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Diabetes can lead to vision loss because of progressive degeneration of the neurovascular unit in the
retina, a condition known as diabetic retinopathy. In its early stages, the pathology is characterized by
microangiopathies, including microaneurysms, microhemorrhages, and nerve layer infarcts known as
cotton-wool spots. Analyses of postmortem human retinal tissue and retinas from animal models
indicate that degeneration of the pericytes, which constitute the outer layer of capillaries, is an early
event in diabetic retinopathy; however, the relative contribution of speciﬁc cellular components to the
pathobiology of diabetic retinopathy remains to be deﬁned. We investigated the phenotypic consequences of pericyte death on retinal microvascular integrity by using nondiabetic mice conditionally
expressing a diphtheria toxin receptor in mural cells. Five days after administering diphtheria toxin in
these adult mice, changes were observed in the retinal vasculature that were similar to those observed
in diabetes, including microaneurysms and increased vascular permeability, suggesting that pericyte
cell loss is sufﬁcient to trigger retinal microvascular degeneration. Therapies aimed at preventing or
delaying pericyte dropout may avoid or attenuate the retinal microangiopathy associated with diabetes.
(Am J Pathol 2014, 184: 2618e2626; http://dx.doi.org/10.1016/j.ajpath.2014.06.011)

Diabetic retinopathy (DR) is among the most common
complications of both type 1 and type 2 diabetes and is a
leading cause of permanent vision loss worldwide.1,2 The
early stage of DR is characterized by morphological and
functional abnormalities in glial and neuronal cells and
degenerative changes in retinal vessels and the choriocapillaris.3,4 As the disease progresses, vascular degeneration
leads to ischemia, which induces the expression of vascular
endothelial growth factor (VEGF) and retinal angiogenesis,
a process called proliferative diabetic retinopathy (PDR).4e6
Both clinical and experimental data identify hyperglycemia
as a large cause of the microvascular complications of DR.7
Mounting evidence also suggests that inﬂammation plays a
key role in the pathophysiology of DR, and it has been found
that VEGF is crucial for the transition from DR to PDR.8e15
Although some treatments for PDR have been developed,
namely pan-retinal photocoagulation, surgical removal of the
vascular outgrowths, and, more recently, anti-VEGF therapy,16,17 these treatments are not without complication. Panretinal photocoagulation is associated with loss of peripheral
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vision,18 whereas anti-VEGF therapy is approved by the Food
and Drug Administration only for treatment of macular edema,
which may appear at any stage of the disease. Anti-VEGF is
only rarely used off-label in PDR and then mainly as a surgical
adjuvant because it was found to trigger retinal detachment.19,20 Despite some progress in the treatment of DR, the
understanding of the molecular and cellular mechanisms underlying the development of DR remains incomplete. To
identify more effective therapies and, perhaps, preventative
interventions, it is essential to identify molecular and cellular
targets that initiate the cascade of events leading to DR. It is
therefore essential to develop models that allow for experimental dissection of key players.
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Mouse Model of Inducible Mural Cell Loss
Pericyte loss, commonly referred to as pericyte drop-out,
was ﬁrst described in human DR by Cogan21 in 1961 and is
understood to be an early event in developing DR. The
reduced number of pericytes associated with the retinal
vasculature in eyes from persons with DR was found by
quantifying the ratio of endothelial cells (ECs) to pericytes
in normal versus diabetic retinal vasculature (1:1 in normal
and 4:1 in diabetes).22 The loss of pericytes precedes the
development of other microangiopathies, including microaneurysms, acellular capillaries,23,24 vessel tortuosity,
hyperpermeability, and capillary nonperfusion.21,25e28 The
temporal association between pericyte loss and microangiopathy is also supported by analyses of several animal
models of diabetes,29 although the analysis of causality in
these models is confounded by the effects of comorbidities
and obesity. Similarly, in the platelet-derived growth factor
(PDGF)-B/PDGF receptor (PDGFR)b knockout mice, the
developmental absence of pericytes is associated with
microaneurysms and embryonic lethality.30,31 Conditional
ablation of PDGF-B in ECs,32 PDGF-B heterozygosity, and
transgenic mice expressing PDGF-B hypomorphic mutants33,34 all result in animals that are postnatally viable and
indicate various degrees of pericyte deﬁciency (28% to 50%
pericyte loss) and other microangiopathies; however, in
each case the postnatal phenotypes cannot be distinguished
from the developmental abnormalities. Thus, experimental
demonstration of a link between pericyte loss and microvascular degeneration in the retina is lacking.
Our aim was to develop a model that would allow us to
investigate the role of the pericyte in retinal microangiopathies in nondiabetic mice. We accomplished this by
directly inducing death of mural cells in adult mice. With
the use of this approach we have examined the acute effects
of pericyte loss on the integrity and function of the adult
retinal microvasculature.

