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Abstract
Diabetic retinopathy is a sight-threatening complication of diabetes, affecting 65% of

patients after 10 years of the disease. Diabetic metabolic insult leads to chronic low-grade

inflammation, retinal endothelial cell loss and inadequate vascular repair. This is partly due

to bone marrow (BM) pathology leading to increased activity of BM-derived pro-inflamma-

tory monocytes and impaired function of BM-derived reparative circulating angiogenic cells

(CACs). We propose that diabetes has a significant long-term effect on the nature and pro-

portion of BM-derived cells that circulate in the blood, localize to the retina and home back

to their BM niche. Using a streptozotocin mouse model of diabetic retinopathy with GFP

BM-transplantation, we have demonstrated that BM-derived circulating pro-inflammatory

monocytes are increased in diabetes while reparative CACs are trapped in the BM and

spleen, with impaired release into circulation. Diabetes also alters activation of splenocytes

and BM-derived dendritic cells in response to LPS stimulation. A majority of the BM-derived

GFP cells that migrate to the retina express microglial markers, while others express endo-

thelial, pericyte and Müller cell markers. Diabetes significantly increases infiltration of BM-

derived microglia in an activated state, while reducing infiltration of BM-derived endothelial

progenitor cells in the retina. Further, control CACs injected into the vitreous are very effi-

cient at migrating back to their BM niche, whereas diabetic CACs have lost this ability, indi-

cating that the in vivo homing efficiency of diabetic CACs is dramatically decreased.

Moreover, diabetes causes a significant reduction in expression of specific integrins regulat-

ing CAC migration. Collectively, these findings indicate that BM pathology in diabetes could

play a role in both increased pro-inflammatory state and inadequate vascular repair contrib-

uting to diabetic retinopathy.

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 1 / 21

a11111

OPEN ACCESS

Citation: Chakravarthy H, Beli E, Navitskaya S,
O’Reilly S, Wang Q, Kady N, et al. (2016) Imbalances
in Mobilization and Activation of Pro-Inflammatory
and Vascular Reparative Bone Marrow-Derived Cells
in Diabetic Retinopathy. PLoS ONE 11(1): e0146829.
doi:10.1371/journal.pone.0146829

Editor: Jing Chen, Children's Hospital Boston,
UNITED STATES

Received: October 15, 2015

Accepted: December 22, 2015

Published: January 13, 2016

Copyright: © 2016 Chakravarthy et al. This is an
open access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: Support was provided by AgBioResearch
MICL02163 to JB [http://agbioresearch.msu.edu/] and
the National Institutes of Health EY-01-6077 to JB,
EY-07739 to MBG, EY-12601 to MBG, DK-09-0730 to
JB and MBG [http://www.nih.gov/]. The funders had
no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0146829&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0146829&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0146829&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://agbioresearch.msu.edu/
http://www.nih.gov/


Introduction
DR is an important long-term complication of diabetes, affecting around 93 million people and
is a leading cause of blindness among working adults worldwide [1]. The initial stages of DR
are characterized by various clinical features including increased microvascular permeability,
vessel leakage and appearance of microaneurysms [2]. Diabetic metabolic insult affects retinal
vascular degeneration at several levels: First, by contributing to chronic retinal low-grade
inflammation resulting in endothelial cell injury [3–6]; Second, by inadequate repair of the
injured retinal capillaries by bone marrow (BM)-derived circulating angiogenic cells (CACs),
which are exquisitely sensitive to the damaging diabetic milieu [7, 8]; finally, by activating
monocytes [9] and further promoting a pro-inflammatory environment in the retina [10]. Reti-
nal endothelial cell injury, activated monocytes and failed attempts by CACs to repair injured
retinal capillaries collectively result in progression to the vasodegenerative stage of the disease
[11–13].

Efficient release of CACs from the BM and spleen into circulation and extravasation into
blood vessels in the tissues is a critical component of their surveillance and vascular repair
function. We have previously shown that BM neuropathy precedes retinal vascular degenera-
tion in DR, leading to trapping of diabetic progenitor cells in the BM, and affecting circadian
release of these cells into circulation [7]. Homeostatic recirculation of cells back to the BM
niche is an equally important aspect of their role in maintaining the BM progenitor microenvi-
ronment [14–16]. Chemokine gradients such as SDF-1, and up-regulation of specific receptors
such as CXCR-4 on the CACs are believed to play crucial roles in regulating the process of
homing and retention in niches [17, 18]. Expression of specific integrins such as α4β1, β2 and
αvβ3 by CACs are major determinants of CAC adhesion to endothelial cells, homing and
mobilization from the BM [19, 20]. However, the effect of diabetes on the ability of CACs to
home from the tissues back to their BM niche has not been adequately studied.

Besides hosting the CACs, the BM is an important niche for several cells types such as stem
cells, stromal supporting cells, myeloid and lymphoid precursors. Some of these cell types are
recruited to the retina from the BM for retinal remodeling. The hematopoietic progenitors are
also known to migrate from the BM to other niches such as peripheral blood and spleen [21,
22]. Interestingly, spleen acts as an important reservoir during CAC trafficking and as a storage
site for lymphocytes, dendritic cells (DC) and monocyte populations [22, 23]. Leukocytes can
be potentially activated by interaction with BM-derived DC, which secrete cytokines in
response to immune stimulation and determine the nature of the leukocyte response during
inflammation [24–26]. Aberrant activation of immune cells, as well as decreased mobilization
of CACs may contribute to vascular complications in diabetes [23, 27–29].

The BM is also the source of myeloid-derived circulating monocytes, which contribute to
DR-associated inflammation. We have previously demonstrated that diabetes induces a shift in
hematopoiesis resulting in a reduction of reparative cells (CACs) and an increase in pro-
inflammatory monocytes that are released into circulation [7, 30, 31]. Just like CAC dysfunc-
tion, immune cell imbalance and inflammation are critical participants in the pathogenic
events associated with DR [10, 32]. Previously, we have shown that diabetes leads to increased
accumulation of inflammatory monocytes in the retina [30]. It has been shown recently that
pro-inflammatory BM-derived myeloid cells like monocytes play an important role in retinal
endothelial cell death and capillary degeneration in diabetes [33]. However, the influence of
diabetes on a range of other types of BM-derived cells, their migration to niches such as spleen
and peripheral blood, and their association with retinal vasculature has not been explored in
detail.
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In this study, we propose that diabetes has a significant long-term effect on the nature and
proportion of BM-derived cells that circulate in the blood, localize to the retina and home back
to their BM niche. To test this hypothesis, we generated chimeric mice with long-term, stable
reconstitution of their BM with GFP+ cells. After four months to allow for stable reconstitution
of the BM, diabetes was induced by streptozotocin (STZ) injections and the retinas were ana-
lyzed for the type and number of BM-derived cells after 8 weeks of diabetes.

Materials and Methods

Mice
All procedures involving the animal models were approved by the Institutional Animal Care
and Use Committee at Michigan State University. Male C57BL/6J and C57BL/6-Tg
(CAG-EGFP) mice were purchased from Jackson Laboratory and made diabetic by injections
of streptozotocin (STZ) dissolved in 0.5% sodium citrate buffer, with a daily dose of 65mg/Kg
for five consecutive days. The control mice received sodium citrate buffer only. Mice with
blood glucose greater than 13.8 mmol/L were considered diabetic. Starting 14 days after STZ
injections, insulin injections (with a dose of 0–2 units/day) were administered to prevent acute
weight loss, but allowing hyperglycemia in the range of 20 mmol/L blood glucose.

Generation of chimeric mice
The C57BL/6-Tg(CAG-EGFP) transgenic donor strain was obtained from Jackson Laboratory.
Chimeric mice were generated by irradiating recipient 8-weeks old C57BL/6 mice with 1100
rads followed by retroorbital injection of whole bone marrow (2 X 106 cells) from donor
C57BL/6 or GFP+ mice. After 120–130 days to allow stable hematopoietic reconstitution, we
performed flow cytometry to enumerate GFP+ cells in the BM of chimeric mice. Diabetes was
induced using STZ as described above.

Isolation of hematopoietic progenitors/CACs from mice
Mice were euthanized and tibias and femurs were collected. The bones were flushed with ice-
cold PBS and made into a single cell suspension. The cell pellet was treated with ammonium
chloride solution (STEMCELL technologies) to remove contaminating red blood cells. The
bone marrow cells were then enriched for mouse hematopoietic stem/progenitor cells using a
lineage-negative selection kit (STEMCELL Technologies) followed by a Sca1 positive selection
kit (STEMCELL Technologies) to obtain Lin- Sca+ progenitor cells.

Homing of CACs from retina
Lin- Sca+ progenitor cells were obtained from GFP+ diabetic and control mice, as described
above. The duration of diabetes was 9 months. The cells were maintained overnight in EGM-2
media with SingleQuot supplements and growth factors (Lonza) to allow them to recover from
the isolation process. Cells were then washed with PBS, counted and 10,000 cells were injected
intravitreously using a 33-gauge Hamilton syringe, into healthy wild type mice. After 7 days,
the wild type mice were sacrificed, and their eyes removed.

