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Background: Diabetic retinopathy is a retinal vasculopathy involving all three retinal capillary plexus 
layers. Since human CD34+ bone marrow stem cells (BMSCs) have the potential to promote revascularization 
of ischemic tissue, this study tests the hypothesis that intravitreal injection of human CD34+ BMSCs can 
have protective effects on all layers of the retinal vasculature in eyes with diabetic retinopathy. 
Methods: Streptozotocin (STZ)-induced diabetic mice were injected intravitreally with 50,000 human 
CD34+ BMSCs or phosphate-buffered saline (PBS) into the right eye. Systemic immunosuppression with 
rapamycin and tacrolimus was started 5 days before the injection and maintained for study duration to 
prevent rejection of human cells. All mice were euthanized 4 weeks after intravitreal injection; both eyes 
were enucleated for retinal flat mount immunohistochemistry. The retinal vasculature was stained with 
Isolectin-GS-IB4. Confocal microscopy was used to image four circular areas of interest of retina, 1-mm 
diameter around the optic disc. Images of superficial, intermediate, and deep retinal capillary plexus layers 
within the areas of interest were obtained and analyzed using ImageJ software with the Vessel Analysis plugin 
to quantitate the retinal vascular density and vascular length density in the three plexus layers. 
Results: Three distinct retinal capillary plexus layers were visualized and imaged using confocal 
microscopy. Eyes that received intravitreal injection of CD34+ BMSCs (N=9) had significantly higher 
vascular density and vascular length density in the superficial retinal capillary plexus when compared to 
the untreated contralateral eyes (N=9) or PBS treated control eyes (N=12; P values <0.05 using ANOVA 
followed by post-hoc tests). For the intermediate and deep plexus layers, the difference was not statistically 
significant.
Conclusions: The protective effect of intravitreal injection of the human CD34+ BMSCs on the superficial 
retinal capillary plexus layers is demonstrated using confocal microscopy in this murine model of diabetic 
retinopathy. 
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Introduction

Diabetic retinopathy is a common complication of diabetes 
mellitus; it is the leading cause of blindness and low 
vision among working-aged adults aged 20–74 years in 
the United States (1). It is characterized by progressive 
damage to the vasculature of the retina, eventually resulting 
in dysfunction of the retina and visual impairment that 
impacts the quality of life of the individual. Different 
treatments, such as intravitreal injection of drugs that 
inhibit vascular endothelial growth factor and retinal laser 
photocoagulation, are available to minimize the vision loss 
associated with complications of diabetic retinopathy, such 
as macular edema or retinal neovascularization. However, 
visual impairment from retinal ischemia and retinal 
dysfunction is irreversible. 

Stem cells are being explored as a potential regenerative 
therapy for vision loss associated with diabetic retinopathy. 
Various stem cel ls  have been explored for t issue 
regeneration for retinal disorders (2). In human bone 
marrow, there are CD34+ stem cells that include endothelial 
progenitor cells and hematopoietic stem cells (3). Human 
CD34+ bone marrow stem cells (BMSCs) are mobilized 
from the bone marrow into the circulation in response 
to tissue ischemia (4). They migrate to sites of tissue 
ischemia and integrate into the damaged vasculature for 
tissue regeneration and angiogenesis. Thus, the potential 
retinal vascular regenerative effects of these cells have been 
explored in animal models of retinal vasculopathy, including 
diabetic retinopathy (5).

Adult bone marrow is a major source of human CD34+ 
stem cells. These stem cells appear to play an important 
role in vascular repair via multiple mechanisms (6,7). 
There is preclinical evidence showing that these human 
CD34+ BMSCs can secrete proangiogenic factors and have 
paracrine trophic effects on endothelial cells and pericytes 
to promote angiogenesis (4,8). Human CD34+ stem cells 
also contain endothelial progenitor cells that can directly 
engraft into damaged retinal vasculature (5). 

