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Abstract: 

The purpose of this study is to determine if there is a significant decrease in the number of 

pericytes in the Ganglion Cell Layer (GCL) of diabetic mouse retinas at the 12 week time point 

of the disease. This decrease in pericytes is a clinical characteristic of the early stages of Diabetic 

Retinopathy (DR). DR affects a little less than half the 30.3 million diabetic Americans and a 

third of the 285 million diabetics worldwide (Center for Disease Control and Prevention, 2017; 

“Facts About Diabetic Eye Disease”, 2015; Lee et al., 2015). Although it affects both retinal 

neurons and microvasculature, the time course of DR development and which of these systems it 

affects first, is still under investigation. This study quantitatively analyzed the presence of 

pericytes in mice twelve weeks after diabetes was induced via intraperitoneal streptozotocin 

injections. Retinas were fixed and immunostained with antibodies against markers for pericytes 

(α-NG2) and apoptosis (α-Caspase-3) and stained for cell nuclei (DAPI) and endothelial cells 

(Isolectin).  Retinas were imaged with confocal microscopy. GCL pericytes were counted with 

ImageJ. The results can contribute to understanding the time course of DR’s pathology specific 

to pericytes and consequently, can aid in the development of targeted treatments.  

 

 

 

 

 

 

 



 

Introduction: 

    Diabetes mellitus is a metabolic disease diagnosed on the basis of hyperglycemia, or high 

blood glucose. In Type 1, or juvenile diabetes, insulin production is defective which leads to high 

levels of circulating blood glucose. In Type 2 diabetes, the individual develops insulin resistance 

as a result of excess dietary glucose in the blood (Parmet et al., 2003). Insulin is a hormone 

produced in the pancreas and is released in response to ingestion of food. Its role is to transport 

dietary glucose, amino acids, and fatty acids in the blood into cells to be used for energy or 

stored for later use. With insulin complications, these molecules cannot properly be incorporated 

into macromolecules and the body in turn begins to break down tissues (muscle, glycogen, and 

fat) which further increases blood serum levels of these molecules (Gardner et al., 2011).   

Diabetes is diagnosed using measurements of HbA1c which is produced from the process 

known as hemoglobin glycosylation. Hemoglobin glycosylation occurs when excess glucose is 

present in the blood and forms a complex with hemoglobin, the molecule in the blood that is 

responsible for binding and delivering oxygen throughout the body. Various fractions of the HbA 

form of glycated hemoglobin are produced from the process and normally HbA1c comprises 5% 

of the total HbA fractions. HbA1c levels between 4.0%-5.6% (~31-42 mmol/mol) are considered 

normal while those between 5.7%-6.4% (53 mmol/mol) are considered at risk or prediabetic and 

those with values equal to or above 6.5% (64 mmol/mol) are considered diabetic according to the 

American Diabetes Association (ADA). HbA1c serves as an indirect measure of blood glucose 

levels from the past two to three months as its levels are directly proportional to fasting blood 

glucose measurements as measured with a fasting glucose test (FGT) in which blood glucose 

levels above 126 mg/dl are considered diabetic.  The downside to using FGT however is that it 

only shows a snapshot of the current levels of blood glucose, and diabetes is a disease that 



 

demands tight regulation and monitoring of glucose levels consistently over time. Diabetes, as 

indicated by high HbA1c levels, increases the risk of cardiovascular disease as hyperglycemia 

wreaks havoc on vasculature small and large throughout the body. Excess glycated hemoglobin 

has been associated with increased blood viscosity, impaired vasodilation due to adverse 

interactions with nitric oxide (NO), production of reactive oxygen species, and reduced ability of 

hemoglobin to bind oxygen (Sherwani et al., 2016).  

Diabetic retinopathy (DR) is  a retinal neurodegenerative disease of unknown pathology 

and yet is one of the leading forms of blindness in working age individuals (1, Cheung, Mitchell, 

and Wong, 2010).  Regardless of the type of diabetes an individual possesses, there exists a risk 

for developing DR as cells in the retina possess insulin receptors much the same as the other 

tissues affected by diabetes and are also exposed to abnormally high levels of glucose circulating 

the blood.  And just like the other bodily tissues damaged by the disease, the microvasculature of 

the retina is affected, most significantly by inflammation, a clinical hallmark immune response 

characteristic of DR, caused by hyperglycemia and other factors (Reiter and Gardner, 2003).  