Tissue preparation and Immunohistochemistry
Eyes were pierced with a 30-gauge needle and fixed in freshly prepared 4% paraformaldehyde
for 1 hour at room temperature. The eyes were then washed in three changes of PBS before dis-
section. Intact retinas were isolated and permeabilized overnight at 4°C in HEPES-buffered
saline containing 0.1% Tween 20 and 1% bovine serum albumin. Vasculature was stained with
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rabbit anti-collagen IV (abcam) diluted 1:400 in PBS with 2% non-immune goat serum, incu-
bating overnight at 4°C, followed by a change into PBS for 6–8 hours. Secondary antibody
chicken anti-rabbit (Alexa Fluor 594, Invitrogen) diluted 1:1000 was used, followed by a final
wash in PBS.

For characterization of vascular and perivascular GFP+ cells in chimeric mice, retinas were
further stained with primary antibodies: endothelial cells using 1:400 diluted rabbit anti-colla-
gen IV (abcam); astrocytes using 1:200 diluted rabbit anti-GFAP (Cell Signaling); microglial
cells using 1: 100 diluted goat anti-Iba1 (Novus Biologicals); pericytes using 1:100 diluted rab-
bit anti-PDGFR-β (abcam); and Müller cells using 1:300 diluted rabbit anti-glutamine synthe-
tase (Novus Biologicals). After overnight incubation at 4°C and three PBS washes, respective
chicken anti-rabbit or anti-goat secondary antibodies (Alexa Fluor 594, Invitrogen) diluted
1:1000 was used, stained specimens incubated for an hour, followed by a final wash in PBS. Ret-
inas were mounted flat with four to five radial incisions, and placed between glass coverslips
with Fluoromount medium (Sigma).

Tissue sectioning and Immunohistochemistry
Tissue samples previously fixed in Zinc Fixative (BD biosciences) were processed and vacuum
infiltrated with paraffin on the ThermoFisher Excelsior tissue processor; followed by embed-
ding with the ThermoFisher HistoCentre III embedding station. Once blocks were cooled,
excess paraffin was removed from the edges, and they were placed on a Reichert Jung 2030
rotary microtome exposing the tissue sample. Then the blocks were cooled and finely sectioned
at 4–5 microns. Sections were dried at a 56°C slide incubator to ensure adherence to the slides
for 2–24 hours. Slides were then deparaffinized and rinsed in several changes of distilled water
followed by Tris buffered saline pH 7.4. Sections were incubated with 10% normal blocking
serum (chicken serum, Santa Cruz Biotechnology) in PBS for 20 minutes to suppress non-spe-
cific binding of IgG, and then washed with PBS. For localization of GFP+ cell types in the dif-
ferent layers of the retina, retinas were stained with primary antibodies for vascular and
perivascular cells such as endothelial cells, astrocytes, microglial cells and Müller cells using
antibodies and dilutions described above. Further, retinas were also stained for retinal neuronal
cells such as amacrine cells using 1:200 diluted rabbit anti-tyrosine hydroxylase (Millipore),
rod photoreceptors using 1:200 diluted rabbit anti-rhodopsin (Sigma) and ganglion cells using
1:50 diluted goat Brn-3a (Santa Cruz Biotechnology). After 1 hour incubation and three PBS
washes, sections were incubated for an hour with Alexa Fluor 594-conjugated chicken second-
ary antibody against rabbit or goat (Invitrogen), diluted to 5 μg/ml, followed by a final wash in
PBS. Retinal sections were mounted on coverslips with Fluoromount medium (Sigma).

Sample processing and LPS treatment
Mice were euthanized and tibias and femurs were collected. The bones were flushed with ice-
cold PBS and made into a single cell suspension. The cell pellet was treated with ammonium
chloride solution (STEMCELL technologies) to remove red blood cells. For enrichment of den-
dritic cells, 1 million BM cells per well in 24-well plates were incubated at 37°C for 7 days in
R10 medium (RPMI 1640 with 10% fetal bovine serum, 100 U/mL penicillin, 100 μg/mL strep-
tomycin and 55 μM β-mercaptoethanol) supplemented with 10 ng/mL of GM-CSF (Pepro-
tech). The culture medium was changed every 2 days by aspirating 50% of the medium and
adding back fresh medium with supplements. Spleen was gently crushed, subjected to red
blood cell lysis and then filtered through a 40μm nylon mesh. 1 million splenocytes per well in
24-well plates were also maintained in R10 medium for 7 days. The dendritic cell-enriched
population from BM and splenocytes were stimulated with 10 ng/mL of lipopolysaccharide
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(LPS, Sigma) for 24 hours. Culture supernatant was collected and stored at -80°C. ELISA
(eBiosciences) was performed to measure cytokine levels of IL-1β and TNF-α.

Cell preparation and Flow cytometry
Single cell suspensions from bone marrow and spleen were obtained as described earlier. Blood
was collected in heparinized tubes, and mononuclear cells were isolated using 1083 Histopaque
(Sigma-Aldrich) according to manufacturer’s instructions. Eyes were collected, the retinas
were isolated and disrupted mechanically by vigorous pipetting and digestion with 0.5 mg/ml
collagenase D (Roche, Indianapolis, IN) and 750 U/ml DNase (Sigma) in HBSS for 15 min at
37 oC according to Kerr et al [34]. One million cells were stained with the appropriate antibod-
ies on ice for 30 minutes according to standard cell surface staining protocol. The primary con-
jugated monoclonal antibodies that were used were purchased from BD biosciences or
ebiosciences: PE-CD34 (RAM34), PerCPCy5.5 –Ly6A/E (D7), biotin- lineage (CD3e,
CD45RA, GR1, CD11b, TER119), Alexa Fluor 700- CD45 (30-F11), APC-CD309 (Avas 12α1),
PECy7-CD117 (2B8), streptavidin APC efluor780, PE-Tie2 (TEK4), PerCP efluor710-CD31
(390), APC Cy7-CD11b (M1/70), PerCPefluor 710-F4/80 (BM8), PE-Ly6G (1A8), PECy7--
Ly6C (AL-21), APC-CD90.2 (53–2.1), FITC-CD61 (2C9.G3), PECy7-CD29 (HMb1-1),
PE-CD49d (R1-2), FITC-CD18 (M18/2), PECy7-CD49f (GoH3), PE-CD51 (RMV-7). Dead
cells were excluded using DAPI staining. Retinal endothelial cells were gated as CD45- CD31+

and Tie2+ cells. Retina microglial cells were gated as CD45-/dim, CD11b+ cells. CACs in bone
marrow, blood and spleen were defined as CD45dim/+, lineage-, CD34+ and CD309+ cells.
Integrin expression (subunit β1:CD29, β2:CD18, β3: CD61, α4:CD49d, α6:CD49f and αv:
CD51) was detected after gating on CACs. Data were acquired with a LSR II instrument (BD)
with three lasers at 488, 405 and 640 at the Flow Cytometry Core at Michigan State University
and data were analyzed with FlowJo software (Tree Star, Inc.).

Data Collection and Analysis
Digital images of flat-mounted retinas were captured using an Olympus FluoView 1000 Laser
Scanning confocal microscope. For imaging retinal sections, a Nikon TE2000 fluorescence
microscope equipped with Photometrics CoolSNAP HQ2 camera was used. A minimum of
three random fields was captured for each retina. Colocalization of green (for GFP+ cells) and
red (stained vascular endothelium or other retinal cells) fluorescence was examined and area of
fluorescence calculated using MetaMorph imaging system (Molecular Devices, Downingtown,
PA).

Statistical analyses
Data are presented as mean ± S.E.M. Results were analyzed for statistical significance by the
Student’s t-test or one-way ANOVA followed by Tukey’s or Bonferroni’s post-hoc test (Graph-
Pad Prism5, GraphPad Software, San Diego, CA), where appropriate.

Results

Characterization of BM-derived cells in control retina
To track the movement of BM-derived cells into the retina, we created chimeric mice on a
C57BL/6J background by transplanting with GFP+ age-matched BM at 8 weeks of age. 98%
reconstitution of transplanted BM was confirmed by flow cytometry. 6 months after BM trans-
plantation, characterization of the vasculature-associated GFP+ cells in retinas of chimeric
mice by immunofluorescent staining of flat-mounted retinas indicated that BM-derived cells
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predominantly express markers of perivascular microglia, pericytes, Müller cells or vascular
endothelial cells (Fig 1A–1D). A majority of the BM-derived cells infiltrating the retina
expressed the pan-microglial marker, Iba-1 (Fig 1F). BM-derived astrocytes were not observed
in the neural retina or associated with the retinal vasculature (Fig 1E).

To further analyze localization of the different BM-derived cell types within the retinal cell
layers, immunohistochemical staining of retinal sections was performed. GFP+ cells in the ret-
ina localized predominantly to the ganglion cell layer (GCL), inner nuclear layer (INL), inner
(IPL) and outer plexiform layers (OPL), where the retinal vasculature is located (Fig 2). The
BM-derived cells in the retina were immunoreactive for Iba1 (labelling microglia, Fig 2A), col-
lagen IV (labelling endothelial cells, Fig 2D), glutamine synthetase (labelling Müller cells, Fig
2C) and PDGF-Rβ (labelling pericytes, Fig 2B). However, GFP+ cells in the retinas were not
recognized by antibodies against GFAP (labelling astrocytes, Fig 2E) and neuronal markers
such as tyrosine hydroxylase (labelling amacrine cells, Fig 2F) and rhodopsin (labelling rod
photoreceptors, Fig 2G). The observed fate of BM-derived cells in the retina is in agreement
with a previous study characterizing BM-derived cells in the mouse retina [35].

