connexin 43
(Cx43) in pericyte mono- and cocultures are reduced in
DHuRP. In vitro coculture assays reveal a disruption in DHuRPmediated contact-dependent and -independent control of
endothelial growth. Furthermore, conditioned media (CM)
from diabetic retinal pericyte populations stimulate EC growth
and tube formation assays, an effect partially mediated by S1P.

We showed that S1P not only influences the endothelium, but
also markedly alters pericyte contractility. Further investigation
of the pericyte secretome using angiocrine profiling reveals
that the balance of pro- and anti-angiogenic factors is
disrupted, immune cell modulation may be affected, and
effector molecules linked to S1P signaling are upregulated in
DHuRP. Altogether, DHuRPs display aberrant S1P signaling,
cytoskeletal organization, and contractility, culminating in
dysfunctional microvascular mechanochemical signals.

MATERIALS

AND

METHODS

Isolation of Normal and Diabetic Pericytes
Microvascular pericytes were isolated from retinae, which
were derived from either normal or diabetic human donors
with limited medical histories beyond age of donor, sex, and
disease state. Microvascular retinal cells and pericytes were
isolated from donor eyes between 36 and 48 hours post
mortem, and were provided by National Disease Research
Interchange (NDRI; Philadelphia, PA, USA); globes were
shipped via courier on wet ice within specially crafted
containers able to securely hold each globes. This work
reports on postmortem ocular tissues. Nevertheless, the
procurement of the postmortem tissue performed by NDRI is
in compliance with the World Medical Association Declaration
of Helsinki. Posterior poles were separated and globes
enucleated using well-established methods that have been
developed in the laboratory.40 Cells from individual retinae
were pooled to generate a ‘‘diabetic’’ and ‘‘normal’’ pericyte
pool possessing heterotypic population and genetic diversity.

Cell Culture
All cells were cultured at 378C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM; Life Technologies, Grand
Island, NY, USA) supplemented with bovine calf serum (BCS)
or fetal bovine serum (FBS; Atlanta Biologicals, Flowery
Branch, GA, USA), 25 mM HEPES (Sigma-Aldrich Corp., St.
Louis, MO, USA), 1% L-glutamine (Life Technologies), and 1%
penicillin-streptomycin-fungizone (PSF; Life Technologies). The
NHuRP were cultured in fully supplemented 10% BCScontaining 1.0 g/L D-glucose DMEM, and DHuRP were cultured
in fully supplemented 20% FBS-containing 4.5 g/L D-glucose
DMEM. To aid in culture expansion, DHuRP growth media was
further supplemented with 10 ng/mL recombinant BFGF and
PDGF-BB (Austral Biologicals, San Ramon, CA, USA). The
NHuRP and DHuRP were used from passages 2 to 7. To test
whether growth factor treatment would affect pericyte
phenotype, normal or diabetic cells were plated separately
onto glass coverslips and allowed to attach in their basal
growth media. Then, cells were allowed to grow in either their
basal media, 10 ng/mL FGF and PDGF (in 2% BCS DMEM 1.0 g/
L glucose), or 1 ng/mL TGF-b1 (in 2% BCS DMEM 1.0 g/L
glucose) for 48 hours before fixing and staining. Retinal ECs
were isolated and cultured as characterized previously,41 used
at passages 5 to 12, and grown in fully supplemented 5% BCScontaining 1.0 g/L D-glucose DMEM.

CM Collection
The NHuRP and DHuRP were cultured to approximately 75%
to 90% confluence in growth media as described above. Then,
pericytes were placed in 2% BCS-containing 1.0 g/L D-glucose
DMEM supplemented with 25 mM HEPES, 1% L-glutamine, and
1% PSF for 48 hours. The CM was collected under sterile
conditions and immediately placed on ice, while complete
media then was replaced on the living cultures. Then, CM was
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centrifuged to remove cellular debris before sterile filtering
through 0.22-lm filters (Millipore, Billerica, MA, USA) before
use in experiments.

Immunofluorescence
The DHuRP and NHuRP were seeded on glass coverslips,
coated with 3 lg/mL rat tail collagen I (BD Biosciences, San
Jose, CA, USA) diluted in PBS for 30 minutes at 378C, and
incubated for 24 hours in their respective growth media.
Subsequently, cultures were fixed stained, and imaged as
reported previously.42 Staining was performed with the AlexaFluor 488-acetylated LDL (Life Technologies), and antibodies
toward NG2 (1:100; Millipore), 3G5 (18 mg/mL),40 SMA
(1:100; BioGenex, Fremont, CA, USA), Alexa Fluor 488conjugated secondary (1:200; Life Technologies), and Alexa
Fluor 546-conjugated phalloidin (1:25–1:50; Life Technologies). Images were captured with a Zeiss Axiovert 200 M
equipped with a Hamamatsu (Orca ER) camera and a xenon
fluorescence light source using MetaMorph Imaging software
as described previously.42

In Vitro Contractility Assay
The DHuRP and NHuRP were seeded onto silicone-coated glass
coverslips prepared as described.43,44 Cultures were incubated
for 24 hours, followed by imaging using bright field optics as
published previously.17,43

Pericyte-Endothelial Cocultures: 5-Ethynyl-2 0 Deoxyuridine (EdU) Assays
Coculture experiments, where ECs and NHuRP or DHuRP are
plated together in the same well, were performed as described
here and previously.17 After 20 hours of coculture, cells were
incubated with 10 lM EdU (Life Technologies) for 4 hours
before coculture fixation and permeabilization. The Click-iT
EdU Alexa Fluor 594 imaging kit (Life Technologies) was
employed using the manufacturer’s instructions to assess EC Sphase entry. All cells were colabeled with Hoechst33342
(1:1000; Life Technologies) to identify nuclei. Experiments
were performed in triplicate, and repeated three times.
Statistical significance was assessed via unpaired Student’s ttests. At the same time, cocultures also were labeled with
pericyte- and cytoskeletal-specific antibodies (below).