injected i.p.with 500 ng of DT (Sigma-Aldrich) in 100 mL of
saline daily for 2 days. The corn oil used to dissolve
tamoxifen was completely absorbed to prevent interference
with the bioavailability of DT. As a negative control, some
iDTR;M-Cre mice did not receive DT. Mice were euthanized for analysis 5 days after the ﬁrst DT injection. Littermates were used for comparative analysis throughout.
Power analysis calculations were conducted to determine
the number of animals to be used on the basis of previous
data from induced diabetes in mice.38 All animal protocols
were approved by the Schepens Eye Research Institutional
Animal Care and Use Committee.

Materials and Methods

Blood was drawn by submandibular bleeding, and blood
glucose was measured with an ACCU-CHEK Compact Plus
Glucometer (Roche Diagnostics). Blood plasma was
collected postmortem, and plasma insulin was measured by
ELISA (ALPCO Diagnostics, Salem, NH).

Mice
Experimental (iDTR;M-Cre) and control (M-Cre) mice
were generated by breeding Cre-inducible diphtheria toxin
(DT) receptor transgenic mice (C57BL/6-Gt(ROSA)
26Sortm1(HBEGF)Awai/J; annotated as iDTR)35 with mice
expressing tamoxifen-inducible Cre under the control of the
smooth muscle myosin heavy chain (SMMHC) promoter
[B6.FVB-Tg(Myh11-cre/ERT2)1Soff/J;
annotated
as
M-Cre36,37; stock numbers 007900 and 019079; The Jackson Laboratory, Bar Harbor, ME]. Because the SMMHC
promoter is Y-chromosome linked, all mice used in this
study were male. The presence of the RD1 mutation was
ruled out by genotyping for all experimental animal lines.
Both experimental and control mice (8 weeks of age) were
injected i.p. daily for 3 days with 500 ng of tamoxifen
(Sigma-Aldrich, St. Louis, MO) in 225 mL of corn oil. Eight
to 10 weeks after tamoxifen administration, mice were
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RNA Isolation and Reverse Transcription PCR
Total RNA was isolated from mouse tissues by using
phenol-chloroform extraction (TRIzol; Life Technologies,
Grand Island, NY). Reverse transcription was performed
with iSCRIPT (Bio-Rad, Hercules, CA). The primers used
included murine Hprt1 forward, 50 -TCAGTCAACGGGGGACATAAA-30 , and reverse, 50 -GGGGCTGTACTGCTTAACCAG-30 , and simian heparin-binding epidermal
growth factor-like growth factor receptor forward, 50 -GCAGATCTGGACCTTTTGAGA-30 , and reverse, 50 -CCCGGAGCTCCTTCACATATT-30 .
Real-time quantitative PCR was performed on a LightCycler 480II (Roche Diagnostics, Indianapolis, IN) by using
SYBR Green PCR Master Mix (Life Technologies). To
calculate the fold-change by using the standard 2-DDCt
formula, a Ct value of 35, corresponding to the lowest limit
for detection, was used when a signal was not detected for
simian heparin-binding epidermal growth factor-like growth
factor.

Biochemical Measurements

Immunostaining
Flat-mounted retinas were incubated overnight at 4 C with
Griffonia simplicifolia isolectin-B4 conjugated to Alexa
Fluor 488 (dilution 1:100; I21411; Life Technologies) to
detect ECs or with monoclonal antibody antiesmooth
muscle actin conjugated to ﬂuorescein isothiocyanate
(dilution 1:100; F3777; Sigma-Aldrich) to detect pericytes
and smooth muscle cells and were visualized with an Axioskop 2 Mot Plus microscope (Carl Zeiss Inc., Thornwood,
NY; used for imaging throughout). These images were used
to assess the presence of microvascular abnormalities,
including microaneurysms. Cell identity was established by
positive staining in conjunction with morphological cues,
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including vascular localization to capillaries. Microaneurysms were identiﬁed as saccular out-pouchings from
the vascular wall.