Flow cytometry of GFP+ cells in retinas of chimeric mice was done to further confirm the
immunohistochemical data. We observed that 93% of the GFP+ cells in the retina were
CD45dim or CD45- cells (Fig 3B). The CD45 marker is expressed in high levels by all differenti-
ated hematopoietic cells but not endothelial cells, [36, 37], and its expression is reduced on
microglia [38, 39]. Approximately 20% of CD45- GFP+ cells in the retina expressed endothelial
markers, CD31 and Tie-2, while 33% of them expressed microglial markers, CD45dim CD11b+.

Effect of diabetes on BM-derived inflammatory cells in the retina
To determine whether diabetes has an effect on infiltration of pro-inflammatory BM cells into
the retina, we examined the retinas of chimeric mice 2 months after the induction of diabetes.
We observed similar total numbers of GFP+ cells as well as GFP+ CD45dim/- infiltrating diabetic
and control retinas (Fig 3A and 3B). We then examined the effect of diabetes on infiltration of
BM-derived microglia-like cells in the retina of chimeric mice. Using immunohistochemistry
to stain retinas with the pan-microglial marker Iba-1, we observed no significant difference
between control and diabetic mice in infiltration of total BM-derived microglia-like cells into
the retina (Fig 4A). Next, we used flow cytometry to select for GFP+ CD45dim CD11b+ cells in
diabetic and control retinas, since high CD11b expression indicates increased microglial activa-
tion [40, 41]. Our studies revealed that 41% of GFP+ cells in diabetic retinas expressed activated
microglial markers compared to 33% in control retinas (Fig 4B). The significant increase in
percentage of CD11b+ GFP+ cells in diabetic retinas indicates increased infiltration and/or dif-
ferentiation of activated microglia-like cells from BM to the diabetic retina. To further explore
how diabetes affects activation of BM-derived pro-inflammatory cells, we examined phenotype
of the microglia-like cells in flat-mounted retinas. In the control mouse retinas, most of the
BM-derived microglia-like cells (Iba-1+ GFP+) displayed a resting phenotype characterized by
their highly ramified morphology. However, in the diabetic retina, these BM-derived cells dis-
played a more amoeboid morphology with marked retraction of their dendrites, indicating
microglial activation. (Fig 4C and 4D; white arrowheads).

In addition to microglia, early diabetes is associated with activation of the Müller glia, which
are important contributors to retinal inflammation [42]. We studied the effect of diabetes on
infiltration of BM-derived Müller cells in the retina. From immunohistochemical staining of
flat-mounted retinas and retinal sections, we observed that 10% of BM-derived cells in the ret-
ina expressed markers of Müller cells (glutamine synthetase) (Fig 1F). In the diabetic retina,
the percentages of BM-derived cells expressing markers of Müller cells did not change.
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Diabetes increases BM-derived monocytes in circulation
Next, we examined whether this increase in pro-inflammatory microglia-like cells is reflected
in the numbers of the circulating progenitors of BM-derived microglia-like cells in control and
diabetic mice. After 2 months of diabetes, we observed a significant increase in CD11b+ GFP+

circulating monocytes with surges of Ly6Chi as well as Ly6Clo monocyte populations in the
blood of diabetic mice (Fig 5).

Diabetes alters immune responses of BM-derived DC and splenocytes
In vitro stimulation of cultured cells by lipopolysaccharide (LPS) is a widely used assay to study
the ability of immune cells to become activated. For BM-derived DC and splenocytes, immune
activation levels can be detected by changes in cytokine production, higher expression of costi-
mulatory molecule or the production of inflammatory mediators [26]. To determine whether

Fig 1. Characterization of BM-derived cells in retinas of GFP+ BM chimeras at 6 months after transplantation.GFP+ cells (green) colocalized with (A)
microglial marker Iba-1 (red), (B) endothelial cell marker Collagen IV (red), (C) Müller cell marker Glutamine synthetase (red), (D) pericyte marker PDGFR-β
(red) but not with (E) astrocyte marker GFAP (red). Colocalization of GFP+ cells with the respective markers was observed as yellow stain. Scale bars are
10 μm. (F) Percentages of GFP+ cells expressing markers for specific cell types, N = 4–5.

doi:10.1371/journal.pone.0146829.g001
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diabetes affects activation of BM-derived dendritic cells (DC) and splenocytes, we analyzed
cytokine secretion by diabetic and control cell populations in response to LPS. We demon-
strated that increased levels of pro-inflammatory cytokines, IL-1β and TNF-α were secreted by
BM-derived DC and splenocytes derived from diabetic mice (Fig 6), indicating that diabetes
may lead to aberrant activation of BM and splenic derived immune cells.

Effect of diabetes on BM-derived microvascular cells in the retina
To determine whether diabetes has an effect on infiltration of vascular reparative BM cells into
the retina, we examined the retinas of chimeric mice after 2 months of diabetes. We observed
that only 13% of GFP+ cells expressed endothelial cell markers compared to 20% in control ret-
inas (Fig 7), indicating that infiltration and/or differentiation of BM-derived progenitor cells
into retinal endothelial cells is deficient in the diabetic retina.

Pericytes are microvascular mural cells providing support and stability to the retinal vascu-
lature. Pericyte loss and microaneurysm formation are characteristic features of diabetic reti-
nopathy [43]. We studied the effect of diabetes on infiltration of BM-derived pericytes in the
retina. From immunohistochemical staining of flat-mounted retinas and retinal sections, we
observed that 10% of BM-derived cells in the retina expressed markers of pericytes (PDGF-Rβ)
(Fig 1F). In the diabetic retina, the percentages of BM-derived cells expressing the pericyte
marker did not change.

Diabetes impairs release of BM-derived vascular reparative cells
To study the effect of diabetes on the release of vascular reparative cells, we tracked the move-
ment of BM-derived CACs in chimeric mice. CACs were identified by flow cytometry as
CD45dim/+ cells that do not express lineage markers but express CD34 and CD309 [44]. After 2
months of diabetes, we observed impaired release of CACs, shown as a significantly higher

Fig 2. Characterization of BM-derived cells in retinal sections of GFP+ BM chimeras at 6 months after transplantation. Nuclei were counterstained
with DAPI (blue). Overlays of confocal images of GFP+ cells (green) immunoreactive for (A) Iba1 (red) labeling microglia, (B) Collagen IV (red) labeling
endothelial cells, (C) Glutamine synthetase (red) labeling Müller glia, (D) PDGF-Rβ (red) labeling pericytes. Colocalization of GFP+ cells with the respective
markers was observed (yellow) in (A-D). (E) GFAP (red) labeling astrocytes, (F) Tyrosine hydroxylase (red) labeling amacrine cells, (G) Rhodopsin (red)
labeling rod photoreceptors. No colocalization of GFP+ cells with these markers was observed in (E-G). Scale bars are 20 μm. N = 4–5.

doi:10.1371/journal.pone.0146829.g002
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number of these cells trapped in the BM and spleen of diabetic mice compared to controls (Fig
8A and 8B). Significantly lower numbers of BM-derived CACs were observed in the blood of
diabetic mice, as compared to controls (Fig 8C).

CAC homing capability to BM is impaired in diabetes
In order to study the recirculation of CACs from the retina to the BM niche, we injected GFP+

CACs in the vitreous of control mice with healthy retinal vasculature. Seven days post

Fig 3. BM-derived cells in the retina of chimeric mice. (A) Number of BM-derived cells per mm2 area of
control or diabetic retina. Representative flow charts of GFP+ cells in the retina shown below. (B) ~ 93% of
GFP+ cells detected in the retina are CD45- cells. Diabetes does not change the number of CD45- cells in the
retina. Representative flow charts gated on GFP+ cells of CD45- and CD45+ cells shown below. N = 4.

doi:10.1371/journal.pone.0146829.g003
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Fig 4. Diabetes alters BM-derived microglia in retina. (A) Percentage of BM-derived microglia per mm2 area of control or diabetic retina. N = 7–8. (B)
GFP+ microglia (gated as GFP+ cells that are Thy1-, Ly6G-, Ly6C-, CD45dim CD11b+ cells) are expressed as a percentage of total GFP+ retinal cells in control
and diabetic retina of chimeric mice, and indicate increase in BM-derived microglia in diabetic mice. Representative flow charts of GFP+ microglia in the retina
are shown. N = 3–5, ** p< 0.01. (C) Confocal images of retina isolated from control or diabetic GFP+ BM-transplanted mice. Microglial marker Iba-1+ staining
(red) with GFP+ (green) cells, showing colocalization (yellow) in retina. Increased retraction of processes observed in BM-derived microglia in diabetic GFP+

chimeric mouse retina compared to ramified, resting phenotype of microglia in control retinas (white arrowheads). Scale bars are 50 μm. (D) Quantification of
dendrite length of microglia in diabetic and control chimeric mouse retinas is shown. N = 4–5, *** p< 0.001.

doi:10.1371/journal.pone.0146829.g004
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injection, we examined the retina as well as BM for presence of GFP+ cells (Fig 9A). With injec-
tion of control GFP+ CACs, very few remained trapped in the vitreous, while GFP+ cells were
detected in the BM, demonstrating that the injected CACs are capable of homing to their BM
niche. However, with injection of diabetic GFP+ CACs, we observed a significant number of
CACs trapped in the vitreo-retinal space, while no GFP+ cells were detected in the bone mar-
row (Fig 9B and 9C), implying impaired migration and homing efficiency of diabetic CACs.