Pericyte-Endothelial Coculture: Cx43 Localization
The NHuRP and DHuRP were plated on collagen I-coated glass
coverslips, and allowed to attach for 24 hours. Subsequently,
ECs were seeded on the same coverslips, to achieve a 1:1 ratio,
pericyte:EC. After 24 hours of coculture, cells were fixed and
permeabilized as described above. Cocultures were stained
with Anti-Cx43 antibody (1:1000; gift of David Paul, Harvard
Medical School, Boston, MA, USA) and Alexa Fluor 488conjugated secondary antibody (1:200), before imaging at
340 magnification. Then, Cx43 puncta were quantified at
every pericyte-EC junction. Experiments were performed in
triplicate, and repeated three times. Statistical significance was
assessed via unpaired Student’s t-tests.

Pericyte-Derived CM: Endothelial Proliferation
Assay
The ECs were seeded in 24-well plates at an initial cell density
of 10,000 cells/well, and cultured in fully supplemented 5%
BCS-containing 1.0 g/L D-glucose DMEM. After cells attached
overnight, control and treatment media were added to EC

cultures at 24 and 96 hours after plating. Control media
included 1.0 g/L D-glucose DMEM supplemented with 1% BCS,
25 mM HEPES, 1% L-glutamine, and 1% PSF (referred to as
‘‘serum control’’), and 10 ng/mL FGF in 1% BCS-containing 1.0
g/L D-glucose DMEM (positive control). Treatments included
pericyte-derived CM, in the presence or absence of 1 lM
JTE013 (Tocris Biosciences, Bristol, UK) or 1 lM VPC23019
(Avanti Polar Lipids, Alabaster, AL, USA). After 5 days of culture,
EC counts were obtained using a Z1 Beckman Coulter Counter
(Indianapolis, IN, USA). Experiments were performed in
triplicate, n ¼ 6. An ANOVA followed by Student-NewmanKeuls posttests were used to assess statistical significance.

Retinal EC Morphogenesis and Tube Formation
Assays
Growth factor reduced Matrigel (BD Biosciences) was polymerized for 1 hour at 378C in 8-well chamber slides as
described previously (USA Scientific, Ocala, FL, USA).42 The
ECs were plated atop the gel at a density of 50,000 cells/well
with the following treatments: serum control, 10 ng/mL FGF,
normal pericyte-derived CM (NP CM), diabetic pericyte-derived
CM (DP CM), DP CM þ 1 lM VPC23019, and DP CM þ 1 lM
JTE013. The ECs were incubated for 16.5 hours at 378C, and
imaged. Tube length was assessed using Image J software.
Experiments were performed in triplicate, n ¼ 3. An ANOVA
followed by Student-Newman-Keuls posttests were used to
assess statistical significance.

Western Blotting
Total cell lysates from NHuRP and DHuRP were separated by
SDS-PAGE before Western blotting as previously described. In
brief, cells were lysed with 31 sample buffer (125 mM Tris pH
7.0, 2% SDS, 10% Glycerol, 10% b-mercaptoethanol) after 48
hours of culture in 2% BCS-containing 1.0 g/L D-glucose DMEM
supplemented with 25 mM HEPES, 1% L-glutamine, and 1% PSF
for 48 hours. Parallel cultures were trypsinized and counted
(Coulter Electronic, Z1, Hialeah, FL, USA) to insure that lysates
from the control and experimental groups represented equal
cell population densities. Proteins were transferred overnight
onto nitrocellulose membranes. Primary antibodies and dilutions were as follows: phosphorylated Sphingosine Kinase 1
(pSphK1, 1:1000; ECM Biosciences, Versailles, KY, USA),
Sphingosine Kinase 1 (SphK1, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), SMA (1:1000; Sigma-Aldrich Corp.),
Cx43 (1:10,000; gift of David Paul), lamin A/C (1:10,000; gift of
Larry Gerace, The Scripps Research Institute, LaJolla, CA, USA),
and horseradish peroxidase (HRP)-conjugated secondary antibodies (1:1000; Santa Cruz Biotechnology). Western blots from
an equivalent number of experiments were performed three
times, and analyzed using band densitometry (ImageJ; provided
in the public domain by the National Institutes of Health [NIH],
Bethesda, MD, USA). Statistical significance was determined by
unpaired Student’s t-test.

Angiocrine Assays
The NHuRP/DHuRP were plated at 20K to 40K/well in a 12well plate; cells were allowed to attach in normal growth
media overnight. Medias were conditioned as above: 1 mL of
2% BCS containing DMEM 1.0 g/L glucose with 1% PSF and Lglut was added to cells for 48 hours. Medias were collected on
ice, centrifuged, and then subjected to the Proteome Profiler:
human angiogenesis array (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s suggestions. Membranes
were visualized for 10 minutes using x-ray film. Densitometry
of spots was performed using ImageJ, and this assay was
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FIGURE 1. Normal and diabetic pericyte culture from human donor retinae. The NHuRP and DHuRP were isolated from human donor retinae and
are sustainable in culture for approximately 10 and 6 passages, respectively. Note the dramatically different morphology and spread of cellular sizes
between (A) NHuRP and (B) DHuRP. Scale bar: 250 lm. Coculture of pericytes with retinal EC demonstrate an uptake of Alexa-Fluor 488 acetylated
LDL specifically by EC and not by (C) NHuRP or (D) DHuRP. Scale bar: 100 lm.

repeated in triplicate. Statistical significance was determined
by unpaired Student’s t-test.