TUNEL Assay
After overnight immunostaining as described above, retinas
were washed with phosphate-buffered saline, ﬁxed for 10
minutes at room temperature with 4% paraformaldehyde,
and washed again with phosphate-buffered saline. Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) was performed with the In Situ Cell Death
Detection TMR red kit (1215672910; Roche Diagnostics)
according to the manufacturer’s guidelines. As positive and
negative controls for each experiment, retinas from C57BL/
6 mice were treated with DNase before TUNEL staining or
were stained with only the TUNEL label solution without
the terminal transferase, respectively. The retinas were then
ﬂat-mounted, and TUNEL-positive cells were visualized
with ﬂuorescence microscopy. The number of TUNELpositive cells per mouse retina was quantiﬁed in images
that included every visible vessel in the retina.

Elastase Digests
Eyes were ﬁxed in 10% formalin for 3 days at 4 C. Retinas
were dissected from eyes and incubated in 0.15 mol/L
glycine in phosphate-buffered saline overnight at 4 C to
remove excess formalin. The retinal vasculature was then
isolated with elastase digestion as previously described.39,40
Brieﬂy, retinas were then incubated in elastase (324682;
EMD Millipore, Billerica, MA) (40 U/mL elastase in 100
mmol/L sodium phosphate buffer, pH 6.5, containing 150
mmol/L sodium chloride and 5 mmol/L EDTA) for 1.5 to 2
hours at 37 C. Retinas were placed in a Petri dish ﬁlled with
sterile ﬁltered water, and the vessels were cleaned by gently
removing the neural retina with the use of rat whisker
brushes. Isolated vessels were then mounted to a Superfrost
Plus microscope slide (12-550-15; Fisher Scientiﬁc, Pittsburg, PA), dried overnight at room temperature, then stained
with periodic acid-Schiff (Sigma-Aldrich) and counterstained with hematoxylin (Sigma-Aldrich). Elastase digests
were imaged by light microscopy.

Morphometry
Isolated retinal networks were analyzed to determine the
number of pericytes, ECs, and acellular capillaries. The total
number of pericytes and ECs in 15 images (magniﬁcation,
700) and acellular capillaries in 10 images were quantiﬁed
with an automated quantitative image analysis method that
considered size and morphological cues for ECs and pericytes (Wim_EC_Perycite_Count_Beta_1.02; Wimasis Imaging Analysis, Munich, Germany). Fields near the optic
nerve and near the external border were excluded from
analysis. ECs and pericytes were classiﬁed on the basis of
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size and morphology by using previously described
morphological characteristics.22,41,42 Acellular capillaries
were deﬁned as being a minimum of one-fourth the width of
a normal capillary43,44 and displaying a nucleus-free length
that was greater than the average internuclei distance
calculated as 4 (average þ 2  SD) (Wim_Acellular_
Capillaries_Beta_1.03; Wimasis Imaging Analysis).

Fluorescein Dextran Perfusion
Mice were perfused with ﬂuorescein dextran as previously
described.45 Brieﬂy, mice were anesthetized i.p with a
mixture of 120 mg/kg ketamine and 20 mg/kg xylazine and
perfused with 50 mg/mL ﬂuorescein dextran (2  106 mw;
FD2000S; Sigma-Aldrich) in 4% paraformaldehyde in
phosphate-buffered saline. Eyes were then collected and
ﬁxed overnight in 4% paraformaldehyde at 4 C before
whole-mount preparation.