To determine whether diabetes has an effect on integrins that regulate the process of CAC
homing, we examined the expression of integrins α4, α6, β1, β2, αv and β3 on CACs isolated
from the blood of control and diabetic mice. We observed significantly decreased expression of
integrins β2 and β3, as well as a trend towards decreased expression of α4, α6 and αv integrins
on diabetic CACs (Fig 9D). These data demonstrate that diabetes alters expression of integrins
on the surface of CACs in peripheral blood, indicating that these adhesion molecules may be
involved in dysregulation of CAC migration and homing efficiency associated with diabetes.

Discussion
Diabetes affects the entire neurovascular unit of the retina, leading to chronic low-grade
inflammation [45], gradual neurodegeneration [46], loss of capillary components such as peri-
cytes and endothelial cells [47], causing acellular capillaries formation [48] and increased vas-
cular permeability [49, 50]. The resulting loss of cellular support leads to microaneurysms,
leakage of lipid exudates due to increased permeability, capillary non-perfusion, and subse-
quent ischemia and hypoxia of retinal tissue [50]. Many factors contribute to the pathophysiol-
ogy of DR, such as accumulation of advanced glycation end-products (AGEs), inflammation,
chronic oxidative stress and vascular as well as neuronal dysfunction [2, 51–54]. Diminished
insulin signaling in retinal neurons may lead to neurodegeneration, which may further contrib-
ute to breakdown of the blood-retinal barrier in DR [46].

More recently, another mechanism, inadequate repair by deficient CAC in diabetes has
been implicated in the pathogenesis of DR [7, 13, 30, 55]. The combination of retinal cell dam-
age, pro-inflammatory changes and failed attempts by BM-derived CACs to repair injured

Fig 5. Effect of diabetes on BM-derived monocytes.GFP+ monocytes (CD11b+ Ly6C+, CD11b+ Ly6Chi

and CD11b+ Ly6Clo) are expressed as a percentage of total GFP+ cells in blood. N = 4–5, ** p< 0.01 and *
p<0.05.

doi:10.1371/journal.pone.0146829.g005
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Fig 6. Diabetes alters response of BM-derived cells and splenocytes to LPS stimulation. Increased
secretion of cytokines IL-1β and TNF-α in (A) BM-derived dendritic cell-enriched population (B) splenocytes
stimulated with LPS. N = 4–5, * p< 0.05.

doi:10.1371/journal.pone.0146829.g006

Fig 7. Diabetes reduces number of BM-derived endothelial cells in retina.GFP+ endothelial cells (gated as CD45- Tie-2+ CD31+ cells) are expressed as
a percentage of total GFP+ retinal cells, and indicate a significant decrease in BM-derived endothelial cells in diabetic mice. Representative flow charts of
GFP+ endothelial cells in the retina are shown. N = 4–5.

doi:10.1371/journal.pone.0146829.g007
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retinal capillaries eventually result in progression to clinically significant DR. With significant
contribution of BM-derived cells to retinal pathology in DR, it is important to understand the
effect of diabetes on BM-derived cells contributing to retinal inflammation, as well as the cells
promoting retinal vascular repair.

In agreement with previous studies, our data demonstrate that BM-derived cells infiltrating
the retina differentiate into various cell types such as pericytes, endothelial cells, Müller cells
and microglia (Figs 1 and 2) but not astrocytes or retinal neurons [33, 35]. Diabetes did not
affect the numbers or activation status of BM-derived Müller cells and pericytes, indicating
that these cells may be recruited from BM for normal maintenance functions in both control

Fig 8. Diabetes alters release of vascular reparative cells into circulation. (A) CACs as a percentage of total bone marrow cells, *** p<0.001 (B) CACs
as a percentage of total splenocytes. (C) CACs as a percentage of total blood cells. CACs are gated as Lin- CD34+ CD309+ cells. Representative flow charts
of GFP+ CACs in control and diabetic BM, spleen and blood are shown below. * p<0.05, N = 4–8.

doi:10.1371/journal.pone.0146829.g008
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and diabetic retina [56]. However, diabetes significantly altered the numbers of BM-derived
activated microglia-like cells as well as endothelial cells in the retina, suggesting that these BM-
derived cell types may be involved in the pathogenesis of DR (Figs 4B and 7).

Diabetes is known to activate monocytes, which play an important part in promoting a pro-
inflammatory environment in the retina [9, 10]. Circulating monocytes are classified as Ly6Chi

or Ly6Clo, depending on their expression levels of Ly6C on the cell surface. Ly6Clo monocytes
perform surveillance functions and resolve inflammation, while Ly6Chi monocytes are charac-
terized as reactive cells that can be actively recruited into diabetic retina, contributing to the
observed pathology [30, 57]. We and others have previously demonstrated a shift in the profile
of BM cells and circulating BM-derived cells towards myeloid cells, contributing to diabetes-
associated inflammation [12, 30, 51, 58]. Indeed, reactive (Ly6C hi) as well as the patrolling
(Ly6C lo) monocyte subsets of this BM-derived population (GFP+ CD11b+) were found to be
increased in the blood of diabetic chimeric mice (Fig 5).

Under normal conditions, retinal microglia survey the retinal microenvironment and help
maintain homeostasis. Resident microglia, along with astrocytes are also believed to play a vital
role in formation and maintenance of the retinal vasculature [59]. However, during inflamma-
tion these microglia become activated and produce cytokines, contributing to vascular and
neural damage in the diabetic retina [60]. Circulating monocytes can infiltrate the diabetic

Fig 9. Diabetes alters homing efficiency of CACs. (A) Scheme for testing homing efficiency of diabetic CACs to the BM. Male C57BL/6-Tg(CAG-EGFP)
mice were made diabetic by STZ injections. After 8 months of diabetes, 10,000 CACs were isolated from BM of diabetic and control GFP+ mice, and injected
into the vitreous of healthy mice. Seven days post injection the BM and retinas were collected and analyzed by flow cytometry and confocal microscopy for
presence of GFP+ CACs. (B) Control or diabetic GFP+ CACs (green) injected into the vitreous of mice with healthy retinal vasculature stained red using anti-
collagen IV antibody. Quantitation of area of green CACs observed in confocal retinal images is shown. Scale bars are 50 μm, N = 10–12. (C) Quantification
of GFP+ cells from bone marrow of tibia and femurs of recipient mice shows homing of diabetic GFP+ CACs to the recipient bone marrow was significantly
lower compared to control GFP+ CACs. N = 4–6. (D) Diabetes significantly alters expression of integrins β2 and β3 on diabetic CACs in blood. N = 3, * p<
0.05, ** p<0.01.

doi:10.1371/journal.pone.0146829.g009
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retina, assume a microglia-like phenotype and contribute to retinal inflammation by secreting
pro-inflammatory cytokines and further activating resident glial cells in the retina [38, 61, 62].
In our study, we demonstrate increased infiltration of BM-derived pro-inflammatory cell types
expressing microglial activation marker CD11b in the diabetic retina (Fig 4B). Interestingly,
there was no change in total BM-derived microglial population in these retinas as demon-
strated using a pan-microglial marker Iba-1 (Fig 4A). These data indicate that the BMmicroen-
vironment in diabetes induces a shift in hematopoiesis with generation of more pro-
inflammatory monocytes released from BM into circulation, leading to accumulation of
inflammatory microglia-like cells in the diabetic retina. Since the numbers of BM-derived acti-
vated microglia-like cells are selectively increased in the diabetic retina with no change in total
microglia numbers, the beneficial role of resting microglia in vascular maintenance and surveil-
lance is likely to be diminished in diabetes.

During embryonic development, resident tissue microglia are known to develop from a yolk
sac and do not have myeloid origin [63]. Several studies demonstrated that in normal tissue,
microglial regeneration occurs from tissue-specific microglial progenitors [64]. However,
microglial origin could be shifted towards BM-derived myeloid cells in ageing, inflammation
or tissue damage [38, 62, 65]. In experimental models of DR, microglial activation is usually
identified by morphological changes involving retraction of their highly ramified processes and
appearance of an amoeboid shape with thicker dendrites and larger cell bodies [42, 65]. We
observed Iba+ GFP+ cells in control and diabetic retinas, however Iba+ GFP+ cells in control
retinas had branched resting phenotype compared to clearly activated amoeboid phenotype in
diabetic retinas, demonstrating for the first time that diabetes promotes activation of BM-
derived microglia-like cells in the retina (Fig 4C and 4D).

The BM serves as a niche for hematopoietic stem cells which, apart from differentiating into
lymphoid and myeloid progenitors, are also believed to give rise to CACs, a population of cells
that circulates in the bloodstream with the ability to migrate to the site of endothelial injury
and mediate repair of damaged blood vessels. These BM progenitors may migrate to the spleen,
which serves as a reservoir for CACs, inflammatory monocytes and lymphocytes [21–23]. We
and others have previously shown that diabetes affects mobilization of CACs into systemic cir-
culation [7, 28]. Studies by us and others also indicate that CACs isolated from diabetic patients
are not effective in vascular regeneration due to their impaired migration and proliferation
abilities [7, 11, 13]. In this study, we show that release of CACs from BM and spleen into circu-
lation is impaired in a mouse model of diabetes (Fig 8A–8C).

Further, we have demonstrated that 20% of BM-derived cells that infiltrate the retina
express endothelial cell markers such as collagen IV, Tie2, PECAM-1 (Fig 7). A previous study
by Grant et al also demonstrated that adult hematopoietic stem cells are capable of migrating
to the retina and differentiating into endothelial cells [66]. However, in the diabetic retina, we
observed a significant reduction in the percentage of BM-derived cells expressing endothelial
markers, reinforcing the notion that migration and/or differentiation of BM-derived progeni-
tor cells into retinal endothelial cells is deficient in diabetes (Fig 7).