RESULTS
Characterization of Cells Derived From Normal
and Diabetic Retinae
Donor eyes from individuals with proliferative diabetic
retinopathy or normal donors were obtained from NDRI on
wet ice and via courier mail within 24 hours of expiration (see
Materials and Methods). Posterior poles and retinae were
dissected from the globes, and retinal microvascular isolates
and pericyte cultures were derived using well-established
protocols.40 As shown in Figure 1, pericytes derived from
pooled donor eyes, ‘‘normal’’ or ‘‘diabetic;’’ that is, NHuRP or
DHuRP, are morphologically distinct when cultured in vitro.
The NHuRP are heterogeneous cells, possessing ruffled edges
indicative of a migratory phenotype, together with phase
contrast-dense stress fibers (Fig. 1A). Cells are typically
mononucleate and appear, under bright-field microscopy,
reminiscent of other primary pericyte cultures derived from
mammalian and human tissues.40,45–47 On the other hand, the

pericytes isolated from diabetic retina have a greater spread of
cell size (Fig. 1B) and are on average 5.7-fold larger than
NHuRP (67702 6 34959–11929 6 6723 A.U., respectively).
Leading edges are largely absent from DHuRP, as are the
straight, axially aligned phase dense stress fibers typically
present under bright-field phase microscopy (Fig. 1B). Instead,
DHuRP display curved bundles of stress fibers reflecting the
circular morphology of these extensive cells; moreover, many
DHuRP appear multinucleate, which may indicate potential
cytokinetic defects culminating in aneuploidy. In normal
growth conditions, DHuRP proliferate at reduced rates
compared to NHuRP, as the normal cells reach confluence in
2 to 3 days, while DHuRP require approximately 2 weeks to
reach 50% to 60% confluence (data not shown).
To establish the identity of the human donor-derived retinal
microvascular cell populations and to confirm whether or to
what extent these cell populations possess cell surface,
extracellular matrix and cytoskeletal markers previously identified by our laboratory and others to be representative of bona
fide pericytes, we performed several antibody- and vital dyebased assays. Firstly, we cocultured EC with NHuRP or DHuRP to
test the cells’ ability to bind and internalize acetylated-LDL. While
the vascular ECs, which possess the LDL scavenger receptor,
internalized the Alexa Fluor 488-labeled acyl-LDL, pericytes
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FIGURE 2. NHuRP and DHuRP express pericyte markers. Normal and diabetic retinal pericytes were costained with Alexa Fluor-546 phalloidin
(red), and the pericyte markers (A) NG2 and (B) 3G5. Note the normal punctuated staining of 3G5 in NHuRP and DHuRP (C). Scale bar: 50 lm.

derived from diabetic or normal human donor eyes neither bind
nor internalize this fluorescent lipid derivative (Figs. 1C, 1D).
Further, NHuRP and DHuRP express the pericyte markers NG2
and 3G5 (Figs. 2A–C) with normal diffuse/cytoplasmic and
punctuated, cell surface-staining patterns, respectively.

Pericytes in culture have been shown to assume a more
migratory and proliferative phenotype in response to treatment with the growth factors FGF and PDGF-BB, while
exposure to TGF-b shifts these cells into a more hypertrophic/contractile state,21,48–50 responses which are recapitulat-
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ed by NHuRP (Figs. 3A–C). Regardless of exposure of DHuRP
to TGF-b or normal serum, incorporation of SMA into
filamentous structures is strikingly absent (Figs. 3A, 3B);
moreover, the ratio of SMA to phalloidin intensities are many
fold higher in NHuRP (data not shown). While we do observe
qualitative changes in the phalloidin-stained cytoskeletal
structures in NHuRP and DHuRP, cytokine application is
unable to mobilize aSMA into stress fibers. This is in contrast
to NHuRP, which incorporate SMA into filamentous structures
to a greater extent after application of TGF-b, and are
diminished in stress fiber associated aSMA post treatment with
FGF/PDGF. Thus, while cells have been isolated from their
individual normal or diabetic microenvironments do retain
standard pericyte markers, we find that cytoskeletal differences
persist upon culturing these pericytes in vitro.

DHuRPs Exhibit Altered Cytoskeletal Organization
Pericyte isoactin network formation and organization underlies pericyte shape and contractile phenotype, and perturbations to the cytoskeleton result in altered cell shape and
physiology.48,51 As we found that treatment with FGF/PDGF
and TGF-b was unable to mobilize SMA to DHuRP stress
fibers, we further sought to characterize DHuRP cytoskeletal
dynamics. We demonstrated that all NHuRP in normal growth
express the pericyte marker NG2, while SMA expression and
organization varies among cells (Fig. 4A, left). While DHuRP
express NG2, anti-aSMA localization is diffuse and perinuclear, and is not stress fiber-associated (Fig. 4A, right).
Additionally, staining with phalloidin (total actin) and antiaSMA reveals marked cytoskeletal alterations between DHuRP
and NHuRP. Previous work characterized isoactin arrays in
normal pericytes,46 and in alignment with these results,
NHuRP were shown to possess robust F-actin and aSMAenriched stress fibers that traverse the entirety of the cell and
colocalize (Fig. 4B, bottom left). In contrast, DHuRP were
largely devoid of cell-spanning stress fibers, with F-actin
localizing to the edge of the cell membrane and/or bundled
into circular arrays; furthermore DHuRP display a qualitative
diminution in aSMA expression, and repositioned from stress
fibers to a more diffuse, perinuclear and peripheral cytoplasmic position (Fig. 4B, right).
Western blotting was used to confirm the immunofluorescence-based analyses of diminished aSMA expression in
DHuRP. Compared to NHuRP, aSMA expression was reduced
by 3.45-fold in DHuRP (Figs. 4C, 4D). Taken together, these
results suggested that diabetes influences cytoskeletal dynamics in pericytes by affecting muscle and nonmuscle actin
organization, as well as reducing aSMA expression.