By harvesting human CD34+ stem cells from bone 
marrow and directly injecting the cells into the vitreous 
cavity of the eye, we may maximize the regenerative 
potential of these cells on the retina. Preclinical studies have 
shown that intravitreal injection of human CD34+ cells from 
bone marrow or peripheral blood of healthy human donors 
results in rapid direct homing and integration of the human 
cells into the damaged portion of the retinal vasculature 
in a murine model of diabetic retinopathy or acute retinal 

ischemia-reperfusion injury (5,9,10). Long-term retinal 
vascular integration of these human cells was noted in non-
obese diabetic-severe combined immunodeficient (NOD-
SCID) mice with acute retinal ischemia and reperfusion 
injury with no ocular or systemic safety concerns following 
intravitreal injection of human CD34+ BMSCs (9). More 
recently, we used a murine model of diabetic retinopathy to 
demonstrate molecular changes in the murine retina that 
regulate the pathogenesis of diabetic retinopathy following 
intravitreal injection of human CD34+ BMSCs (10). A 
potential protective effect of CD34+ cells on the overall 
retinal vasculature was noted in these murine eyes with 
diabetic retinopathy but detailed analysis of the different 
layers of the retinal vasculature was not performed. 

The retinal vasculature consists of three distinct capillary 
plexus layers: superficial, intermediate, and deep plexus. In 
eyes with diabetic retinopathy, retinal capillary changes in 
all three plexus layers have been described (11-13). Vascular 
changes in different plexus layers have been associated 
with the progression of retinopathy, retinal ischemia, and 
vision loss. To access the retinal vascular regenerative 
potential of intravitreally injected human CD34+ BMSC, it 
would be important to know whether these stem cells can 
have protective effects on the deeper retinal capillaries as 
well as the superficial vessels since immunohistochemical 
studies in murine eyes with diabetic retinopathy identified 
these human cells only in the superficial retinal layer 
following intravitreal injection (10). In this study, we 
used confocal microscopy analysis of retinal flat mount of 
murine eyes with diabetic retinopathy to test the hypothesis 
that intravitreal injection of human CD34+ BMSCs has 
protective effects on all three retinal capillary plexus 
layers. The murine model used in this study is the most 
commonly used model of diabetic retinopathy since it is 
high reproducible and exhibit many changes associated with 
diabetic retinopathy in human eyes (10). We present the 
following article in accordance to the ARRIVE reporting 
checklist (available at https://dx.doi.org/10.21037/atm-20-
3930).

Methods

Animal model and retinal flat mount 
immunohistochemistry

All  experiments  in this  s tudy were conducted in 
accordance with the Association for Research in Vision and 
Ophthalmology (ARVO) Statement for the Use of Animals 

http://dx.doi.org/10.21037/atm-20-3930
http://dx.doi.org/10.21037/atm-20-3930
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in Ophthalmic and Vision Research and a protocol approved 
by the Institutional Animal Care and Use Committee at 
the University of California Davis mandated by the Animal 
Welfare Act and the Healthy Research Extension Act 
(Protocol #20162).

The retinal flat mounts from murine eyes with diabetic 
retinopathy were obtained as part of our prior study 
evaluating the effect of intravitreal injection of human 
CD34+ BMSC in murine eyes with diabetic retinopathy (10).  
Thus, details regarding animal experimentation have 
been described previously. Briefly, male streptozotocin 
(STZ)-induced diabetic mice were obtained commercially 
(C57BL/6J; Jackson Laboratories, Sacramento, CA, 
USA). Six-week-old C57BL/6J mice received 5 daily 
intraperitoneal injections of STZ (50 mg/kg) for 1 week 
and the development of diabetes was confirmed when blood 
sugar measured >250 mg/dL on day 7 (14). The mice were 
then shipped to the study center vivarium where they were 
maintained in the diabetic state for 5 additional months 
till early development of diabetic retinopathy. The welfare 
of the animals was assessed daily for the duration of the 
study. Using fluorescein angiography, early retinal vascular 
changes consistent with diabetic retinopathy were noted 
to develop in these mice between 5 and 6 months after 
induction of diabetes (10).