CACs arising from the BM, spleen and other niches normally circulate in the bloodstream
and home to areas of endothelial injury to mediate vascular repair [66]. In a healthy animal,
chemokine gradients such as SDF-1 and up-regulation of CXCR-4 receptors on CACs play cru-
cial roles in regulating release, surveillance and homing of reparative CACs to sites of retinal
vascular injury which is disturbed in diabetes, as we have previously described [7, 17, 18]. In
order to maintain their population, these cells migrate from various tissues back to their niches,
governed by expression of integrins and chemokine gradients [14, 17, 20]. In this study we
demonstrate for the first time, impairment in homing of diabetic CACs from healthy retina
back to their niches, using BM niche as an example of a major reservoir for CACs. To observe
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the effect of diabetes on the in vivomigration and homing capacity of CACs, we injected GFP+

CACs isolated from 8-month diabetic and age-matched control mice, into the vitreous of wild
type mice with healthy retinal vasculature. Seven days post injection, the retina and BM were
collected and analyzed for presence of residual GFP+ CACs (Fig 9A). As there was no retinal
damage in the recipient mice, normal control CACs did not remain in the vitreo-retinal space
and migrated out into the blood stream as expected (Fig 9B, left panel). In contrast to the con-
trol CACs, a significant number of diabetic GFP+ CACs remained in the vitreo-retinal space
(Fig 9B, right panel) unable to migrate.

Next, we examined the BM of the recipient mice for presence of GFP+ cells. It is important
to note that only 10,000 GFP+ CACs were injected into the vitreous of WT non-GFP+ mice.
The only source of GFP+ cells in the BM of animals would be these CACs that were injected
into the vitreous. Even if all the injected GFP+ cells homed to niches in the bone marrow, we
would expect to see only 70–100 GFP+ cells in 500,000 bone marrow cells. However, CACs
have also been shown to migrate to other niches such as spleen, liver and peripheral blood, and
may participate in vascular maintenance in other parts of the body [28]. Thus 7 ± 3 cells per
500,000 cells observed per stem cell niche is within the range that can be expected in this exper-
imental set-up (Fig 9C). In contrast, the impairment in migration and homing efficiency of dia-
betic CACs is apparent in the observed absence of diabetic GFP+ CACs circulating and homing
back to the BM niche (Fig 9C).

Regulation of CAC homing involves chemokine gradients and expression of receptors and
adhesion molecules on CACs. Previously, we and others demonstrated that chemokines regu-
lating CAC release and mobilization such as SDF-1, VEGF and MCP-1 are under stringent cir-
cadian control, which is altered in diabetes [7, 67]. As this study was not designed to address
circadian changes, we did not analyze the potential contribution of chemokine gradients to the
observed changes in the release of BM progenitor cells in diabetes. Adhesion molecules
expressed on the surface of CACs, called integrins are also important determinants of CAC
homing. Intgrins α6β1 and αvβ3 regulate homing and adhesion of CACs to vasculature, β2
integrins are major regulators of transendothelial migration and integrin α4β1 is an important
regulator of CAC retention in the BM by binding to VCAM1 on endothelial cells [19, 20, 68].
In our study, we demonstrate for the first time that diabetes results in significantly reduced
expression of β2 and β3 integrins, as well as a trend towards decreased expression of α4, α6
and αv integrins on CACs (Fig 9D). This may in turn affect integrin-mediated interactions of
CACs with the vessel wall, contributing to the observed impairment in migration and homing
efficiency of diabetic CACs.

The reduction in the number and homing efficiency of CACs in diabetes was accompanied
by aberrant activation of splenocytes and BM-derived dendritic cells upon LPS stimulation.
Immature DC can be activated by LPS and secrete cytokines that influence the leukocyte
immune response [24–26]. Lymphocytes, dendritic cells and monocytes stored in the spleen
may also contribute to inflammation in response to injury [23, 24]. Here we show that LPS
stimulation leads to increased secretion of pro-inflammatory cytokines such as IL-1β and
TNF-α by splenocytes and BM-derived dendritic cells enriched from diabetic mice, indicating
that these immune cells may also contribute to inflammation in diabetes (Fig 6).

Our study is in agreement with the main findings of a previous study by Li et al, on the role
of pro-inflammatory marrow-derived cells in DR. However, there are important differences in
the design of the two studies. In the Li et al. study diabetes was induced two weeks before BM
transplantation [33]. As one of the goals of our study was to evaluate migration and homing of
the progenitor cells between different niches, we wanted to separate the effects of irradiation
from the effects of diabetes and allowed for stable bone marrow engraftment (4–5 months)
before induction of diabetes. This study design with BM transplantation before induction of

Imbalances in Mobilization and Activation of Bone Marrow-Derived Cells in Diabetic Retinopathy

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 16 / 21



diabetes assures that there are no effects of diabetes on homing efficiency of transplanted BM
cells and subsequent re-population of stem cells in the BM niche.

In conclusion, this study identified a significant shift from reparative to pro-inflammatory
BM-derived cells in the retina in diabetes. The reparative BM-derived CACs had decreased
numbers in circulation, as well as deficient migratory and homing capacity in diabetes. In con-
trast, diabetes induced higher numbers in circulation, as well as retinal infiltration of pro-
inflammatory myeloid cells giving rise to activated microglia-like population in diabetic retina.
Control of BM-derived cell populations with normalization of the reparative/pro-inflamma-
tory cells balance could represent a viable cell therapy option to enhance available DR
treatments.

Acknowledgments
We thank Ania Breier for helping with isolation of BM cells, taking care of mice and intravi-
treal injections. We also thank the technical support and expert assistance of Louis King, the
director of the Flow cytometry Core at Michigan State University. JVB is the guarantor of this
work and, as such, had full access to all the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Author Contributions
Conceived and designed the experiments: JB MBG EB. Performed the experiments: HC EB SN
SO QWNK CH. Analyzed the data: HC EB JB. Contributed reagents/materials/analysis tools:
JB MBG. Wrote the paper: HC EB JB.

References
1. Yau JW, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et al. Global prevalence and

major risk factors of diabetic retinopathy. Diabetes care. 2012; 35(3):556–64. Epub 2012/02/04. doi:
10.2337/dc11-1909 PMID: 22301125; PubMed Central PMCID: PMC3322721.

2. Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl J Med. 2012; 366(13):1227–39. doi:
10.1056/NEJMra1005073 PMID: 22455417

3. Opreanu M, Lydic TA, Reid GE, McSorley KM, EsselmanWJ, Busik JV. Inhibition of cytokine signaling
in human retinal endothelial cells through downregulation of sphingomyelinases by docosahexaenoic
acid. Invest Ophthalmol Vis Sci. 2010; 51(6):3253–63. doi: 10.1167/iovs.09-4731 PMID: 20071681

4. Opreanu M, Tikhonenko M, Bozack S, Lydic TA, Reid GE, McSorley KM, et al. The unconventional role
of acid sphingomyelinase in regulation of retinal microangiopathy in diabetic human and animal models.
Diabetes. 2011; 60(9):2370–8. Epub 2011/07/21. doi: 10.2337/db10-0550 PMID: 21771974; PubMed
Central PMCID: PMC3161322.

5. Fox TE, Han X, Kelly S, Merrill AH Jr, Martin RE, Anderson RE, et al. Diabetes alters sphingolipid
metabolism in the retina: a potential mechanism of cell death in diabetic retinopathy. Diabetes. 2006;
55(12):3573–80. PMID: 17130506

6. Gubitosi-Klug RA, Talahalli R, Du Y, Nadler JL, Kern TS. 5-Lipoxygenase, but not 12/15-lipoxygenase,
contributes to degeneration of retinal capillaries in a mouse model of diabetic retinopathy. Diabetes.
2008; 57(5):1387–93. Epub 2008/03/19. doi: 10.2337/db07-1217 PMID: 18346986.

7. Busik JV, Tikhonenko M, Bhatwadekar A, Opreanu M, Yakubova N, Caballero S, et al. Diabetic retinop-
athy is associated with bone marrow neuropathy and a depressed peripheral clock. Journal of Experi-
mental Medicine. 2009; 206(13):2897–906. doi: 10.1084/jem.20090889 PMID: 19934019

8. Li Calzi S, Purich DL, Chang KH, Afzal A, Nakagawa T, Busik JV, et al. Carbon monoxide and nitric
oxide mediate cytoskeletal reorganization in microvascular cells via vasodilator-stimulated phospho-
protein phosphorylation: evidence for blunted responsiveness in diabetes. Diabetes. 2008; 57
(9):2488–94. Epub 2008/06/19. doi: 10.2337/db08-0381 PMID: 18559661; PubMed Central PMCID:
PMC2518501.

9. Nagy L, Szanto A, Szatmari I, Szeles L. Nuclear hormone receptors enable macrophages and dendritic
cells to sense their lipid environment and shape their immune response. Physiological reviews. 2012;
92(2):739–89. Epub 2012/04/27. doi: 10.1152/physrev.00004.2011 PMID: 22535896.