Diabetic Microenvironment Alters Pericyte
Contractile Phenotype
It has been well established that cellular force generation is
acto-myosin–dependent.23 Since DHuRP cytoskeletal organization is extensively altered compared to NHuRP, and the smooth
muscle-like cytoskeletal elements are seemingly and significantly diminished as a result of diabetic insult, we hypothesized that contractile function would be similarly altered. To
test this directly, we studied whether or to what extent normal
or diabetic pericytes are able to generate force, therein
‘‘wrinkling’’ or deforming their underlying substrates upon
which they are anchored. Using live cell imaging coupled to
our in vitro substrate deformation assay, we observed marked
differences in morphology and contractile potential when
comparing pericyte populations derived from normal or
diabetic donor eyes. The NHuRP deform their underlying
anchoring substrates, generating parallel arrays of straight
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‘‘wrinkles,’’ where overlying deforming forces dictate the
underlying patterns produced (Fig. 5, left). Conversely, DHuRP
create two notable types of deformation patterns: small
wrinkles localized to the cellular cortex and curvilinear
wrinkles reflective of the cellular shape, which lacks a bona
fide leading or trailing edge characteristic of migrating cells
(Fig. 5, right). Quantitatively, NHuRP display a 2.3-fold increase
in the percent of contracting cells compared to DHuRP (52.7%
6 4.9–22.7% 6 6.0, respectively; Fig. 5). These experiments
suggest that the cytoskeletal disorganization observed in
DHuRP culminates in altered contractile status and reduced
force production.

DHuRPs Promote EC Cycle Entry
Pericytes have been shown to govern endothelial quiescence
through cell contact- and soluble-mediated mechanisms.17,18,20 Further, alterations in pericyte contractile
phenotype have been shown to relieve contact-dependent
EC growth arrest and promote angiogenic induction.17,18 As
pericytes isolated from diabetic retinae exhibit unique
contractile protein expression, motility, and force transduction profiles compared to those from normal donors, we
tested for differential ability to regulate endothelial growth by
assaying S-phase entry in EC cocultures with DHuRP and
NHuRP. When ECs are cocultured and in contact with NHuRP,
approximately one-third (31.2% 6 3.5%) of ECs are observed
in S-phase. However, under identical cell-matched conditions,
ECs in direct contact with DHuRP experience a doubling
(69.7% 6 2.7%) in S-phase entry (Fig. 6). While ECs in
coculture with NHuRP are in large part growth arrested, the
soluble milieu of DHuRP-EC cocultures appears to stimulate
endothelial growth, as isolated ECs were shown to enter Sphase at a 1.7-fold higher rate than isolated ECs cultured
together with NHuRP (61.3% 6 4.5%–36.6% 6 4.8%,
respectively; Fig. 6). These results implicate a diabeticinduced disruption of pericyte-mediated endothelial growth
arrest, by contact-dependent and soluble mechanisms.

Modulation of Connexin 43 Expression in DHuRPs
Impacts Heterotypic Gap Junction Formation
Gap junction communication between vascular cells relies on
the expression of the connexin subunits, Cx37, Cx40, Cx43,
and Cx45.52 Furthermore, in vitro and in vivo diabetic models
have demonstrated an attenuation of Cx43 expression and
localization.53,54 With these observations in mind, together
with our previous data demonstrating loss of contact-dependent cell cycle arrest in DHuRP-EC cocultures, we studied
Cx43 expression and localization in retinal pericytes isolated
from diabetic and nondiabetic donors. To ascertain whether
heterotypic gap junction formation was affected by diabetic
conditions, NHuRP or DHuRP were cocultured with ECs for 24
hours, fixed, and stained for Cx43. The DHuRP-EC junctions
demonstrate diminished Cx43 puncta (Fig. 7B), whereas
NHuRP-EC contact points have numerous brightly stained
plaques (Fig. 7A). Quantitatively, there were approximately
twice as many Cx43 puncta per pericyte-contacted EC in
NHuRP cocultures (9.7 6 1.7 vs. 4.7 6 0.8; Fig. 7C). Derived
from confluent monolayers of pericytes alone, NHuRP and
DHuRP lysates were compared using Western blot, and
quantitative densitometry reveals significant 6-fold reductions
in the levels of Cx43 in DHuRP when compared to NHuRP and
normalized to lamin A/C (Fig. 7D). Thus, pericytes derived
from diabetic human retinae demonstrated decreased Cx43
expression as well as a reduction in heterotypic gap junction
formation.
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FIGURE 3. Growth factor stimulation alters cytoskeletal organization in NHuRP and DHuRP. Normal and diabetic retinal pericytes were costained
phalloidin (red) and SMA (green) after culture in (A) basal growth media, or low serum media containing either (B) TGF-b1, or (C) a combination of
FGF and PDGF-BB. Scale bar: 50 lm.
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FIGURE 4. Alterations in DHuRP isoactin, and cytoskeletal architecture and expression. The DHuRP and NHuRP were costained with either (A)
NG2 and aSMA or (B) phalloidin and aSMA. Note the variable degree of SMA staining and cytoskeletal incorporation into NG2þ NHuRP, while NG2þ
DHuRP display diffuse perinuclear SMA staining in (A). Colocalization of SMA with phalloidin staining reveals a stress fiber localization of SMA in
NHuRP, but not in DHuRP (B), merged panels. Scale bar: 50 lm. (C) Pericyte lysates were immunoblotted with anti-aSMA and anti-lamin A/C.
Quantification of aSMA band intensities normalized to lamin A/C, and represented as an average fold of NHuRP 6 SE. **P < 0.01.