Continuous systemic immunosuppression was induced in 
mice by subcutaneous placements of Alzet micro-osmotic 
pumps (model 1004; Durect Corporation, Cupertino, CA, 
USA) preloaded with rapamycin and tacrolimus (FK506) to 
release each drug at a constant rate of 1 μg/g/day. This was 
done 5 days before intravitreal injection to avoid rejection 
of human cells similar to our previous work (15). 

The mice were randomly divided into two groups. In 
one group (n=9), 50,000 human CD34+ BMSCs labeled 
with enhanced green fluorescent proteins (EGFP) were 
injected intravitreally into the right eye (1 μL). The human 
bone marrow obtained commercially from a healthy donor 
was the source of the CD34+ cells. The CD34+ BMSCs 
were harvested from bone marrow using a Ficoll gradient 
separation and magnetic beads and labeled with EGFP 
using a lentiviral vector as previously described (15). In the 
second group (n=12), phosphate-buffered saline (PBS; 1 μL) 
was injected into the vitreous of the right eye as a control. 
Systemic immunosuppression was maintained for the 
study duration of 4 weeks. No sample size calculation was 
performed for this study since this is a follow-up study of a 
prior study showing a significant effect of CD34+ cells (10).

At 4 weeks following intravitreal injection, the mice 
were euthanized by asphyxiation with gaseous CO2 in a 
closed chamber and the eyes were removed for fixation 
in 4% paraformaldehyde in PBS at 4 ℃ for 1 hour as 
previously described (10). The retina was dissected, flat-
mounted, and fixed under coverslips overnight in cold  
paraformaldehyde (16). Retinal samples were then stored at 
−20 ℃ in 100% methanol after graded series of washes in 
PBS, 33%, 66%, and 100% methanol. The reverse graded 
series of methanol was used to rehydrate the retinal samples 
before immunostaining. The samples were incubated for  
24 hours at 4 ℃ in blocking solution (5% normal donkey 
serum in PBS with 0.3% Triton X-100) and the blood 
vessels on the retinal samples were stained with 1:250 Alexa 
Fluor-647 conjugated Isolectin-GS-IB4 from Griffonia 
simplicifolia (Invitrogen I32450, lot 1874784). All the 
samples were then mounted on a slide using Aqua Poly/
Mount (Polysciences) after a PBS wash.

Confocal microscopy imaging

Confocal microscopy was performed using a laser-equipped 
Olympus FV 1000 Confocal microscope (Olympus 
America Inc., Center Valley, PA, USA). Laser with 647-nm  
wavelength and 25% power output was used in image 
acquisition. The optic disc was used as a landmark for each 
retinal sample. Four circular areas of interest of 1 mm in 
diameter (up, down, left, right) centered around the edge 
of the optic disc were capture under the 10× objective  
(Figure 1). For each area of interest, a stack of 10 to 12 
1024-pixel × 1024-pixel microscopic scans was obtained 
along the Z-axis using a bi-directional scan mode set at 
speed of 8.0 μs/pixel with a pixel size of 0.1 μm/pixel. Each 
stacked scan was separated by 4.4 μm in the Z-direction. 

The scanned stacks for each area of interest were 
reviewed to identify the superficial, intermediate, and 
deep retinal capillary plexus layers. By scrolling through 
the Z-axis, the three interconnected capillary plexus layers 
were identified. For each stack of scans, the scanned layer 
with the highest vascular density for each of the superficial, 
intermediate, and deep capillary plexuses was selected for 
vascular density analysis. Scans with poor image acquisition 
signal (signal-to-noise ratio <3) were excluded from the 
analysis. Furthermore, scans with irregularity in the image 
from tissue folds or suboptimal immunohistochemical 
staining were excluded from data analysis if the irregularity 
involved 50% or more the scanned image area.
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Retinal vascular density and vascular length density 
analysis