Imbalances in Mobilization and Activation of Bone Marrow-Derived Cells in Diabetic Retinopathy

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 17 / 21

http://dx.doi.org/10.2337/dc11-1909
http://www.ncbi.nlm.nih.gov/pubmed/22301125
http://dx.doi.org/10.1056/NEJMra1005073
http://www.ncbi.nlm.nih.gov/pubmed/22455417
http://dx.doi.org/10.1167/iovs.09-4731
http://www.ncbi.nlm.nih.gov/pubmed/20071681
http://dx.doi.org/10.2337/db10-0550
http://www.ncbi.nlm.nih.gov/pubmed/21771974
http://www.ncbi.nlm.nih.gov/pubmed/17130506
http://dx.doi.org/10.2337/db07-1217
http://www.ncbi.nlm.nih.gov/pubmed/18346986
http://dx.doi.org/10.1084/jem.20090889
http://www.ncbi.nlm.nih.gov/pubmed/19934019
http://dx.doi.org/10.2337/db08-0381
http://www.ncbi.nlm.nih.gov/pubmed/18559661
http://dx.doi.org/10.1152/physrev.00004.2011
http://www.ncbi.nlm.nih.gov/pubmed/22535896


10. Tang J, Kern TS. Inflammation in diabetic retinopathy. Prog Retin Eye Res. 2011; 30(5):343–58. doi:
10.1016/j.preteyeres.2011.05.002 PMID: 21635964

11. Caballero S, Sengupta N, Afzal A, Chang KH, Li Calzi S, Guberski DL, et al. Ischemic vascular damage
can be repaired by healthy, but not diabetic, endothelial progenitor cells. Diabetes. 2007; 56(4):960–7.
Epub 2007/03/31. 56/4/960 [pii] doi: 10.2337/db06-1254 PMID: 17395742.

12. Schroder S, Palinski W, Schmid-Schonbein GW. Activated monocytes and granulocytes, capillary non-
perfusion, and neovascularization in diabetic retinopathy. The American journal of pathology. 1991;
139(1):81–100. Epub 1991/07/01. PMID: 1713023; PubMed Central PMCID: PMC1886150.

13. Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de Boer HC, et al. Endothelial
progenitor cell dysfunction: a novel concept in the pathogenesis of vascular complications of type 1 dia-
betes. Diabetes. 2004; 53(1):195–9. Epub 2003/12/25. PMID: 14693715.

14. Casanova-Acebes M, Pitaval C, Weiss LA, Nombela-Arrieta C, Chevre R, A-Gonzalez N, et al. Rhyth-
mic modulation of the hematopoietic niche through neutrophil clearance. Cell. 2013; 153(5):1025–35.
Epub 2013/05/28. doi: 10.1016/j.cell.2013.04.040 PMID: 23706740; PubMed Central PMCID:
PMC4128329.

15. Mazo IB, Massberg S, von Andrian UH. Hematopoietic stem and progenitor cell trafficking. Trends
Immunol. 2011; 32(10):493–503. Epub 2011/08/02. doi: 10.1016/j.it.2011.06.011 PMID: 21802990;
PubMed Central PMCID: PMC3185129.

16. Plett PA, Frankovitz SM, Orschell CM. Distribution of marrow repopulating cells between bone marrow
and spleen early after transplantation. Blood. 2003; 102(6):2285–91. Epub 2003/05/31. doi: 10.1182/
blood-2002-12-3742 PMID: 12775569.

17. Lapidot T, Dar A, Kollet O. How do stem cells find their way home? Blood. 2005; 106(6):1901–10. Epub
2005/05/14. doi: 10.1182/blood-2005-04-1417 PMID: 15890683.

18. Vagima Y, Lapid K, Kollet O, Goichberg P, Alon R, Lapidot T. Pathways implicated in stem cell migra-
tion: the SDF-1/CXCR4 axis. Methods in molecular biology. 2011; 750:277–89. Epub 2011/05/28. doi:
10.1007/978-1-61779-145-1_19 PMID: 21618098.

19. Jin H, Aiyer A, Su J, Borgstrom P, Stupack D, Friedlander M, et al. A homing mechanism for bone mar-
row-derived progenitor cell recruitment to the neovasculature. The Journal of clinical investigation.
2006; 116(3):652–62. Epub 2006/02/25. doi: 10.1172/JCI24751 PMID: 16498499; PubMed Central
PMCID: PMC1378185.

20. Caiado F, Dias S. Endothelial progenitor cells and integrins: adhesive needs. Fibrogenesis Tissue
Repair. 2012; 5:4. Epub 2012/03/14. doi: 10.1186/1755-1536-5-4 PMID: 22410175; PubMed Central
PMCID: PMC3323425.

21. Wright DE, Wagers AJ, Gulati AP, Johnson FL, Weissman IL. Physiological migration of hematopoietic
stem and progenitor cells. Science. 2001; 294(5548):1933–6. Epub 2001/12/01. doi: 10.1126/science.
1064081 PMID: 11729320.

22. Zhao X, Qian D, Wu N, Yin Y, Chen J, Cui B, et al. The spleen recruits endothelial progenitor cell via
SDF-1/CXCR4 axis in mice. Journal of receptor and signal transduction research. 2010; 30(4):246–54.
Epub 2010/06/08. doi: 10.3109/10799893.2010.488241 PMID: 20524780.

23. Swirski FK, Nahrendorf M, Etzrodt M, Wildgruber M, Cortez-Retamozo V, Panizzi P, et al. Identification
of splenic reservoir monocytes and their deployment to inflammatory sites. Science. 2009; 325
(5940):612–6. Epub 2009/08/01. doi: 10.1126/science.1175202 PMID: 19644120; PubMed Central
PMCID: PMC2803111.

24. Mollah ZU, Pai S, Moore C, O'Sullivan BJ, Harrison MJ, Peng J, et al. Abnormal NF-kappa B function
characterizes human type 1 diabetes dendritic cells and monocytes. Journal of immunology. 2008; 180
(5):3166–75. Epub 2008/02/23. PMID: 18292540.

25. Lehmann U, Heuss ND, McPherson SW, Roehrich H, Gregerson DS. Dendritic cells are early respond-
ers to retinal injury. Neurobiology of disease. 2010; 40(1):177–84. Epub 2010/06/29. doi: 10.1016/j.
nbd.2010.05.022 PMID: 20580926; PubMed Central PMCID: PMC2926161.

26. Blanco P, Palucka AK, Pascual V, Banchereau J. Dendritic cells and cytokines in human inflammatory
and autoimmune diseases. Cytokine & growth factor reviews. 2008; 19(1):41–52. Epub 2008/02/09.
doi: 10.1016/j.cytogfr.2007.10.004 PMID: 18258476; PubMed Central PMCID: PMC2413068.

27. Loomans CJ, van Haperen R, Duijs JM, Verseyden C, de Crom R, Leenen PJ, et al. Differentiation of
bone marrow-derived endothelial progenitor cells is shifted into a proinflammatory phenotype by hyper-
glycemia. Molecular medicine. 2009; 15(5–6):152–9. Epub 2009/03/20. doi: 10.2119/molmed.2009.
00032 PMID: 19295918; PubMed Central PMCID: PMC2656993.

28. Saito H, Yamamoto Y, Yamamoto H. Diabetes alters subsets of endothelial progenitor cells that reside
in blood, bone marrow, and spleen. American journal of physiology Cell physiology. 2012; 302(6):
C892–901. Epub 2011/12/14. PMID: 22159079.

Imbalances in Mobilization and Activation of Bone Marrow-Derived Cells in Diabetic Retinopathy

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 18 / 21

http://dx.doi.org/10.1016/j.preteyeres.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21635964
http://dx.doi.org/10.2337/db06-1254
http://www.ncbi.nlm.nih.gov/pubmed/17395742
http://www.ncbi.nlm.nih.gov/pubmed/1713023
http://www.ncbi.nlm.nih.gov/pubmed/14693715
http://dx.doi.org/10.1016/j.cell.2013.04.040
http://www.ncbi.nlm.nih.gov/pubmed/23706740
http://dx.doi.org/10.1016/j.it.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21802990
http://dx.doi.org/10.1182/blood-2002-12-3742
http://dx.doi.org/10.1182/blood-2002-12-3742
http://www.ncbi.nlm.nih.gov/pubmed/12775569
http://dx.doi.org/10.1182/blood-2005-04-1417
http://www.ncbi.nlm.nih.gov/pubmed/15890683
http://dx.doi.org/10.1007/978-1-61779-145-1_19
http://www.ncbi.nlm.nih.gov/pubmed/21618098
http://dx.doi.org/10.1172/JCI24751
http://www.ncbi.nlm.nih.gov/pubmed/16498499
http://dx.doi.org/10.1186/1755-1536-5-4
http://www.ncbi.nlm.nih.gov/pubmed/22410175
http://dx.doi.org/10.1126/science.1064081
http://dx.doi.org/10.1126/science.1064081
http://www.ncbi.nlm.nih.gov/pubmed/11729320
http://dx.doi.org/10.3109/10799893.2010.488241
http://www.ncbi.nlm.nih.gov/pubmed/20524780
http://dx.doi.org/10.1126/science.1175202
http://www.ncbi.nlm.nih.gov/pubmed/19644120
http://www.ncbi.nlm.nih.gov/pubmed/18292540
http://dx.doi.org/10.1016/j.nbd.2010.05.022
http://dx.doi.org/10.1016/j.nbd.2010.05.022
http://www.ncbi.nlm.nih.gov/pubmed/20580926
http://dx.doi.org/10.1016/j.cytogfr.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/18258476
http://dx.doi.org/10.2119/molmed.2009.00032
http://dx.doi.org/10.2119/molmed.2009.00032
http://www.ncbi.nlm.nih.gov/pubmed/19295918
http://www.ncbi.nlm.nih.gov/pubmed/22159079


29. Williams NL, Morris JL, Rush C, Govan BL, Ketheesan N. Impact of streptozotocin-induced diabetes on
functional responses of dendritic cells and macrophages towards Burkholderia pseudomallei. FEMS
immunology and medical microbiology. 2011; 61(2):218–27. Epub 2011/01/06. doi: 10.1111/j.1574-
695X.2010.00767.x PMID: 21204999.