Inflammation signals the need for survival resources at that location to the body by 

releasing molecules known as cytokines (Zhang and An, 2007). In the case of DR, the area of 

interest in the retina. The cytokines active in diabetic inflammation include the signaling protein, 

vascular endothelial growth factor (VEGF), which aids in the growth of new blood vessels and 

erythropoietin which facilitates development of red blood cells. These molecules are released 

from microglia, immune-defense cells that support neurons, in response to the inflammation. As 

beneficial as inflammation sounds, it takes a turn for the worst when it becomes a chronic or 

prolonged state. When inflammation does not dissipate as in the case of diabetes, it results in 

damage to the vascular system.  



 

In DR, the retinal microvasculature and tissues experience edema or leakage as well as an 

increase in circulating immune cells which exacerbate the inflammatory response and lead to 

fibrosis (Cohen and Gardner, 2016). Fibrosis is an attempt to repair damaged tissue and is 

dependent upon proper functioning of retinal vasculature which is absent in DR, as a result, 

retinal detachment can ensue and exponentially increase the risk of vision loss as the fibrotic 

processes extending into the eye can pull the vision-enabling neurosensory cells away from the 

membrane that nourishes them, the retinal pigment epithelium (Roy, Amin, and Roy, 2016). 

Additionally, the activated microglial cells release neurotoxic compounds that lead to death of  

retinal sensory neurons and damage the endothelial cells (ECs) that line the inner lumen of blood 

vessels and pericytes. Pericytes (PCs) are cells that sit on top of ECs on vessels in a “bump on a 

log” morphology and are responsible for regulating blood flow through helping vessels constrict 

and dilate by using smooth muscle actin (Kornfield and Newman, 2014). Abnormally high levels 

of another immune-defense cells known as white blood cells or leukocytes, result in a 

pathological state called leukostasis which is also present in the early stages of DR and may 

occur as a result of inflammation as ECs begin to recruit leukocytes to the vasculature. 

Ultimately this accumulation of various immune cells lends itself to increased inflammation, 

occlusion of capillaries, disruption of the blood retinal barrier, and apoptosis of ECs (Altmann 

and Schmidt, 2018). 

 

Figure 1. (a) A diagram of a longitudinal section of a blood vessel covered by a pericyte; (b) A cross-
sectional diagram of a blood vessel showing the endothelial cell and pericyte interaction with a common basement 

membrane. (Mills et. al., 2013). 



 

Damage to retinal neurons also occurs in early stages of DR and is revealed with tests 

that demonstrate decreased responses with full-field and multifocal electroretinography as well 

as decreased blue-yellow color sensitivity, contrast sensitivity, and dark adaptation (Gardner et 

al., 2011). According to Cohen and Gardner (2016), 75% of those with Type 1 Diabetes will 

develop the retinal disease and 50% of those with Type 2 will. With such a high risk of 

development of a preventable ocular disease, development of targeted treatments is crucial as the 

incidence of diabetes globally has continued to increase with predicted probabilities of halting 

the incidence levels to those of 2010 at less than 1% for men and at 1% for women (Zhou et al., 

2016). Current methods of treatment range from prevention (managing blood glucose or 

glycemia, blood pressure, and lipid levels) to those for the more severe cases in which 

intravitreally injected pharmacological agents are administered (anti-VEGF and corticosteroids) 

to retinal photocoagulation or laser treatment for  complications involving the proliferative form 

of the disease and macular edema (Antonetti et al., 2012). These latter treatments however are in 

response to the later stages of the disease which is when it is becomes evident by observation 

that new and abnormal growth of vasculature is occuring. The complication with these 

treatments then, is that no such treatment exists for the early stages of DR as the time and 

location of its occurrence, as of now, eludes scientists. 