The primary outcome measures were retinal vascular 
density and vascular length density as quantitated using 
ImageJ software (https://imagej.nih.gov, National Institute 
of Health, Bethesda, Maryland, USA) with the Vessel 
Analysis plugin as previously described (17). All images are 
adjusted to similar brightness and contrast for comparison. 
The vessel analysis plugin program automatically measures 
the density and length density of retinal vasculature in 
the selected area. Vessels with diameters greater than 40 
μm were classified as retinal arterioles and venules and 
were excluded from the capillary vasculature analysis. 
Furthermore, if any irregularity in tissue image from tissue 
folds or suboptimal staining was noted, these regions were 
excluded from the analysis.

Vascular density was defined as the percentage of area 
covered by vessels over the total selected area of interest. 
Vascular length density was defined as the percentage of 
total skeletonized vessel area over the total selected area of 
interest such that vessels with the same length would have 
the same vascular length density regardless of their width. 
A mean retinal vascular density and length density for each 
plexus layer of each study eye was obtained by averaging the 
findings for the four areas of interest. 

ANOVA was used in the statistical analysis to determine 
whether the mean differences among the groups are 
statistically significant. Then post-hoc tests with Bonferroni 

correction were used to identify which particular differences 
between pairs of means are significant. A P value <0.05 was 
considered statistically significant.

Results

Retinal capillary plexus morphologies 

For each retina, four areas of interest were imaged as 
shown in Figure 1. Three distinct layers of retinal capillary 
plexus were visualized for each area of interest upon Z-axis 
scrolling of each stack of scans obtained using confocal 
microscopy. As shown in Figure 2, each capillary plexus 
layer showed a distinct capillary branching pattern and 
morphology. In the superficial capillary plexus (Figure 2A),  
retinal arterioles and venules are seen with capillaries 
branching off in a straight pattern and directly connecting 
with the underlying intermediate capillary plexus. In 
contrast, the capillary branching pattern for the intermediate 
capillary plexus appears curvy and wavy (Figure 2B).  
Some of the retinal arterioles and venules are still observable 
but appear smaller in appearance than those in the superficial 
plexus layer. Scrolling into the deeper layers in the stack, the 
deep capillary plexus is identified by the nest-like network of 
thin capillaries (Figure 2C). The retinal arterioles and venules 
are not readily seen in the deep plexus layer.

Quantitative analysis of retinal vascular density and 
vascular length density

The retinal flat mount immunohistochemistry was performed 
in a total of 42 eyes (9 eyes with human CD34+ BMSCs 
injection, 12 eyes with PBS injection, 21 contralateral 
untreated eyes). All were imaged using confocal microscopy. 
For our quantitative analysis of vascular density and length 
density, we identified the three layers of capillary plexus for 
each area of interest based on the morphologies described 
above. Eyes with suboptimal image quality (as defined in 
Methods) were excluded in the data analysis. Table 1 describes 
in detail the included and excluded eyes for each plexus layer 
and each study group. Over 64% of the acquired images 
for each plexus layer for each study group had good image 
quality for inclusion in the quantitative analysis. Figure 3 
shows representative magnified confocal microscopy images 
of the retinal capillaries in each of the three retinal plexus 
layers for the right eye treated with human CD34+ BMSCs  
(Figure 3A-3C) showing a denser appearing retinal 
capillary network when compared to the capillaries in the 

Figure 1 Four retinal areas of interest centered around the optic 
disc imaged in each retina using confocal microscopy. White circles 
indicate the fields of view under the 10× objective. Red squares 
indicate the areas captured by the scanner of the microscope. Each 
square is recorded with 1024-pixel by 1024-pixel in the XY-axis. 
Ten to twelve scans were taken in the Z-axis 4.4 μm apart for each 
red square. 

https://imagej.nih.gov
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corresponding plexus layers of the right eye injected with 
PBS (Figure 3D-3F).