Pericyte Chemomechanics and the Angiogenic Switch

IOVS j June 2015 j Vol. 56 j No. 6 j 3449

FIGURE 5. Diabetes-induced alterations in pericyte contraction-based force transduction. The HuRP were plated on collagen-I coated deformable
silicone substrates, and live imaging 24 hours after plating reveals divergent morphologic and deformation patterns in NHuRP (top left) and DHuRP
(top right). Scale bar: 50 lm. Pericyte contractility was quantified as previously described and depicted as a mean percentage 6 SE. **P < 0.01.

DHuRP-Derived Conditioned Media Alters
Endothelial Growth and Angiogenic Potential
Retinal neovascularization is an essential step in the pathogenesis of diabetic retinopathy.55 Furthermore, soluble factors
derived from pericytes normally act to maintain endothelial
quiescence.56 However, here we observed an increase in
contact-independent S-phase entry of EC in coculture with
DHuRP. Therefore, we sought to determine whether CM
collected from DP CM alters EC angiogenic potential compared
to media conditioned by NHuRP (NP CM). To this end, we used

the well-characterized, in vitro Matrigel model of angiogenesis.
In agreement with past studies,57 treating EC with NP CM
inhibits network formation, as tubes appear retracted and
multiple cellular aggregates are present, and quantitatively,
morphogenesis is significantly decreased when compared to
positive (10 ng/mL FGF) and negative (low serum) controls
(Figs. 8A, 8B). Interestingly, when ECs are exposed to DP CM,
the endothelium forms a highly interconnected microvascular
network displaying a highly branched cellular array possessing
connectivity and resembling an in vivo capillary EC-derived
angiogenic array (Fig. 8A); this represents a 2-fold increase in
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FIGURE 6. Diabetic pericytes are unable to sustain retinal capillary endothelial growth arrest in vitro. The NHuRP and DHuRP were cocultured with
EC for 24 hours, and pulsed with 10 lM EdU for the last 4 hours of coculture. Blue and pink nuclei indicate EdU-negative and -positive cells,
respectively. (A) The NHuRP (asterisk) maintain contacted (arrowheads) and isolated (diamonds) EC quiescence, while (B) DHuRP (asterisk) are
unable to maintain contacted and isolated endothelial S-phase entry. Scale bar: 50 lm. (C) Quantification of EdU-positive nuclei in pericyte
contacted and isolated EC as an average percentage 6 SE. **P < 0.01.

networks formed when compared to identical EC cultures,
which were treated with cell number-matched equivalents of
NP CM (Fig. 8B).
As proliferation is a key step in angiogenesis, and as DP CM
has a positive effect on endothelial tube formation, we sought
to determine if DP CM would affect EC proliferation. Indeed,
DP CM possesses twice the mitogenic activity when compared
to serum control and NP CM–treated cells, showing a 1.7- and
2.7-fold increase 5 days after treatment, respectively (Fig. 8C).
Taken together, in comparison with NHuRP, which normally
antagonize the angiogenic process, DHuRP produce soluble

factors, which are capable of inducing a robust angiogenic
response in EC.

DP CM Promotes Angiogenesis Through an S1PSphK1-Dependent Mechanism
As DP CM, alone, stimulates EC-driven angiogenesis in vitro,
we investigated whether soluble secreted factor(s) were
responsible for the angiogenic- and growth-promoting activities. S1P, a potential candidate, has been shown recently to
enhance EC mitogenesis58 and tubulogenesis,59 yet the role
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FIGURE 7. Diabetes-induced perturbations in pericyte connexin 43 expression. (A, B) The NHuRP-EC and DHuRP-EC cocultures were visualized
with DIC (left) and Cx43 (right). Selected pericyte-EC contact points are highlighted (asterisks); right indicate insets of selected HuRP-REC contact
points demarcated in the DIC image with dotted black boxes. Note the diminution in Cx43 punctae and in fluorescence intensity in DHuRP-EC
cocultures as compared to control NHuRP-EC panels. Scale bar: 50 lm. (C) Quantification of the number of puncta per pericyte contacted REC as
an average 6 SE. *P < 0.05. (D) Cx43 immunoblot of pericyte lysates normalized to lamin A/C with accompanying band densitometry as an average
fold of NHuRP 6 SE. **P < 0.01.
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FIGURE 8. Pericyte CM modulate retinal capillary endothelial growth and morphogenesis. (A) EC were plated on Matrigel and exposed to the
various conditions: FGF in low serum (1% BCS), low serum only, NPCM or DPCM. 16.5 hours post plating tube formation on Matrigel was visualized.
Note the decrease in tube formation in EC treated with NPCM, an effect that is reversed with DPCM. Scale bar: 100 lm. (B) Quantification of EC
tube formation as an average of arbitrary units 6 SE. ANOVA P < 0.0001; Student Newman-Keuls posttest *P < 0.05, **P < 0.01 relative to serum
control; ##P < 0.01 relative to DP CM. (C) As above, EC were treated with pericyte-derived conditioned media, FGF or serum control for 120 hours.
Compared to serum control, NP CM significantly inhibited REC proliferation, whereas DP CM enhanced growth. The REC proliferation measured as
an average cell number per well 6 SE. ANOVA, P < 0.001; Student-Newman-Keuls posttest, *P < 0.05, **P < 0.01 compared to serum control; #P <
0.05, ##P < 0.01 compared to DP CM.