Therefore the million dollar question is DR research is much like the question of the 

chicken and the egg, but in this case, what comes first and when- the microvascular changes or 

the retinal neuronal damage? In DR, retinal vasculature becomes occluded leading to 

microaneurysms as well as leakage which forms macular edema when located at the macula or 

the center of the retina responsible for visual acuity. In the proliferative form of the disease, 

angiogenesis or neovascularization occurs in response to an increase in inflammation and 



 

therefore increased release of VEGF. Glial cells (microglia, astrocytes, and Muller cells), 

neurons, and vasculature in the retina comprise the neurovascular unit with the collection of cells 

forming 95% of the retina and the vasculature comprising the remaining 5%. Retinal 

microvasculature provides essential nutrients to these cells and as such, disruption to either 

components (neural or vascular) affects the other. Evidence shows that changes to the 

neurosensory cells in the retina demonstrate damage from insulin complications such as cell 

death, changes in metabolism, and damage to synapses. However, this damage and the visual 

impairments revealed by the aforementioned tests have been shown to appear before any 

discernible changes to vasculature (Gardner et al., 2011).  

Interactions of the components of the neurovascular unit establish the blood-retina barrier 

(Antonetti et al., 2012). The blood-retina barrier (BRB) is made of ECs on vasculature covered in 

PCs and glial cells.  The BRB separates the retina from direct exposure to the blood and thus 

allows retinal vasculature to control nutrient supply for the tissue of this portion of the nervous 

system as well as establish a controlled chemical environment for the retina (Altmann and 

Schmidt, 2018). The function of PCs includes restructuring and growth of new vasculature as 

well as inception and development of the BRB.  PCs also respond to vasoactive molecules and 

aid in constriction and dilation of blood vessels that are transporting nutrients to retinal neurons 

via neurovascular coupling (Mishra et al., 2014). Park et al. (2017) showed the critical role PCs 

play in establishing the BRB as they are recruited by the release of platelet-derived growth factor 

(PDGF-B) from ECs. Interestingly, they showed that the selective loss of PCs after the BRB is 

fully established, which is symptomatic of DR, does not affect maintenance of the BRB or alone 

induce vascular re-structuring or damage yet it increases the sensitivity of ECs to VEGF-A 

which is  required to induce neovascularization observed in proliferative forms of DR. DR 



 

retinas exhibit loss of PCs as well as increased levels of VEGF-A in the vitreous humor, the thick 

gelatinous fluid that fills the inside of the eye. These altered levels of expression might indicate a 

contribution to the permeability of the BRB (Park et al., 2017). The BRB is also subject to 

deterioration as hyperglycemia downregulates cellular communication at gap junctions in PCs as 

well as retinal and microvascular ECs. This lack of communication ultimately leads to the death 

of these cells as they can no longer exchange molecules essential to survival (Roy, Kim, and 

Lim, 2017). 

The enigma of the pathology of DR then is, what specifically is affected first and at what 

stage in the disease and what is the disastrous cascade it then induces? The heart of the mystery 

lies in the fact that visual changes and decreased responses in sensory neurons appear before any 

evident vascular changes, yet it is the retinal microvasculature that nourishes and maintains the 

retinal neurons. This study evaluates the time course of decreased pericytes in the retinal 

ganglion cell layer (GCL) of mice 12 weeks after contracting diabetes. The GCL plays a critical 

role in phototransduction and allowing us to see, as it is the third and final nuclear layer in the 

retina. It lies in close contact with capillaries forming the BRB (Antonetti et. al., 2012) and has 

been shown to display increased microvascular cell apoptosis in the early stages of DR (Feit-

Leichman et. al, 2005).  Furthermore, the axons of the ganglion cells that comprise this layer, 

bundle together when exiting the eye to form the optic nerve which allows for action potentials 

to travel to the brain and be processed in higher order visual circuitry. 

 

 

 

 



 

 

 

 

 Figure 2.  A cross section showing the organization of the three cellular layers in the retina (Wang, Ruye, 1999.) 