Quantitative analysis of retinal vascular density was 
performed for each of the three capillary plexus layers 
for each study group and summarized in Figure 4. In 
the superficial plexus, ANOVA showed that there was 
a statistically significant difference in the mean retinal 
vascular density among the four study groups (P=0.015). 
Post-hoc test with Bonferroni correction was used to 
compare the mean vascular density among the groups and 
human CD34+ BMSCs treated right eyes [CD34+(R)] had 
statistically significant higher mean vascular density than 
that of the contralateral untreated left eyes [CD34+(L)], 
PBS-treated right eyes [PBS(R)] and contralateral untreated 
left eyes [PBS(L)] with P values all ≤0.05. In contrast, if the 
mean vascular density of the PBS(R) group was compared to 
that of the contralateral untreated left eye [PBS(L)], there 
was no significant difference with P values >0.05. Also, 
when the mean vascular density of the CD34+(L) group was 
compared to the PBS(L) group, no significant difference 
was noted (P values >0.05). An analysis of the intermediate 
and deep plexus shows a trend for the mean vascular density 
to be slightly higher in the CD34+ BMSCs treated right eyes 
[CD34+(R)] when compared to the contralateral untreated 
left eyes [CD34+(L)], PBS-treated right eyes [PBS(R)] and 
contralateral untreated left eyes [PBS(L)] but the difference 
was not statistically significant (P value >0.05). 

Quantitative analysis of retinal vascular length density 
also was performed using ImageJ. The mean retinal vascular 

length density was compared among the study groups and 
summarized in Figure 5. The mean retinal vascular length 
density of the CD34+(R) group was significantly higher 
than that of CD34+(L), PBS(L), and PBS(R) for superficial 
capillary plexus layer (ANOVA post-hoc test P value =0.01). 
In contrast, the mean retinal vascular length density for the 
CD34+(L) group was similar to that for PBS(L) and PBS(R) 
groups for the superficial plexus (ANOVA post-hoc test P 
values >0.05). For the intermediate and deep plexus layers, 
the mean retinal vascular length density of the CD34+(R) 
group was also higher than that of the other three groups, 
but the difference was not statistically significant.

Discussion

This study is a follow-up to our recent work showing 
a protective effect of intravitreal injection of human 
CD34+ BMSCs on the overall retinal vascular density in a 
murine model of diabetic retinopathy (10). Since diabetic 
retinopathy has been associated with retinal vascular changes 
in all three capillary plexus layers of the retina in human 
and murine eyes with diabetic retinopathy (11-13,18),  
this study was conducted to determine whether the 
protective effects of the CD34+ BMSCs can be observed 
in all three plexus layers of the retina following intravitreal 
administration. The study findings are important for 
evaluating the regenerative potential of this cell therapy 
and for understanding the potential mechanism of action of 
CD34+ cells in eyes with diabetic retinopathy 

Figure 2 Retinal capillary plexus morphologies for the three plexus layers captured using confocal microscopy in retinal flat mount of 
diabetic mice following intravitreal injections of human CD34+ bone marrow stem cells. The blood vessels were stained using Isolectin-GS-
IB4. Representative image of retinal blood vessels in the superficial plexus (A), intermediate plexus (B), and deep plexus (C). Magnification, ×10.

B CA



Cheung et al. CD34+ cells on capillary plexus in diabetic retinopathy

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(15):1273 | https://dx.doi.org/10.21037/atm-20-3930

Page 6 of 12

Table 1 Summary of the number of samples and scans for each group

Group
Superficial  

plexus
Intermediate 

plexus
Deep plexus

(A) CD34+(R)

Number of eyes with retinal flat mount 9 9 9

Total number of scanned areas of interest 36 36 36

Number of scans excluded due to poor signal strength or tissue irregularity noted 
in ≥50% of scan

1 (2.8%) 7 (19.4%) 10 (27.7%)

Total number of scanned areas of interest included for quantitative analysis 35 (97.2%) 29 (80.6%) 26 (72.3%)

(B) CD34+(L)