Results
Induction of Mural Cell Death in Adult Tissues
Mice carrying a ﬂoxed allele of the iDTR, which was found
by others to render mouse tissues susceptible to DT,35,46
were bred with mice expressing tamoxifen-inducible Cre
recombinase under the control of the SMMHC promoter
(M-Cre).37 This promoter was chosen because of its speciﬁcity to mural cells, which include pericytes and smooth
muscle cells.47 DT (1 mg in saline over 2 days) was
administered 8 to 10 weeks after tamoxifen administration.
Treatments for induction (tamoxifen or DT) did not inﬂuence major physiological end points; there were no signiﬁcant changes to blood glucose or plasma insulin levels
(Figure 1, A and B). This design allowed us to examine the
effects of DT-induced cell death in retinas from adult (16- to
18-week-old), nondiabetic mice with spatial and temporal
resolution.
Five days after DT administration, TUNEL-positive cells
were detected in retinal ﬂat mounts from iDTR;M-Cre animals but were largely absent from mice lacking the iDTR
transgene (Figure 1). TUNEL-positive cells were identiﬁed
as mural cells on the basis of their location and costaining
with a-smooth muscle actin (a-actin) antibodies, indicating
the speciﬁcity of our genetic approach (Figure 1C).
TUNEL-positive pericytes were identiﬁed by a-actin staining in conjunction with localization to capillary bifurcations
and along the abluminal surface of the microvasculature
(Figure 1D). Consistent with the expression pattern expected from the SMMHC promoter-Cre driver, TUNELpositive staining was also observed in vascular smooth
muscle cells on retinal arteries (data not shown). More than
40 TUNEL-positive mural vascular cells per retina were
observed 5 days after the ﬁrst DT injection (Figure 1E);
these were often seen near vessels that lacked mural cell
investment (Figure 1C), indicating that cell death was a
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Mouse Model of Inducible Mural Cell Loss

Figure 1

Characterization of inducible mouse
model of mural cell dropout. Levels of plasma insulin (A) and blood glucose (B) in M-Cre and
iDTR;M-Cre mice are similar to those observed in
C57BL/6J mice (0.637 ng/mL and 159 mg/dL,
respectively). C: Retinal ﬂat mounts in M-Cre (left
panel) and iDTR;M-Cre (middle and right panels)
mice stained for a-actin (green) to detect mural
vascular cells and with TUNEL (using an in situ cell
death detection kit, red). As a positive control for
TUNEL staining, retinal ﬂat mounts from M-Cre
mice were treated with DNase. TUNEL-positive
pericytes (arrow) as well as missing mural
vascular cells (arrowhead) are observed in iDTR;MCre mice (middle and right panels) 5 days after DT
injection. D: A TUNEL-positive cell, localized to
capillary bifurcation, is observed in iDTR;M-Cre
mice (arrow), demonstrating speciﬁcity of cell
death in this model. E: Quantiﬁcation of TUNELpositive nuclei accomplished by counting positive
cells in M-Cre and iDTR;M-Cre mice. Data are
expressed as means  SEM (A, B, and E). n Z 3 MCre mice (E); n Z 5 iDTR;M-Cre mice (E).
**P < 0.01. Scale bars: 100 mm (C and D).

dynamic process (M-Cre þ DT, 5.67  1.53 TUNELpositive cells/retina, versus iDTR;M-Cre þ DT,
43.20  5.23 TUNEL-positive cells/retina; P Z 0.0018)
(Figure 1E).

7.00  1.87 hyperpermeable areas/retina; P Z 0.0363)
(Figure 2E). The number of leakage events was highly variable between mice but generally affected only the capillaries
(data not shown) (Figure 2).