 
Figure 3.  The Outer Nuclear Layer (ONL) contains the light-sensitive photoreceptor cells, rods and cones. The 

Inner Nuclear Layer (INL) contains the bipolar cells in addition to the horizontal cells which facilitate lateral 
communication between bipolar cells and photoreceptors, and the amacrine cells which facilitate lateral 

communication between bipolar cells and gangion cells. (Reactive Muller Glia as Potential Retinal Progenitors). 

 



 

Methods: 

This experiment followed the same methods for experimental set up through data imaging and 

collection as Yubeta (2018). The following sections up until the subsections in Analysis are 

derived from Yubeta’s “Pericytes in the Diabetic Retina” with changes made as necessary. 

Animals 

The University of Arizona Institutional Animal Care and Use Committee approved all animal 

protocols. C57BL/6J male mice (Jackson Laboratories, Bar Harbor, ME, USA) used for these 

experiments were housed in the University of Arizona animal facility and provided the National 

Institutes of Health-31 rodent food and water ad libitum. Over three consecutive days four five-

week old mice were intraperitoneally injected with STZ (Sigma-Aldrich Corp., St. Louise, MO, 

USA; 75 mg/kg body weight) dissolved in 0.01 M pH 4.5-citrate buffer after a four hour fast. 

Four control group mice were intraperitoneally injected with only citrate buffer after a four hour 

fast. Each week mice body weight and urine glucose was monitored. Twelve weeks after the first 

STZ injection, mice with a blood glucose >200 mg/dL determined after a 4 hour fast were 

included in the study (OneTouch UltraMini; LifeScan, Milpitas, CA, USA). 

Dissection and Fixation 

Mice were euthanized with carbon dioxide and the eyes enucleated. For these 

experiments the left eye was used and dissected in oxygenated Ringer’s solution using a Nikon 

SMZ645 microscope. A fine needle was used to create a small puncture through the cornea and 

scissors were then used to remove the cornea. The iris, lens and vitreous were gently removed 

with forceps. To retain positional reference a small notch was cut into the outer ventral edge of 

the eyecup prior to fixation. The eyecups were fixed in 4% paraformaldehyde (diluted from 16% 

stock solution in PBS) for 15 minutes in an enclosed box at room temperature. Retinal dissection 



 

was then completed in 0.1 M phosphate-buffered saline (1X PBS; pH 7.4) by removing the 

sclera and choroid layer from the retina. . Four radial incisions were made with a razor blade to 

lay the retina flat and to mark dorsal, ventral, nasal, and temporal leaflets. Retina mounts were 

washed and stored in 0.1 M phosphate-buffered saline (1X PBS; pH 7.4). 

Immunostaining of Whole Mounts 

The 1X PBS was removed from the whole-mount retinas in a 24-well plate and incubated in 

Image-it FX signal enhancer (Thermo Fisher Scientific) for 1 hour at room temperature on a 

shaker. To permeabilize and block, the retinal mounts were incubated overnight at room 

temperature on a shaker with 1 mL of 5% ChemiBLOCKER in PBST. The retinas were then 

incubated at room temperature in darkness on a shaker for three days with α-NG2-Cy3 (1:600), 

Isolectin-AF488 (1:100), and α-caspase-AF647 (1:25) in 5% ChemiBLOCKER, 0.05% sodium 

azide in PBST (0.5%T). In microfuge tubes the antibody solutions were spun on a centrifuge for 

30-60 seconds at 14,000 RPM to spin down fluorophore aggregates. To prevent fluorophore 

bleaching the 24-well plate containing the retinas incubating in antibody solution was covered 

with foil. After a three-day antibody incubation period, the retinal mounts were washed three 

times with 1X PBS for an hour, for a total of three hours, on a shaker at room temperature.  The 

second wash included DAPI (1:1000 DAPI in 1X PBS) nuclear stain (Life Technologies, 

Carlsbad, CA, USA). The retinas were mounted on microscope slides on filter paper in Slowfade 

(Life Technologies, Carlsbad, CA, USA). The Coverslip slides were sealed with clear fingernail 

polish and the prepared slides stored in the refrigerator until confocal imaging. 