Number of eyes with retinal flat mount 9 9 9

Total number of scanned areas of interest 36 36 36

Number of scans excluded due to poor signal strength or tissue irregularity noted 
in >50%of scan

0 4 (11.1%) 12 (33.3%)

Total number of scanned areas of interest included for quantitative analysis 36 (100%) 32 (88.9%) 24 (66.7%)

(C) PBS(R) 

Number of eyes with retinal flat mount 12 12 12

Total number of scanned areas of interest 48 48 48

Number of scans excluded due to poor signal strength or tissue irregularity noted 
in >50% of scan

2 (4.2%) 9 (18.8%) 17 (35.4%)

Total number of scanned areas of interest included for quantitative analysis 46 (95.8%) 39 (81.2%) 31 (64.6%)

(D) PBS(L)

Number of eyes with retinal flat mount 12 12 12

Total number of scanned areas of interest 48 48 48

Number of scans excluded due to poor signal strength or tissue irregularity noted 
in >50% of scan

0 6 (12.5%) 11 (22.9%)

Total number of scanned areas of interest included for quantitative analysis 48 (100.0%) 42 (87.5%) 37 (77.1%)

(A) Right eyes that had intravitreal injections of human CD34+ BMSCs [CD34+(R)]; (B) contralateral non-injected left eyes in the CD34+ 
group [CD34+(L)]; (C) right eyes that had intravitreal injections of PBS [PBS(R)]; (D) contralateral non-injected left eyes in the PBS group 
[PBS(L)]. BMSCs, bone marrow stem cells; PBS, phosphate-buffered saline.

Human CD34+ cells in bone marrow and peripheral blood 
have been explored as a potential regenerative therapy for 
both ischemic and nonischemic diseases (2). For eyes with 
retinal vasculopathy, prior studies have used animal models 
to show that human CD34+ cells from peripheral blood 
and bone marrow rapidly home into the damaged retinal 
vasculature following intravitreal injection with no long-
term ocular or systemic adverse effects noted on histology 
(5,9). Recently, our groups used in vivo retinal imaging 
and immunohistochemistry to demonstrate that the retinal 
homing of human CD34+ BMSCs following intravitreal 

injection is not limited to the retinal vasculature in a murine 
model of diabetic retinopathy (10). These human CD34+ 
cells were found incorporated into the adjacent avascular 
retina as well but the retinal incorporation of these human 
cells was limited to the superficial layer of the retina. These 
observations raised a question whether the protective effects 
of CD34+ BMSCs after the intravitreal injection may be 
limited to the superficial retinal layer.

In our current study, we used immunohistochemistry 
and confocal microscopy to visualize the retinal vasculature 
at various retinal depths and characterize the effects of 
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Figure 3 Confocal microscopy images of the retinal capillaries in the three retinal plexus layers comparing eyes following intravitreal CD34+ 
BMSCs injections to eyes following intravitreal PBS injections. Images of the retinal vasculature obtained from retinal flat mount after 
staining with Isolectin-GS-IB4. (A-C) Representative image of retinal capillaries in the superficial plexus (A), intermediate plexus (B), and 
deep plexus (C) of the right eye 4 weeks following intravitreal CD34+ BMSCs injection. (D-F) Representative image of retinal blood vessels 
in the superficial plexus (D), intermediate plexus (E), and deep plexus (F) of the right eye 4 weeks following intravitreal PBS injection. 
BMSCs, bone marrow stem cells; PBS, phosphate-buffered saline. Magnification: (A,D) ×12; (B-F) ×20.

intravitreal injection of human CD34+ BMSCs on the three 
retinal capillary plexus layers in murine eyes with diabetic 
retinopathy. The retinal flat-mount and retinal tissue 
immunostaining were performed in eyes collected 4 weeks 
after the intravitreal injection of human CD34+ BMSCs, 
i.e., 6 months after induction of diabetes. This time point 
was selected since the Alzet pump does not deliver the 
immunosuppressive drugs effectively thereafter and the 
mice poorly tolerated longer systemic immunosuppressive 
therapy. Our prior study using in vivo retinal imaging 
demonstrated development of early retinal microvascular 
changes, i.e., retinal ischemia and fluorescein leakage, 
consistent with diabetic retinopathy between 5 and  

6 months after induction of diabetes in this animal  
model (10). 