Microangiopathy in Mouse Model of Inducible Mural
Cell Death

Quantiﬁcation of Pericyte Loss

To determine whether retinal microangiopathy is directly
linked to mural cell death, we examined retinas from the
iDTR;M-Cre mice for the presence of microaneurysms and
vascular leakage (Figure 2), both hallmarks of diabetic retinopathy.21,25e27 An average of three microaneurysms were
observed per retina in iDTR;M-Cre mice, and these were often
seen in capillaries and in association with TUNEL-positive
cells (M-Cre þ DT, 0.33  0.33 microaneurysms/retina,
versus iDTR;M-Cre þ DT, 3.20  0.49 microaneurysms/
retina; P Z 0.0063) (Figure 2B). This observation indicated
that microaneurysms may appear acutely after pericyte death,
considering that DNA fragmentation is a late-stage event
during apoptosis.48 To examine the effect of pericyte loss on
barrier function of the retinal vasculature, mice were perfused
with ﬂuorescein-dextran before analysis of retina ﬂat mounts
(Figure 2D). An average of six hyperpermeable areas identiﬁed as regions of ﬂuorescein-dextran leakage were observed
per retina in iDTR;M-Cre mice, indicating breakage of the
retinal-blood barrier (M-Cre þ DT, 0.66  0.33 hyperpermeable areas/retina, versus iDTR;M-Cre þ DT,
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TUNEL staining of retinal ﬂat mounts in the mouse model of
inducible mural cell loss detected only the cell death occurring within that snapshot of time (Figure 1C). Some mural
cell loss has already occurred in the retinas of these mice, as
evidenced by a lack a-actin staining (Figure 1C). Taken
together, these data indicated that the cell death process in
this model of inducible mural cell loss is on-going. To
quantify the total loss of retinal pericytes in this model, retinal
vasculatures were isolated with elastase digestion before cell
counting by using automated image analysis (Figure 3A).
This analysis found that 5 days after DT administration about
7% to 15% of pericytes were lost from the retinal microvasculatures of DT-treated iDTR;M-Cre mice compared with
the M-Cre and iDTR;M-Cre controls, respectively (MCre þ DT, 8.647  0.459 pericytes per mm; iDTR;M-Cre
with no DT, 9.475  0.490 pericytes per mm; iDTR;MCre þ DT, 8.031  0.302 pericytes per mm) (Figure 3B).
This ﬁnding indicated that a relatively small loss of pericytes
was sufﬁcient to trigger microangiopathy (Figures 2 and 3).
Interestingly, the number of ECs appeared to be reduced in
DT-treated iDTR;M-Cre mice (8% to 9%) (Figure 3C),
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Figure 2

Pericyte loss in the retinal microvasculature is associated with microaneurysms and microvascular permeability. Microaneurysms (A) and their
quantiﬁcation (B) in retinal ﬂat mounts labeled with isolectin-B4 to detect ECs (green) and TUNEL (red). Microaneurysms were quantiﬁed by assessing
ﬂuorescence microscopy images of M-Cre mice given tamoxifen and DT and iDTR;M-Cre mice given tamoxifen and DT. C: Microaneurysm (arrow) in retinal
elastase digests stained for PAS and counterstained with hematoxylin from an iDTR;M-Cre mouse given tamoxifen and DT. D: DT-treated M-Cre and iDTR;M-Cre
mice were perfused with ﬂuorescein dextran before retina imaging by using ﬂuorescence microscopy. E: Areas of vascular leakage (arrows) are observed in DTtreated iDTR;M-Cre mice. E: Hyperpermeable areas per retina quantiﬁed in M-Cre mice given tamoxifen and DT and iDTR;M-Cre mice given tamoxifen and DT.
Data are expressed as means  SEM (B and E). n Z 3 M-Cre mice (B and E); n Z 5 iDTR;M-Cre mice (B); n Z 4 iDTR;M-Cre mice (E). *P < 0.05, **P < 0.01.
Scale bars: 50 mm (A and C); 250 mm (D). PAS, periodic acid-Schiff.