and/or effects of pericyte-produced S1P on EC cycle dynamics
or angiogenic potential, as well as whether diabetes could
induce perturbations in pericyte-derived S1P signaling have not
been studied to our knowledge. To explore whether S1P
signaling is involved in the DP CM-mediated angiogenic
response, we used the pharmacologic inhibitors VPC23019
and JTE013. Inhibitor VPC23019 is a competitive antagonist of
S1P1 and S1P3 with no activity toward S1P2, whereas JTE013
acts as a selective antagonist of S1P2 only, and optimal doses for

selective inhibition of each S1P receptor isoform have been
optimized and defined previously.60 When DP CM was
combined with 1 lM VPC23019, EC tube formation was
significantly reduced by 36% compared to DP CM alone (Figs.
9A, 9B). While a slight decrease in tube formation occurred in
conditions containing DP CM and 1 lM JTE013, this effect was
not statistically different from DP CM alone (Figs. 8A, 8B).
Interestingly, addition of S1P to pericytes plated on deformable
substrates increases normal pericyte contractility, an effect that
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FIGURE 9. DHuRP S1P-SphK1 signaling axis influences microvascular interactions. (A) The EC were plated on Matrigel, to analyze tube formation in
the presence of DP CM alone or with DP CM with the S1PR antagonists, JTE013 and VPC23019, for 16.5 hours. Scale bar: 100 lm. (B)
Quantification of EC tube formation as an average of arbitrary units 6 SE. ANOVA, P < 0.0001; Student Newman-Keuls posttest **P < 0.01. (C)
Treatment of DP CM with JTE013 significantly abrogated DP CM mediated EC mitogenesis. The REC proliferation was measured as an average cell
number per well 6 SE. ANOVA, P < 0.001; Student-Newman-Keuls posttest, *P < 0.05. (D) Populations of NHuRP and DHuRP were cultured in
identical serum conditions for 48 hours before lysis. Pericyte lysates were separated via SDS-PAGE, and immunoblotted with anti-phosphorylated
serine 225 SphK1 and anti-total SphK1. Quantification of pSphK1 and total SphK1 band intensities normalized to lamin A/C, and represented as an
average fold of pSphK1 to total SphK1 in NHuRP lysates 6 SE. *P < 0.05.
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can be mitigated by addition of the SIP receptor antagonists,
especially by the S1P2 inhibitor, JTE013 (Supplementary Fig.
S1). Together, we concluded that the S1P signaling pathway
has a critical role in the microvasculature physiology, and that
the S1P1/S1P3 signaling pathway is largely responsible for the
increase in EC tube formation upon exposure to DP CM.
We examined whether the increase in EC proliferation upon
stimulation with DP CM was, in part, due to signaling through
the S1P receptors. In vitro proliferation assays revealed that
selective inhibition of S1P 2 (JTE013), but not S1P 1,3
(VPC23019), abrogates the stimulating activity of the DP CM
(Fig. 9C). Thus, DP CM exerts its progrowth effect via S1P2
while endothelial tube morphogenesis is mediated by the S1P1/
S1P3.
Because DP CM was shown to drive EC growth and tube
formation, in part, by S1P/S1PR signaling, we posited that
changes in the SphK1 phosphorylation status might result from
diabetes-induced perturbations in posttranslational modification of the rate limiting enzymes responsible for S1P
production itself. Activation of SphK1 relies on phosphorylation of the serine 225 residue.61 To these ends, we took
advantage of phospho-specific SphK1 antibodies and Western
blotting to ascertain whether the diabetic microenvironment
influences the phosphorylation status of SphK1. Indeed, while
total kinase expression remains unchanged, there is a
significant 1.58 6 0.22-fold increase in the ratio of phosphorylated SphK1 to total SphK1 in DHuRP compared to NHuRP
(Fig. 9D). This increase in SphK1 activation in DHuRP may be
responsible for increases in S1P secretion, which subsequently
acts through S1P2 or S1P1/S1P3 to stimulate endothelial
proliferation and morphogenesis, respectively.

Diabetes-Induced Alterations in the Pericyte
Secretome
To further understand how diabetes might alter retinal
microvascular phenotype, and to learn whether the diabetic
state impacts retinal pericytes’ release and/or secretion of
angiogenic modulators, including proteases and their inhibitors, cytokines and their cognate receptors, growth and
survival agents, and accompanying receptors, and angiogenesis
inhibitors/activators that are differentially regulated in NHuRP
and DHuRP, we performed ‘‘secretome’’ analyses of CM
produced by each cell type in vitro. Comparable population
densities of retinal pericytes derived from normal or diabetic
donor eyes were plated as described (see Materials and
Methods). Interestingly, several factors involved in angiogenic
control, inflammation, and immunity, and protein metabolism
are either significantly different (c.f. Fig. 10), distinctly altered,
or are secreted but unchanged in medias conditioned by
pericytes, which were derived from normal versus diabetic
donors (Fig. 10; Table). That activators and inhibitors of
angiogenesis, for example, endostatin and TSP-1, as well as
other key cytokines, including GM-CSF, are modulated in DP
CM (Fig. 10) is of interest, especially linked to the regulatory
role that immune surveillance cells have in shaping microvascular cell responses to injury, including angiogenic activation.
Also, linked to diabetes, per se, it is extremely interesting to
point out that the insulin-like growth factor binding proteins 2
and 3, which have growth, bioactive-lipid, and pathological
angiogenesis-altering activities,62–64 are significantly upregulated in DP CM (Fig. 9). Indeed, IGFBP3 has been shown to
induce angiogenesis through an SphK1-dependent mechanism,65,66 further solidifying the link between DP CM and
S1P-signaling. Other factors secreted by pericyte populations,
but not significantly altered between groups. Thus, diabetic
insult causes a shift in the secretome of DHuRP that is
sustainable in culture.