 

 

 



 

Imaging 

The Zeiss (Oberkochen, Germany) LSM880 inverted confocal microscope with a 20X objective 

was used to image the retinal whole mounts. Retinal Z-stack images (1µm sections) were 

collected. Images were taken from each retinal leaflet 600 µm from the optic nerve head (425.10 

x 425.10 µm2) or as near to that location as possible depending on the condition of the retina, 

such as if large tears prevented adequate imaging. The α-NG2-Cy3 signal was imaged using the 

561 nm laser; the Isolectin-AF488 signal was imaged using the 488 nm laser; the α-caspase-

AF647 signal was imaged using the 633 nm laser; and the DAPI signal was imaged using the 

405 nm laser. 

Analysis 

ImageJ/Fiji open source software provided by the National Institutes of Health, (Bethesda, MD, 

USA) was used to analyze all images. Individual image stacks were uploaded to ImageJ/Fiji 

using the Bio-Formats Importer option and a maximum intensity projection Z-stack created for 

each vascular layer. Slices for each Z-stack were selected within a range that clearly showed the 

vasculature within the layer of interest only (GCL). 

Pericyte Count 

For each GCL, color channels for each laser were split and only the channel for the red laser or 

Channel 4, was analyzed, which showed staining for α-NG2 . A copy of this window was made 

which was then used for further analysis, while the original window was left open as a control to 

compare to and adjust the brightness on for better visualization. The copy then underwent 

background subtraction (Rolling ball = 50) and a median filter with a radius of 3 was applied to 

it. A Black and White Triangle threshold was then applied with a minimum value that fell within 

the range of 6238 - 30481. The Particle Analyzer tool was set to select for anything with an area 



 

greater than 10 µm2 and a circularity from 0.2-1, with 1 being a perfect circle. This selection of 

pericytes was then saved as an RoiSet (Fig. 4. A.-B., Fig. 5. A.-B.). This RoiSet was overlaid on 

a composite image of the GCL Z-stack that showed the green Channel 1 and the red Channel 4 

that allowed for visualization of endothelial cells and pericytes/vascular smooth muscle cells 

(vSMCs), respectively. As vSMCs also stain positively for α-NG2 and sit on arterioles with a 

diameter greater than 15 µm (Trost et al., 2019; Biesecker et al. 2016), the count of pericytes was 

further refined as they are found only on capillaries less than 10 µm	in	diameter	and	on	a	

branch	order	greater	than	3-5	(Ivanova	et	al.,	2017) (Fig. 4. E., Fig. 5. E.).  The diameters of 

all branches was therefore determined using the straight line tool and RoiSets (Fig. 4. C., Fig. 5. 

C.). If vessels were long, their diameter was measure multiple times along their length. 

Diameters were measured after any branch points. Any pericytes on vessels with a diameter 

greater than 10 µm were excluded from the count. Similarly, cells marked positively for α-NG2 

were excluded if they were on branches of order 1 or 2 (Fig. 4. D., Fig. 5. D.).  

Fig. 4. A. Control α-NG2 Threshold Pericyte Count 

 



 

              

 

Fig. 4. B. Control α-NG2 Binary Threshold Pericyte Count 

 

       Fig. 4. C. Control Total Normal Vessel Diameters                                  

      

 

 

 



 

Fig. 4. D. Control Capillary Diameters (<10 µm, branch order > 2) 

 

Fig. 4. E. Control Final Pericyte Count (# PCs = 29) 

 

Figure 4. Pericyte Count in Control Retina. (A-B) Particle Analyzer’s selection of pericytes outlined in cyan 
(Threshold = 23388). (C) Diameter measurements of all normal vessels marked with Isolectin against endothelial 
cells visualized in green. (D) Diameter measurements of capillaries only, identified as vessels with a diameter less 
than 10 µm and of a branch order greater than 2. (E) Final count of pericytes outlined in cyan,marked with α-NG2 

which is visualized in red, and in contact with capillaries. 
 