although this difference was not statistically signiﬁcant, and
we did not observe TUNEL-positive ECs in the analysis. No
difference was found in capillary density among the groups
(M-Cre þ DT, 23.558  0.583 mm capillary length per ﬁeld;
iDTR;M-Cre with no DT, 23.191  0.397 mm capillary
length per ﬁeld; iDTR;M-Cre þ DT, 21.913  0.560 mm
capillary length per ﬁeld).
We therefore sought to determine whether this model
could cause acellular capillaries. Image analysis automation
was used to deﬁne acellular capillaries as those lacking
nuclei in a length greater than the average internuclei distance and being a minimum of one-fourth the width of a
normal capillary.43,44 Representative images of acellular
capillaries in iDTR;M-Cre mice given no DT, M-Cre mice
given DT, and iDTR;M-Cre mice given DT are shown in
Figure 4A. This analysis found that DT-treated iDTR;M-Cre
mice had about twice as many acellular capillaries per
millimeter of capillary length than the control groups
(M-Cre þ DT, 0.400  0.147 acellular capillaries/mm;
iDTR;M-Cre without DT, 0.511  0.114 acellular capillaries/mm; iDTR;M-Cre þ DT, 0.812  0.062 acellular
capillaries/mm; P < 0.05) (Figure 4B). Taken together,
these ﬁndings indicated that this model of inducible mural
cell death leads to vascular abnormalities, including
microaneurysms, increased vascular permeability, and
acellular capillaries temporally and spatially associated with
the loss of pericytes.
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Discussion
Pericyte loss is an early pathological ﬁnding in DR and is
temporally correlated with several other features of DR
microangiopathy.21 However, whether the absence of pericytes is causally related to these changes has yet to be
determined and presents a question with important clinical
implications. To date, no models allow the investigation of
pericyte loss in the adult retinal vasculature without the
added complexity of diabetes, hyperglycemia, and/or
obesity. Although mouse models that target the PDGFB/PDGFRb signaling pathway are available and indicate
pericyte deﬁciency and microangiopathy,30,49 these are
models of developmental impairment, and the observations
cannot be extrapolated to the adult.
To address this gap, we characterized mice that would
allow us to investigate whether pericyte loss in adult mice,
independent of diabetes, was sufﬁcient to cause structural
and functional deﬁcits seen in DR. This model used a
genetic approach that rendered mural cells susceptible to
DT-induced cell death. Our analyses of this model found
rapid and speciﬁc induction of mural cell death 5 days after
DT administration. Pericyte loss was spatially and temporally associated with developing microaneurysms, acellular
capillaries, and increased vascular permeability. However, a
role for losing smooth muscle cells from retinal arteries
cannot be formally excluded from our analysis, because
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Figure 3

Loss of pericytes in retinal microvasculature of an inducible model of mural cell loss. Vessels were digested from retinas by using elastase and stained
with PAS and hematoxylin. A: Elastase-digested vasculature from iDTR;M-Cre retina showed pericytes (white arrowheads) and ECs (black arrows). Automated
image analysis was used to quantify ECs (green) and pericytes (blue, numbered) in isolated vasculatures from iDTR;M-Cre and DT-treated iDTR;M-Cre mice. Red
represents cells with overlapping nuclei that were not included in analysis. Only cells from capillaries were counted. The number of pericytes per millimeter capillary
length (B) and the number of ECs per millimeter capillary length (C) were analyzed as in A by using 15 selected images per retina in iDTR;M-Cre mice given tamoxifen
and no DT, M-Cre mice given tamoxifen and DT, and iDTR;M-Cre mice given tamoxifen and DT. Data are expressed as means  SEM (B and C). n Z 8 iDTR;M-Cre (DT)
mice (B and C); n Z 7 M-Cre mice (B and C); n Z 8 iDTR;M-Cre (þDT) mice (B and C). *P Z 0.0251. Scale bar Z 50 mm. PAS, periodic acid-Schiff.

these cells were also targeted in this approach.47,50,51
Alternative Cre drivers under the control of the neural/
glial antigen 2 may further develop this model, although
their use may be complicated by expression in other cell
types, including neurons and glial cells.52
The analysis of the pathobiology of microaneurysms is
relevant because their presence is diagnostic of early-stage
DR in an ophthalmological examination.53 Microaneurysms
were found in the retinas of diabetic mice fed high galactose
for 21 months,43 and Akimba (Ins2Akita VEGFþ/) mice
display retinal microaneurysms as early as 8 weeks of age.54

With the use of the model of induced mural cell death,
saccular microaneurysms were clearly identiﬁed in the retina
5 days after the administration of DT, indicating that pericyte loss can lead to the acute formation of microaneurysms.
Our data indicated that microaneursyms form at the site of
pericyte loss, and we speculate that these are also the sites of
leakage.
Mechanistically, the association of the pericytes with the
ECs leads to deposition of the basement membrane and inhibition of both EC and pericyte migration and proliferation,55e58
all hallmarks of vessel maturation. How pericytes contribute to