DISCUSSION
We provided evidence that challenges the notion that reactivation of the microvasculature in DR requires pericyte dropout
using NG2þ/3G5þ/LDLR diabetic and age-matched control
human retinal pericytes. It is well known that diabetes alters the
microvascular environment, and currently accepted models of
DR describe the histopathologic features of late-stage disease as
a step-wise progression, beginning with hyperglycemia and
inflammation, followed by pericyte loss, and ending with
neovascularization15,16,67–69 (Fig. 11, top). However, our results
allowed us to speculate that the diabetic microenvironment acts
as a modifier of retinal pericyte physiology, producing a switch
from anti- to pro-angiogenic signaling (Fig. 11, bottom). We
determined that diabetic cells are markedly different from
control cells in cytoskeletal protein expression, force generation, gap junction regulation, and sphingolipid signaling.
Ultimately, in coculture and CM experiments, we demonstrate
that DHuRP are unable to sustain normal control of endothelial
growth dynamics. For the first time, we reveal that DHuRP
mechanochemical signaling alters endothelial growth potential,
which may be the functional consequence of altered cellular
tension, gap junction formation, and S1P secretion.
Our results suggested that diabetes regulates pericyte actin
network reorganization, which subsequently alters pericyte
contractile status. We observed that muscle and nonmuscle
actin networks are markedly deformed in DHuRP, and this
degeneration in cytoskeletal architecture leads to decreased
force generation by these cells. Furthermore, DHuRP not only
are markedly altered in cytoskeletal architecture and are unable
to mobilize the aSMA isoform into stress fibers, reminiscent of
pericytes inhibited in their Rho signaling cascade which
selectively disassembly aSMA-containing stress fibers, with no
influence on the gamma stress fiber network,51 but also display
reduced pericyte contractility, similar to pericytes treated with
a ROCK inhibitor.17 As Rho is a central regulator of actin
dynamics,70 future studies aimed at elucidating the Rho GTPase
status of DHuRP should be undertaken.
Our results provide in vitro evidence of altered Cx43
dynamics in human diabetic retinal disease. In agreement with
mouse models53 and bovine retinal pericyte mono- and
cocultures,54 we found that not only are DHuRP monolayers
deficient in Cx43 compared to pericytes derived from healthy
human retinae, but also, the number of Cx43 puncta are
reduced at DHuRP-EC membrane contact points, which may
be a mechanism of pericyte regulation of EC growth, as our
data indicate a loss in EC quiescence in a DHuRP contactdependent fashion. Interestingly, cancer cell proliferation
appears sensitive to Cx43 subunit expression levels, suggesting
a role for Cx43-mediated growth regulation.71 Therefore,
determining the extent to which pericyte Cx43 functions to
regulate proliferative capacity, by homo- and heterotypic
junctional communication, is a priority that will shed insight
into the pathologic significance of decreased pericyte Cx43
expression in diabetes.
Pericytes have been identified recently as a microvascular
source of S1P, which may act to reinforce endothelial tight
junctions.35 To our knowledge, our in vitro studies are the first
to suggest that pericyte-derived S1P may function to initiate
endothelial proliferation and angiogenesis during diabetes. The
DHuRP stimulate EC mitogenesis and morphogenesis through
distinct S1PR subtypes: in part, proliferation is S1P2 mediated,
while tube formation is S1P1/S1P3 mediated. In contrast with
our proliferation results, studies using exogenous S1P identify
S1P2 as a negative regulator of EC migration, angiogenesis and
growth in vitro.72,73 Our experiments were performed with
CM, and, therefore, the incongruence of our results may reflect
coupling of S1P signaling with an undetermined growth factor
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FIGURE 10. Pericyte secretome profiles are altered downstream of diabetes. The NHuRP and DHuRP were plated at identical cell numbers per well:
40K cells in a 24 well plate (top). Scale bar: 250 lm. After attachment in their growth media, normal and diabetic pericytes were treated with
identical serum media for 48 hours, and this conditioned media was collected and analyzed with an angiocrine assay (see Materials and Methods).
Factors that were differentially expressed are depicted in the graph (*P < 0.01, **P < 0.001 in t-test analyses).
TABLE. Pericyte Secretome Analysis of Factors Upregulated, Downregulated, or Unchanged in Medias Conditioned by Normal and Diabetic Human
Retinal Pericytes
Factors Upregulated in DP CM
Secreted Factor
Activin A
Angiogenin
Endostatin
IGFBP2
IGFBP3
TSP-1
VEGF
* P < 0.01.
† P < 0.001.
‡ P ¼ 0.099.