 
 



 

Fig. 5. A. Diabetic α-NG2 Threshold Pericyte Count 
 

 

Fig. 5. B. Diabetic α-NG2 Binary Threshold Pericyte Count 

 

 

 

 



 

Fig. 5. C. Diabetic Total Normal Vessel Diameters 

 

Fig. 5. D. Diabetic Capillary Diameters (<10 µm, branch order > 2) 

 

 

 

 

 

 



 

      Fig. 5. E. Diabetic Final Pericyte Count (# PCs = 24) 

 

Figure 5. Pericyte Count in Diabetic Retina. (A-B) Particle Analyzer’s selection of pericytes outlined in cyan 
(Threshold = 19554). (C) Diameter measurements of all normal vessels marked with Isolectin against endothelial 
cells visualized in green. (D) Diameter measurements of capillaries only, identified as vessels with a diameter less 
than 10 µm and of a branch order greater than 2. (E) Final count of pericytes outlined in cyan, marked with α-NG2 

which is visualized in red, and in contact with capillaries. 
 

Vascular Length 

Vessel length was determined by using the Freehand line tool to travel along their length, trying 

to stay as close to the middle of the vessel as possible throughout the trace (Fig. 6. A.,C.). These 

values were added to an RoiSet and summed in Excel to determine the total length of normal 

vessels in each GCL Z-stack. The average diameter of normal capillaries (<10 µm) was obtained 

by using the Straight Line tool on three randomly selected vessels in the GCL Z-stack and then 

creating an RoiSet whose values were later averaged in Excel (Fig. 6. B., D.). 

 Note that during data analysis, thin, wispy vessels with lengths much shorter and 

diameters much smaller than normal retinal capillaries were observed. The lengths and diameters 

of these vessels were excluded from analysis in this study. In order to specify that only the 



 

arterioles, capillaries, and veins typically observed in a healthy retina were analyzed in this 

study, they are grouped together and referred to as normal vessels. 

Fig. 6. A. Control Total Length of Normal Vessels 

 

  Fig. 6. B. Control Normal Capillary Diameter Sample 

 

 

 

 



 

Fig. 6. C. Diabetic Total Length of Normal Vessels 

 
 

Fig. 6. D. Diabetic Normal Capillary Diameter Sample 

 
 
 

Figure 6. Methods for Normal Vessel Length and Diameter Measurements. Freehand 
tracings of normal vessel length in a Control (A.) and Diabetic (C.) retinas are marked in red 

along the center of vessels. Straight Line tool marks in red designate the diameter of three 
randomly selected capillaries in a Control (B.) and Diabetic (D.) retina. 

 
 



 

Results: 

All statistics were determined from t-tests in SigmaPlot 14.0 and Welch’s p-value was used as a 

measure of significance.  No significant difference was observed in the mean number of 

pericytes on capillaries in the GCL (Fig. 7. A.), the mean number of pericytes normalized to the 

mean normal vessel length (mm) in the GCL (Fig. 7. B.), the mean length of normal vessels 

(mm) in the GCL (Fig. 7. C.), or the mean diameter of normal vessels (µm) in the GCL (Fig. 7. 

D.). 

Fig. 7. A. 

 

 

 

 

 

 

 

 



 

Fig. 7. B. 

 

Fig. 7. C. 

 
 
 
 
 



 

 
Fig. 7. D. 

 
 

Figure 7. No significant difference found in analyzed measures in GCL of 12 week diabetic mouse model. No 
significant difference was found between the GCL of retinas of Control mice (blue) and the retinas of 12 week 

Diabetic mice (red) for the following measures: A.) mean number of pericytes counted on capillaries (Control Mean 
= 28.063, SEM = 0.997, Diabetic Mean = 29.75, SEM = 1.242, p = 0.332), B.) mean number of pericytes on 

capillaries normalized to the length (mm) of normal vessels (Control Mean = 9.644, SEM = 0.35, Diabetic Mean = 
9.258, SEM = 0.292, p = 0.429), C.) mean normal vessel length (mm) (Control Mean = 2.924, SEM = 0.0.0686, 

Diabetic Mean = 3.244, SEM = 0.144, p = 0.111), D.) mean normal vessel diameter (µm) (Control Mean = 6.309, 
SEM = 0.191, Diabetic Mean = 6.256, SEM = 0.145, p = 0.72). N = 4 mice for both groups. Standard error bars are 

SEM values. 
 