30. Hazra S, Jarajapu YP, Stepps V, Caballero S, Thinschmidt JS, Sautina L, et al. Long-term type 1 diabe-
tes influences haematopoietic stem cells by reducing vascular repair potential and increasing inflamma-
tory monocyte generation in a murine model. Diabetologia. 2013; 56(3):644–53. Epub 2012/11/30. doi:
10.1007/s00125-012-2781-0 PMID: 23192694; PubMed Central PMCID: PMC3773610.

31. Hu P, Thinschmidt JS, Yan Y, Hazra S, Bhatwadekar A, Caballero S, et al. CNS inflammation and bone
marrow neuropathy in type 1 diabetes. The American journal of pathology. 2013; 183(5):1608–20.
Epub 2013/10/29. doi: 10.1016/j.ajpath.2013.07.009 PMID: 24160325; PubMed Central PMCID:
PMC3814523.

32. Marchetti V, Yanes O, Aguilar E, Wang M, Friedlander D, Moreno S, et al. Differential macrophage
polarization promotes tissue remodeling and repair in a model of ischemic retinopathy. Scientific
reports. 2011; 1:76. Epub 2012/02/23. doi: 10.1038/srep00076 PMID: 22355595; PubMed Central
PMCID: PMC3216563.

33. Li G, Veenstra AA, Talahalli RR, Wang X, Gubitosi-Klug RA, Sheibani N, et al. Marrow-derived cells
regulate the development of early diabetic retinopathy and tactile allodynia in mice. Diabetes. 2012; 61
(12):3294–303. Epub 2012/08/28. doi: 10.2337/db11-1249 PMID: 22923475; PubMed Central PMCID:
PMC3501859.

34. Kerr EC, Raveney BJ, Copland DA, Dick AD, Nicholson LB. Analysis of retinal cellular infiltrate in exper-
imental autoimmune uveoretinitis reveals multiple regulatory cell populations. Journal of autoimmunity.
2008; 31(4):354–61. Epub 2008/10/08. doi: 10.1016/j.jaut.2008.08.006 PMID: 18838247.

35. Boettcher C, Ulbricht E, Helmlinger D, Mack AF, Reichenbach A, Wiedemann P, et al. Long-term
engraftment of systemically transplanted, gene-modified bone marrow-derived cells in the adult mouse
retina. The British journal of ophthalmology. 2008; 92(2):272–5. Epub 2008/01/30. doi: 10.1136/bjo.
2007.126318 PMID: 18227206.

36. Eilken HM, Nishikawa S, Schroeder T. Continuous single-cell imaging of blood generation from haemo-
genic endothelium. Nature. 2009; 457(7231):896–900. Epub 2009/02/13. doi: 10.1038/nature07760
PMID: 19212410.

37. Timmermans F, Plum J, Yöder MC, Ingram DA, Vandekerckhove B, Case J. Endothelial progenitor
cells: identity defined? Journal of Cellular and Molecular Medicine. 2008; 13(1):87–102. doi: 10.1111/j.
1582-4934.2008.00598.x

38. Abcouwer SF. Angiogenic Factors and Cytokines in Diabetic Retinopathy. Journal of clinical & cellular
immunology. 2013; Suppl 1(11). Epub 2013/12/10. PMID: 24319628; PubMed Central PMCID:
PMC3852182.

39. Cao T, Thomas TC, Ziebell JM, Pauly JR, Lifshitz J. Morphological and genetic activation of microglia
after diffuse traumatic brain injury in the rat. Neuroscience. 2012; 225:65–75. Epub 2012/09/11. doi: 10.
1016/j.neuroscience.2012.08.058 PMID: 22960311; PubMed Central PMCID: PMC3489473.

40. Santos AM, Martin-Oliva D, Ferrer-Martin RM, Tassi M, Calvente R, Sierra A, et al. Microglial response
to light-induced photoreceptor degeneration in the mouse retina. J Comp Neurol. 2010; 518(4):477–92.
Epub 2009/12/19. doi: 10.1002/cne.22227 PMID: 20020538.

41. Colton C, Wilcock DM. Assessing activation states in microglia. CNS & neurological disorders drug tar-
gets. 2010; 9(2):174–91. Epub 2010/03/09. PMID: 20205642.

42. Rungger-Brandle E, Dosso AA, Leuenberger PM. Glial reactivity, an early feature of diabetic retinopa-
thy. Investigative ophthalmology & visual science. 2000; 41(7):1971–80. Epub 2000/06/14. PMID:
10845624.

43. Hammes HP, Lin J, Renner O, Shani M, Lundqvist A, Betsholtz C, et al. Pericytes and the pathogenesis
of diabetic retinopathy. Diabetes. 2002; 51(10):3107–12. Epub 2002/09/28. PMID: 12351455.

44. Basile DP, Yoder MC. Circulating and tissue resident endothelial progenitor cells. Journal of cellular
physiology. 2014; 229(1):10–6. Epub 2013/06/25. doi: 10.1002/jcp.24423 PMID: 23794280; PubMed
Central PMCID: PMC3908443.

45. Joussen AM, Poulaki V, Le ML, Koizumi K, Esser C, Janicki H, et al. A central role for inflammation in
the pathogenesis of diabetic retinopathy. FASEB journal: official publication of the Federation of Ameri-
can Societies for Experimental Biology. 2004; 18(12):1450–2. Epub 2004/07/03. doi: 10.1096/fj.03-
1476fje PMID: 15231732.

46. Antonetti DA, Barber AJ, Bronson SK, FreemanWM, Gardner TW, Jefferson LS, et al. Diabetic retinop-
athy: seeing beyond glucose-induced microvascular disease. Diabetes. 2006; 55(9):2401–11. Epub
2006/08/29. doi: 10.2337/db05-1635 PMID: 16936187.

Imbalances in Mobilization and Activation of Bone Marrow-Derived Cells in Diabetic Retinopathy

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 19 / 21

http://dx.doi.org/10.1111/j.1574-695X.2010.00767.x
http://dx.doi.org/10.1111/j.1574-695X.2010.00767.x
http://www.ncbi.nlm.nih.gov/pubmed/21204999
http://dx.doi.org/10.1007/s00125-012-2781-0
http://www.ncbi.nlm.nih.gov/pubmed/23192694
http://dx.doi.org/10.1016/j.ajpath.2013.07.009
http://www.ncbi.nlm.nih.gov/pubmed/24160325
http://dx.doi.org/10.1038/srep00076
http://www.ncbi.nlm.nih.gov/pubmed/22355595
http://dx.doi.org/10.2337/db11-1249
http://www.ncbi.nlm.nih.gov/pubmed/22923475
http://dx.doi.org/10.1016/j.jaut.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18838247
http://dx.doi.org/10.1136/bjo.2007.126318
http://dx.doi.org/10.1136/bjo.2007.126318
http://www.ncbi.nlm.nih.gov/pubmed/18227206
http://dx.doi.org/10.1038/nature07760
http://www.ncbi.nlm.nih.gov/pubmed/19212410
http://dx.doi.org/10.1111/j.1582-4934.2008.00598.x
http://dx.doi.org/10.1111/j.1582-4934.2008.00598.x
http://www.ncbi.nlm.nih.gov/pubmed/24319628
http://dx.doi.org/10.1016/j.neuroscience.2012.08.058
http://dx.doi.org/10.1016/j.neuroscience.2012.08.058
http://www.ncbi.nlm.nih.gov/pubmed/22960311
http://dx.doi.org/10.1002/cne.22227
http://www.ncbi.nlm.nih.gov/pubmed/20020538
http://www.ncbi.nlm.nih.gov/pubmed/20205642
http://www.ncbi.nlm.nih.gov/pubmed/10845624
http://www.ncbi.nlm.nih.gov/pubmed/12351455
http://dx.doi.org/10.1002/jcp.24423
http://www.ncbi.nlm.nih.gov/pubmed/23794280
http://dx.doi.org/10.1096/fj.03-1476fje
http://dx.doi.org/10.1096/fj.03-1476fje
http://www.ncbi.nlm.nih.gov/pubmed/15231732
http://dx.doi.org/10.2337/db05-1635
http://www.ncbi.nlm.nih.gov/pubmed/16936187


47. Pfister F, Feng Y, vom Hagen F, Hoffmann S, Molema G, Hillebrands JL, et al. Pericyte migration: a
novel mechanism of pericyte loss in experimental diabetic retinopathy. Diabetes. 2008; 57(9):2495–
502. Epub 2008/06/19. doi: 10.2337/db08-0325 PMID: 18559662; PubMed Central PMCID:
PMC2518502.

48. Kern TS, Tang J, Mizutani M, Kowluru RA, Nagaraj RH, Romeo G, et al. Response of capillary cell
death to aminoguanidine predicts the development of retinopathy: comparison of diabetes and galacto-
semia. Investigative ophthalmology & visual science. 2000; 41(12):3972–8. Epub 2000/10/29. PMID:
11053301.