Factors Downregulated in DP CM

Factors Unchanged in NP CM and DP CM

Fold Change

Secreted Factor

Fold Change

Secreted Factor

Fold Change

2.4
2.1
4.74†
1.2*
2.6†
1.6‡
1.2

GM-CSF
IL-8
TIMP-1

0.18*
0.85
0.85

MCP-1
Pentraxin
PDGF-AA
Serpin-E1

1.0
1.1
1.0
0.97
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FIGURE 11. Angiogenic induction of the retinal microcirculation is a pericyte-driven process. Current model of proliferative diabetic retinopathy:
inflammatory mediators and hyperglycemia activate proapoptotic pathways and/or migratory events in pericytes. Loss of retinal pericytes creates an
environment permissive to endothelial activation, and subsequently, neovascularization (top). The bottom depicts our proposed model of DR as our
study implicates that pathologic retinal angiogenesis may be affected in early stages of this disease. Hyperglycemia and inflammatory responses may
reprogram retinal pericytes and ECs to a proangiogenic phenotype. Reduction of pericyte contractility downstream of smooth muscle and nonmuscle actin reorganization in addition to pathologic S1P signaling release the endothelium from its growth inhibited state. Attenuated gap junction
formation between pericytes and ECs appears to be another feature of altered pericyte physiology in diabetes. In agreement with past studies, the
ultimate histopathologic picture of diabetic retinopathy is retinal microvessels devoid of pericytes.
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(or factors) contained in DP CM. Indeed, there is considerable
crosstalk between S1P and other growth factor signaling
pathways, including VEGF74 and connective tissue growth
factor (CTGF),75 and preliminary data suggest that other factors
are elevated in the DHuRP secretome, including VEGF, PDGFAA, and Ang-1 and -2 (data not shown). Moreover, in vivo
ischemic retinal neovascularization experiments may further
support this notion, as S1P2 signaling appears to be principally
involved in abnormal angiogenesis not proliferation.39 Clearly,
it is critical to further elucidate the pathologic effects of DP
CM, and how S1P and other proangiogenic signaling pathways
cooperate in DR.
We provided evidence of enhanced proliferation among
isolated ECs in our DHuRP-EC cocultures, suggesting an
imbalance in anti-/proproliferative factor secretion. There are
coculture studies that show TGF-b–dependent and independent mechanisms foster capillary quiescence.17,20 While
previous studies have ruled out a TGF-b effect downstream
of alterations in Rho signaling,17 and preliminary data from
angiocrine assays do not reveal a change in TGF-b levels
between NHuRP and DHuRP (data not shown), we have found
that sphingolipid signaling is altered in diabetic pericytes,
which influences endothelial growth and morphogenesis. S1P
induces an increase in normal pericyte contractile phenotype,
DHuRP are diminished in force generation, yet display
increased pSphK1, and levels of SphK1 have been shown to
influence arteriolar tonus in vitro76; thus, these elevated levels
of active SphK1 may reflect a feedback mechanism. Physiologically, pericytes likely produce S1P in an autocrine fashion
to maintain pericyte tone, which, by an unknown mechanism,
becomes ineffective to regulate tone in diabetic pericytes.
Thus, to overcome this resistance and regain normal tonus,
DHuRP may secrete increased levels of S1P, which may be
explained by the increase in active SphK we observed. As
perivascular S1P levels are dramatically elevated, activation of
adjacent ECs may occur in DR. Future experiments will
determine whether and to what extent Rho signaling
downstream of S1P govern microvascular cell interactions in
diabetes.
Interestingly, we demonstrated that diabetes induces
changes in pericyte secretome profiles, possibly providing
insight into the mechanism by which angiogenic activation is
initiated during DR. Importantly, diabetic upregulation of the
IGF-like binding proteins, specifically IGFBP-3, not only has
relevance to the diabetic microenvironment, but also strengthens our newly described involvement of DHuRP in production/
activation of S1P and SphK. As we demonstrated that IGFBP-2
and -3 are upregulated in DHuRP, ECs derived from human
diabetic retinae also exhibit increases in IGF-1, and the
stimulatory IGFBPs -1, -2, -3, and -5.77 Additionally, IGFBP3
alone directly activates SphK and increases SphK message
levels.66 Furthermore, IGFBP3 positively influences angiogenic
induction in cell culture and animal models via IGF-1/IGF1R
signaling, and subsequent S1P production and SphK activation.65 While data suggest that IGFBP has growth promoting
and growth inhibiting properties,62,78 these effects are likely to
be tissue and context-specific. For example, IGFBP3 may be a
good candidate for cancer therapy as this molecule is
specifically expressed on ECs isolated from tumor vessels and
not normal ECs,79 and suppresses tumor growth and angiogenesis.78 On the other hand, IGFBP3 mediates endothelial
precursor cell differentiation, migration, and capillary formation; further, expression of IGFBP3 protects against hyperoxiainduced vaso-obliteration and promotes proper vascular repair
after ischemic insult to the retina.80 More work in this area will
shed insight into the mechanism by which IGFBP3 acts in a
vascular cell- or tissue- and disease-specific context to
influence angiogenesis or pathogenesis. For example our data

lend credence to the notion that the elevations in DP CMderived IGFBP3 signals to promote angiogenic induction via
stimulating DHuRP S1P production, SphK phosphorylation,
RhoGTP-, and downstream cytoskeletal effector activation/
signaling.
Our study provided evidence that pericyte loss may not be
required to induce angiogenesis in DR; rather, the diabetic
microenvironment may alter pericyte physiology, thereby
acting as the angiogenic switch that tips the retinal microcirculation from stable and quiescent to proliferative and
sprouting. While interpretations regarding our results may be
limited because of insufficient patient and donor medical
histories, ongoing and planned studies are aimed to better
understand the causal links that are likely to exist between the
diabetic retinal microenvironment and the resultant regulatory
roles that pericyte chemo-mechanics have in controlling
endothelial growth dynamics and pathological angiogenic
induction. Importantly, we show for the first time to our
knowledge a novel role for S1P in the microvasculature:
pericyte contractility is promoted by S1P, and pericyte-derived
S1P may act to signal though endothelial S1PRs to induce EC
proliferation and morphogenesis. Our findings point to a
paradigm shift in pericyte biology, carrying potential clinical
implications in that microvascular lesions may occur earlier
than previously thought. If so, therapeutic approaches should
not only be limited to inhibiting pathologic neovascularization,
but also aimed at stabilizing the preexisting, diseased retinal
pericyte population in attempts to prevent initial angiogenic
induction. Second, bioactive lipid signaling may prove to be a
viable target in the treatment of proliferative DR. With
emerging mesenchymal and adipose-derived stem cell technologies,81 creation of pro-/antiangiogenic pericytes may be used
in tumor angiogenesis, DR and wound healing through
manipulation of mechanochemical signaling pathways. Our
work highlights the complex interplay between mechanical
and soluble regulation of angiogenic potential, and highlights
the need to elucidate the molecular players in pericytes as a
means to combat microvascular disease.
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