Our study showed that confocal microscopy can be used 
to visualize the three retinal capillary plexuses (superficial, 
intermediate, and deep plexus) in retinal flat mount tissue 
after immunostaining of the vasculature. Each capillary 
plexus layer had a distinct morphology of branching 
capillaries (Figure 2). Eyes with significant processing 
artifacts, such as tissue folding or irregular immunostaining 
were excluded from the study quantitative analysis. 

Our study used ImageJ analysis to quantitate the retinal 
vascular density and vascular length density of each capillary 
plexus layer to determine the effects of CD34+ BMSCs on 
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Figure 4 Quantification of retinal vascular density (expressed as the percentage of vessel area in the selected area of the plexus). Blood 
vessels in retinal flat mount were stained with Isolectin-GS-IB4 and imaged using confocal microscopy. Vascular density was obtained using 
ImageJ. Statistical analysis (ANOVA and post-hoc tests) performed for each selected plexus layers using SuperPlots. (A) Vascular density of 
the superficial plexus. (B) Vascular density of the intermediate plexus. (C) Vascular density of the deep plexus. PBS, phosphate-buffered 
saline; R, right; L, left.
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Figure 5 Quantification of retinal vascular length density (expressed as the percentage of skeletonized vessel area in the selected area 
of the plexus). Blood vessels in retinal flat mount were stained with Isolectin-GS-IB4 and imaged using confocal microscopy. Vascular 
length density was obtained using ImageJ. Statistical analysis (ANOVA and post-hoc tests) performed for each selected plexus layers using 
SuperPlots. (A) Vascular length of the superficial plexus. (B) Vascular length of the intermediate plexus. (C) Vascular length of the deep 
plexus. PBS, phosphate-buffered saline; R, right; L, left.
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retinal vascular health in each of these plexus layers in eyes 
with diabetic retinopathy. This is important since retinal 
vascular changes associated with diabetic retinopathy have 
been observed in all three plexus layers (11-13,18). Confocal 
microscopy has been used previously in the murine retina 
with diabetic retinopathy demonstrating retinal vascular 
changes in all three plexus layers with the earliest changes 
being observed in the deep plexus (18,19). Similarly, in 
human eyes with diabetic retinopathy, a recent cohort study 
has shown that the degree of capillary loss in the deep 
retinal vascular plexus due to diabetic retinopathy correlated 
strongest with the decrease in visual acuity in patients with 
severe non-proliferative or proliferative diabetic retinopathy 
although the correlation was also noted for changes in the 
superficial and intermediate plexus layers (13). Furthermore, 
changes in vascular density in the intermediate and 
deep plexus appeared to be associated with disease  
progression (11). These human studies were performed 
using in vivo retinal imaging, i.e., optical coherence 
tomography angiography.

In our study, we recently reported that murine eyes with 
diabetic retinopathy injected with human CD34+ BMSCs 
have higher vascular density when compared to PBS treated 
eyes (10). Detailed confocal microscopy analysis of the 
three retinal plexus layers conducted in our current study 
demonstrates an increase in retinal vascular density and 
length density which was significant for the superficial 
plexus layer. For the intermediate and deep plexus layers, 
the mean retinal vascular density and length density tended 
to be higher for the CD34+ BMSC injected eyes when 
compared to untreated or PBS treated groups, but the 
difference was not statistically significant. The findings 
support the hypothesis that CD34+ BMSCs have protective 
effects on the retinal vasculature in eyes with diabetic 
retinopathy. However, the protective effects on the deeper 
vascular plexus layers of retina may not be as pronounced 
as the effects on the superficial retina. Since our prior 
immunohistochemical analysis of the retina identified 
human CD34+ cells only in the superficial layers of the 
retina following intravitreal injection (10), the reduced 
penetration and engraftment of the CD34+ cells into the 
deeper layers of the retina may limit the regenerative effect 
of these cells in the deeper retinal vascular layers. This 
observation is noteworthy since the protective effects of 
the CD34+ cells on the retina has been attributed at least in 
part to paracrine effects of these cells since the protective 
effects of bone marrow hematopoietic stem cells following 
intravitreal injection was observed in eyes with retinal 

degeneration without direct engraftment of these cells in 
the degenerating photoreceptor layer (2).