Figure 4 Microvascular abnormalities of retinal vessels in the retinal vasculature of DT-inducible mural cell loss. A: The vasculatures were digested from
iDTR;M-Cre, DT-treated M-Cre, and DT-induced iDTR;M-Cre retinas and stained with PAS and hematoxylin. Arrows indicate acellular capillaries in elastase
digests of retinal vessels of DT-treated iDTR;M Creþ mice. B: The number of acellular capillaries per millimeter capillary length evaluated in elastase digests by
using quantitative image analysis automation in 10 selected images per retina in iDTR;M-Cre mice given tamoxifen and no DT, M-Cre mice given tamoxifen and
DT, and iDTR;M-Cre mice given tamoxifen and DT. Data are expressed as means  SEM (B). n Z 8 iDTR;M-Cre (DT) mice (B); n Z 7 M-Cre mice (B); n Z 8
iDTR;M-Cre (þDT) mice (B). *P < 0.05. Scale bar Z 50 mm. PAS, periodic acid-Schiff.
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vascular stability in adult vessels is a topic of much investigation. Relevant mechanisms may include pericyte regulation
of ECegene expression, of which an example was reported in
PDGF-B mutant mice, and regulation of matrix metalloproteinases, including matrix metalloproteinases 1 and 10,
via pericyte-derived expression of tissue inhibitor of metalloproteinases-3.34,59,60 Our model of inducible mural cell loss
will allow us to look at global changes in gene expression on
acute pericyte loss.
Loss of pericytes also precedes the appearance of acellular capillaries in human DR23,24 and in many mouse
models of diabetes (STZ, galactosemia, db/db,
Ins2Akita).43,44,54,61e63 In our model, long stretches of
capillaries lacking pericytes and ECs were readily
observed in iDTR;M-Cre mice treated with DT, whereas
they were rare in controls. This ﬁnding supports the
concept that mural cell loss alone contributes to the formation of acellular capillaries.
Acellular capillaries, regarded as one of the most significant changes to occur in DR, result in capillary nonperfusion and the development of retinal ischemia.23,24 This
retinal ischemia induces the expression of VEGF, which, in
turn, leads to neovascularization in the retina.24 We speculate that the lack of pericytes results in the loss of the
inhibitory effect that pericytes have on EC migration56 and
proliferation,64,65 thus making the retinal vasculature more
vulnerable to VEGF stimulation.66,67
Although macular edema is a common and visionthreatening complication of diabetes, its pathobiology remains unclear.4 Ins2Akita mice display increased vascular
permeability after 12 weeks of hyperglycemia44 and the
Akimba (Ins2AkitaVEGFþ/) mice exhibit vascular leakage
between 8 and 16 weeks of age.54 We detected increased
vascular permeability, as evidenced by the leakage of
ﬂuorescein-dextran 5 days after DT treatment, indicating that
pericyte loss leads to breakdown of the blooderetinal barrier.
Increased levels of VEGF appear to play a role in permeability changes associated with DR, because anti-VEGF
therapy was found to reduce macular edema and is
currently approved by the U.S. Food and Drug Administration for its treatment.19 However, anti-VEGF is effective in
only approximately 40% of the patients,68 suggesting other
mechanisms underlying the development of macular edema
such as non-VEGF pathways and/or breakdown of the outer
retinal barrier formed by the retinal pigment epithelium.4
A limitation of our approach is that this model does not
allow for analyses of the chronic effects of pericyte loss in
vascular stability. Approximately 1 week after DT injection,
animals show signs of distress most likely caused by systemic effects of DT on nonvascular smooth muscle cells.
Consistent with this interpretation, our mice did not show
signiﬁcant levels of mural cell loss from large vessels, such
as the aorta (data not shown), which was found to occur in
other mural cell death models.69
The inducible model of mural cell loss described here develops several features that are characteristics of early-stage
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or non-PDR. Despite the severity of the phenotype, the extent
of pericyte loss underlying microangiopathy in this model
was relatively low (7% to 15%) compared with that observed
in the PDGF-Bþ/ mice (28%). An important difference in
these two models is that in our system the mice are adults at
the time of the induction of pericyte loss, and, as such, there is
no opportunity for compensation, which may occur in
developmental models. Thus, this inducible model of pericyte loss directly indicates the importance of pericytes in the
adult retinal vasculature. Moreover, this model allows us to
dissociate pericyte loss from the complex physiological aspects of diabetes to directly examine the role of pericyte loss
in the development of diabetic microangiopathy. Our results
indicate that pericyte protection, rescue, or replacement may
be a viable therapeutic target.
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