49. Antonetti DA, Lieth E, Barber AJ, Gardner TW. Molecular mechanisms of vascular permeability in dia-
betic retinopathy. Seminars in ophthalmology. 1999; 14(4):240–8. Epub 2000/04/12. doi: 10.3109/
08820539909069543 PMID: 10758225.

50. Mizutani M, Kern TS, Lorenzi M. Accelerated death of retinal microvascular cells in human and experi-
mental diabetic retinopathy. The Journal of clinical investigation. 1996; 97(12):2883–90. Epub 1996/06/
15. doi: 10.1172/JCI118746 PMID: 8675702; PubMed Central PMCID: PMC507384.

51. Kern TS. Contributions of inflammatory processes to the development of the early stages of diabetic ret-
inopathy. Experimental diabetes research. 2007; 2007:95103. Epub 2008/02/16. doi: 10.1155/2007/
95103 PMID: 18274606; PubMed Central PMCID: PMC2216058.

52. Kowluru RA, Odenbach S. Role of interleukin-1beta in the development of retinopathy in rats: effect of
antioxidants. Invest Ophthalmol Vis Sci. 2004; 45(11):4161–6. Epub 2004/10/27. 45/11/4161 [pii] doi:
10.1167/iovs.04-0633 PMID: 15505070.

53. Stitt AW, Bhaduri T, McMullen CB, Gardiner TA, Archer DB. Advanced glycation end products induce
blood-retinal barrier dysfunction in normoglycemic rats. Molecular cell biology research communica-
tions: MCBRC. 2000; 3(6):380–8. Epub 2000/10/18. doi: 10.1006/mcbr.2000.0243 PMID: 11032761.

54. Barber AJ, Lieth E, Khin SA, Antonetti DA, Buchanan AG, Gardner TW. Neural apoptosis in the retina
during experimental and human diabetes. Early onset and effect of insulin. The Journal of clinical inves-
tigation. 1998; 102(4):783–91. Epub 1998/08/26. doi: 10.1172/JCI2425 PMID: 9710447; PubMed Cen-
tral PMCID: PMC508941.

55. Segal MS, Shah R, Afzal A, Perrault CM, Chang K, Schuler A, et al. Nitric oxide cytoskeletal-induced
alterations reverse the endothelial progenitor cell migratory defect associated with diabetes. Diabetes.
2006; 55(1):102–9. Epub 2005/12/29. PMID: 16380482.

56. Bergers G, Song S. The role of pericytes in blood-vessel formation and maintenance. Neuro Oncol.
2005; 7(4):452–64. Epub 2005/10/11. doi: 10.1215/S1152851705000232 PMID: 16212810; PubMed
Central PMCID: PMC1871727.

57. Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S, et al. Monitoring of blood vessels and tis-
sues by a population of monocytes with patrolling behavior. Science. 2007; 317(5838):666–70. Epub
2007/08/04. doi: 10.1126/science.1142883 PMID: 17673663.

58. Yang M, Gan H, Shen Q, TangW, Du X, Chen D. Proinflammatory CD14+CD16+ monocytes are asso-
ciated with microinflammation in patients with type 2 diabetes mellitus and diabetic nephropathy ure-
mia. Inflammation. 2012; 35(1):388–96. Epub 2011/08/19. doi: 10.1007/s10753-011-9374-9 PMID:
21847775.

59. Checchin D, Sennlaub F, Levavasseur E, Leduc M, Chemtob S. Potential role of microglia in retinal
blood vessel formation. Investigative ophthalmology & visual science. 2006; 47(8):3595–602. Epub
2006/08/01. doi: 10.1167/iovs.05-1522 PMID: 16877434.

60. Abcouwer SF. Neural inflammation and the microglial response in diabetic retinopathy. Journal of ocu-
lar biology, diseases, and informatics. 2011; 4(1–2):25–33. Epub 2011/06/01. doi: 10.1007/s12177-
012-9086-x PMID: 23614055; PubMed Central PMCID: PMC3342409.

61. Hinze A, Stolzing A. Differentiation of mouse bone marrow derived stem cells toward microglia-like
cells. BMC cell biology. 2011; 12:35. Epub 2011/08/23. doi: 10.1186/1471-2121-12-35 PMID:
21854582; PubMed Central PMCID: PMC3175184.

62. Soulet D, Rivest S. Bone-marrow-derived microglia: myth or reality? Current opinion in pharmacology.
2008; 8(4):508–18. Epub 2008/05/20. doi: 10.1016/j.coph.2008.04.002 PMID: 18487084.

63. Ginhoux F, Lim S, Hoeffel G, Low D, Huber T. Origin and differentiation of microglia. Frontiers in cellular
neuroscience. 2013; 7:45. Epub 2013/04/26. doi: 10.3389/fncel.2013.00045 PMID: 23616747; PubMed
Central PMCID: PMC3627983.

64. Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM. Local self-renewal can sustain CNSmicroglia
maintenance and function throughout adult life. Nature neuroscience. 2007; 10(12):1538–43. Epub
2007/11/21. doi: 10.1038/nn2014 PMID: 18026097.

65. Zeng XX, Ng YK, Ling EA. Neuronal and microglial response in the retina of streptozotocin-induced dia-
betic rats. Visual neuroscience. 2000; 17(3):463–71. Epub 2000/07/26. PMID: 10910112.

Imbalances in Mobilization and Activation of Bone Marrow-Derived Cells in Diabetic Retinopathy

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 20 / 21

http://dx.doi.org/10.2337/db08-0325
http://www.ncbi.nlm.nih.gov/pubmed/18559662
http://www.ncbi.nlm.nih.gov/pubmed/11053301
http://dx.doi.org/10.3109/08820539909069543
http://dx.doi.org/10.3109/08820539909069543
http://www.ncbi.nlm.nih.gov/pubmed/10758225
http://dx.doi.org/10.1172/JCI118746
http://www.ncbi.nlm.nih.gov/pubmed/8675702
http://dx.doi.org/10.1155/2007/95103
http://dx.doi.org/10.1155/2007/95103
http://www.ncbi.nlm.nih.gov/pubmed/18274606
http://dx.doi.org/10.1167/iovs.04-0633
http://www.ncbi.nlm.nih.gov/pubmed/15505070
http://dx.doi.org/10.1006/mcbr.2000.0243
http://www.ncbi.nlm.nih.gov/pubmed/11032761
http://dx.doi.org/10.1172/JCI2425
http://www.ncbi.nlm.nih.gov/pubmed/9710447
http://www.ncbi.nlm.nih.gov/pubmed/16380482
http://dx.doi.org/10.1215/S1152851705000232
http://www.ncbi.nlm.nih.gov/pubmed/16212810
http://dx.doi.org/10.1126/science.1142883
http://www.ncbi.nlm.nih.gov/pubmed/17673663
http://dx.doi.org/10.1007/s10753-011-9374-9
http://www.ncbi.nlm.nih.gov/pubmed/21847775
http://dx.doi.org/10.1167/iovs.05-1522
http://www.ncbi.nlm.nih.gov/pubmed/16877434
http://dx.doi.org/10.1007/s12177-012-9086-x
http://dx.doi.org/10.1007/s12177-012-9086-x
http://www.ncbi.nlm.nih.gov/pubmed/23614055
http://dx.doi.org/10.1186/1471-2121-12-35
http://www.ncbi.nlm.nih.gov/pubmed/21854582
http://dx.doi.org/10.1016/j.coph.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/18487084
http://dx.doi.org/10.3389/fncel.2013.00045
http://www.ncbi.nlm.nih.gov/pubmed/23616747
http://dx.doi.org/10.1038/nn2014
http://www.ncbi.nlm.nih.gov/pubmed/18026097
http://www.ncbi.nlm.nih.gov/pubmed/10910112


66. Grant MB, MayWS, Caballero S, Brown GA, Guthrie SM, Mames RN, et al. Adult hematopoietic stem
cells provide functional hemangioblast activity during retinal neovascularization. Nat Med. 2002; 8
(6):607–12. Epub 2002/06/04. doi: 10.1038/nm0602-607 nm0602-607 [pii]. PMID: 12042812.

67. Mendez-Ferrer S, Lucas D, Battista M, Frenette PS. Haematopoietic stem cell release is regulated by
circadian oscillations. Nature. 2008; 452(7186):442–7. Epub 2008/02/08. doi: 10.1038/nature06685
PMID: 18256599.

68. Wary KK, Vogel SM, Garrean S, Zhao YD, Malik AB. Requirement of alpha(4)beta(1) and alpha(5)beta
(1) integrin expression in bone-marrow-derived progenitor cells in preventing endotoxin-induced lung
vascular injury and edema in mice. Stem Cells. 2009; 27(12):3112–20. Epub 2009/10/20. doi: 10.1002/
stem.241 PMID: 19839056; PubMed Central PMCID: PMC3756542.

Imbalances in Mobilization and Activation of Bone Marrow-Derived Cells in Diabetic Retinopathy

PLOS ONE | DOI:10.1371/journal.pone.0146829 January 13, 2016 21 / 21

http://dx.doi.org/10.1038/nm0602-607
http://www.ncbi.nlm.nih.gov/pubmed/12042812
http://dx.doi.org/10.1038/nature06685
http://www.ncbi.nlm.nih.gov/pubmed/18256599
http://dx.doi.org/10.1002/stem.241
http://dx.doi.org/10.1002/stem.241
http://www.ncbi.nlm.nih.gov/pubmed/19839056