Our study has several limitations. First, even though the 
STZ-induced murine model is a commonly used animal 
model for diabetic retinopathy, it does not fully replicate 
human disease. For example, retinal neovascularization and 
retinal neuronal degeneration have not been observed in 
this model (14). Thus, future studies using alternate animal 
models of diabetic retinopathy may be helpful to fully 
elucidate the effects of CD34+ cells in eyes with diabetic 
retinopathy. Second, the confocal microscopy analysis was 
limited to retina within 1 mm from the optic disc. This was 
done to limit the time required to acquire scanned images 
and avoid imaging the far peripheral retina where fixation 
artifacts tend to occur. Nonetheless, it is of note that the 
observed changes in retinal vascular density and length 
in the superficial retinal vascular plexus layer parallel the 
changes observed in our prior work where the entire retinal 
area and thickness were analyzed in total (10). Although our 
current study did not demonstrate a significant protective 
effect of intravitreal injection of human CD34+ BMSCs 
on the intermediate and deep plexus layers of the retina, 
it is important to note that we had a limited sample size 
per study group. Our study may not have been powered 
enough to detect more subtle effects of the CD34+ BMSCs 
on these deeper retinal vascular layers. Lastly, there were 
some tissue preparation artifacts noted in some eyes from 
the flat-mount process or immunohistochemistry. These 
artifacts included retinal folds, retinal tears, and areas 
of irregular immunostaining. To minimize the effect of 
these artifacts on our quantitative analysis, we limited 
our analysis to eyes with good image acquisition signal 
on confocal microscopy and eyes where these processing 
artifacts were present in less than 50% of the retinal area 
being imaged. As a result, approximately 15.7% (79/504) 
of scanned images for the different capillary plexus layers 
were excluded. 

In conclusion, intravitreal injection of human CD34+ 
BMSCs resulted in a significantly higher retinal vascular 
density and length density in the superficial retinal capillary 
plexus layer in this murine model of diabetic retinopathy. 
The findings support the hypothesis that intravitreal 
injection of human CD34+ BMSCs has potential protective 
effects on the retinal vasculature in eyes with diabetic 
retinopathy. The lack of observed significant protective 
effects of these cells on the deeper retinal vascular layers 
suggests that direct engraftment of the CD34+ cells in the 
affected retinal layer may be important in achieving the full 
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protective effects of these cells in the retinal vasculature. 
Since CD34+ cells from peripheral blood of a diabetic 
human have been shown to have defective retinal vascular 
homing (5), the development of a method to enhance 
the retinal engraftment of these CD34+ cells may be an 
important step in maximizing the regenerative potential of 
this cell therapy on the retina. An early-phase clinical trial 
has been conducted showing the feasibility and safety of 
intravitreal injection of autologous CD34+ BMSC in eyes 
with retinal ischemia or degeneration (20). A larger phase 
I/II clinical trial has been started exploring the safety and 
potential efficacy of intravitreal autologous CD34+ BMSC 
therapy in eyes with vision loss from central retinal vein 
occlusion, another common retinal vascular cause of vision 
loss (www.clinicaltrial.gov NCT03981549). As we gain 
more preclinical and clinical information regarding the 
effects of human CD34+ cells on the retina, the potential 
of using intravitreal injection human CD34+ BMSCs to 
treat eyes with vision loss from diabetic retinopathy can be 
explored in future larger clinical trials.
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