Conclusion: 

There was no significant difference observed in the number of pericytes in the GCL (p = 0.332) 

nor the number of pericytes per millimeter of normal vessel length in the GCL (p = 0.429) 

between Control and Diabetic retinas in this study (N = 4 mice in both groups). Ivanova et al. 

(2017) used intact retinas and immunohistochemsitry to fluorescently label pericytes and 

observed a significant decrease in the number of pericytes per millimeter of capillary length in 

retinas of 24 week old C57BL/6 mice 8-12 weeks post-STZ injections (N = 6 mice in both 

groups, p < 0.0001). Previous work in the Eggers lab showed no significant difference between 



 

the mean number of pericytes in the GCL of Control and 6 week Diabetic mouse retinas (N = 5 

Control mice and 4 Diabetic mice, p = 0.163) but did observe a significant decrease (p = 0.002) 

in the mean number of pericytes per normal vessel length (Yubeta, 2018).  Yubeta (2018) 

suggests that this significant decrease in mean number of pericytes per normal vessel length in 

the GCL of 6 week Diabetic retinas could be due to larger pericytes covering more vasculature 

area in a compensatory mechanism for weakening capillaries as oberved in 7 – 12 month STZ-

induced diabetic rat models (Fisher, 1980). The current study sought to determine how the 

number of pericytes and their density in relation to normal vessel length changes at the 12 week 

time point of diabetes compares to the changes observed in the previously mentioned studies. 

Additionally, there was no significant difference in the following measures: mean normal vessel 

length (mm) and mean diameter of normal vessel (µm). No significant caspase staining was 

observed in the control or diabetic retinas, indicating that apoptosis through caspase-3 was not 

occurring within the 12 week time point of diabetes. 

     

Future Directions: 

Vascular smooth muscle cells (vSMCs) are known to stain positively for α-NG2 on the larger 

arteries and arterioles (Trost et al., 2019). Antibodies against alpha smooth muscle actin (α-

SMA) would not help distinguish vSMCs from being mistakenly miscounted as pericytes 

because pericytes also express α-SMA, enabling them to carry out their contractile function . 

Ivanova et al. (2017) excluded counting  α-NG2 positive cells on veins, which lack α-SMA 

staining, and  classified capillaries as those vessels less than 10 µm in diameter and at branch 

orders above 3-5.  Biesecker et al. (2016) considered vessels with a diameter greater than 15 µm 

as arterioles and therefore excluded counting any α-NG2 positive cells on these arterioles as 



 

pericytes due to the likelihood that they are vSMCs. Future experiments could utilize a custom 

Matlab software, like that developed by Kornfield and Newman (2014) to measure vessel 

diameter, that would additionally analyze branch order. These objective measurements could be 

used in tandem with staining of α-SMA on vessels which would allow for discrimination of 

arterioles and capillaries from veins which lack α-SMA. Pericyte counting could then be 

restricted only to cells that stain positively for α-NG2 and sit atop vessels stained with α-SMA 

that are less than 10 µm in diameter and at branch orders above 3-5 as objectively measured with 

custom Matlab Software.   

 Currently, the number of pericytes in the other two nuclear layers in the retina, the inner 

and outer nuclear layers (INL, ONL), are being analyzed using the same method outlined in this 

study for GCL analysis.  Analysis of the total area of pericytes normalized to the total area of 

normal vasculature in each of the three layers is currently being conducted to determine if 

pericytes might be altering their coverage of vasculature in early diabetes. A difference in the 

number of pericytes and their area covering normal vasculature between the layers could reveal 

how diabetes may differentially effect the layers spatially and temporally.  If pericytes in the 

three layers are affected at different time points, this might suggest that the neurons specific to 

one layer and not the others are also affected at different time points in early diabetes. This could 

inform future experimental design that could quantitatively and qualitatively analyze the neurons 

for each layer and their relationship with changes in the number of pericytes. 

 As mentioned earlier, thin, wispy “vessels” with much smaller lengths and diameters than 

normal retinal vessels were observed during data analysis. These “wispy” vessels had differential 

associations with α-NG2 , the marker for pericytes such that they appeared with either/both 

Isolectin and α-NG2 staining along their length. Additionally, most of them were associated with 



 

a pericyte soma at their base, sitting on the membrane of a normal vessel. But some of them had 

a pericyte along their length, appearing more like a pericyte soma with its processes extending 

and attaching to two or three different capillaries. Current analysis is underway to characterize 

these wispy vessels as either acellular capillaries, migrating pericytes, or something altogether 

different from these two.  

 

Figure 8. “Wispy” Vessels in Diabetic Retina. Blue arrow shows a migrating pericyte process without 
α-NG2 staining. Red arrow shows a migrating pericyte with processes stained with α-NG2 throughout.  

Yellow arrow shows acellular capillary with α-NG2 staining and no association with pericyte soma.  
Green arrow shows acellular capillary without α-NG2 staining and no association with pericyte soma. 

 

 Migrating pericytes have triangular nuclei and sit on straight capillaries and have a 

decreased soma surface area contacting capillaries compared to non-migrating straight capillary 

pericytes because at least one of the lateral sides of their triangular nuclei is longer than the side 

in contact with the capillary. They usually display extended processes  to neighboring capillaries 

as they migrate into the extravascular interstitium. Their migration is stress induced and in 

diabetic retinopathy, hyperglycemia upregulates angiopoietin-2 (Ang-2) which causes pericytes 



 

to move from capillaries into the extravascular intersitium (Pfister el al., 2008). However, while 

Pfister el al (2008). indicated that migrating pericytes and their processes were only positive for 

α-NG2, data from the current study revealed that “wispy” vessels had differential associations 

with α-NG2 staining and thus, they are also being evaluated as potential acellular capillaries. 

 As discussed by Kern (2008), acellular capillaries are the occluded vessels that result 

from pericyte migration and therefore lack endothelial cells and pericytes. They are further 

characterized by their diameter that is at least 20% (Feit-Leichman et al., 2005) or 25% (Shin et 

al., 2014) the diameter of normal capillaries. For example, the smallest normal capillary 

diameters collected in this study’s data was ~ 3.2 µm. 20% of 3.2 µm is 0.64 µm. Therefore, any 

vessel with a diameter greater than 0.64 µm but less than 3.2 µm could be characterized as an 

acellular capillary. Anything less than 0.64 µm in diameter could be categorized as a migrating 

pericyte process.  

 In C57BL/6J mouse models of diabetes induced with STZ injections, acellular capillaries 

were oberved at the start of 24 weeks or 6  months post-injection in whole mount retinas 

showing only vasculature and the cells on them using a trypsin digestion technique (Kern, 2008). 

Pfister el al. (2008) also used a trypsin digestion technique and observed a significant increase in 

the number of migrating pericytes in retinas of 6 month STZ-induced diabetic mice.  However, 

Mitsuhashi et al. (2013) observed a significant increase in the number of acellular strands as 

early as 1 week in diabetic rats injected with STZ and visualized with immunohistochemistry in 

situ, much in the same way that the current study did to visualize retinal vasculature and cells. 

Perhaps then, there is a discrepacy between the two types of techniques that must be addressed to 

determine the correct time of appearance of migrating pericytes and acellular capillaries in intact 

retinas. The current study used immunohistochemistry and confocal microscopy to evaluate 



 

diabetic mice 12 weeks after injections. Observed “wispy” vessels are now being evaluated for 

number, length, diameter, association with pericyte somas, and staining with α-NG2 

(none/partial/total). This analysis can help contribute to the scarce literature on the different 

identifying characteristics between migrating pericytes and acellular capillaries as well as 

differences in their time of appearance in diabetic pathology in the retina. Future studies could 

mark for Ang-2 and determine if it is upregulated at various time points after STZ-injections and 

then evaluate the relationship between Ang-2 staining, number of migrating pericytes and 

acellular capillaries. 
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