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ABSTRACT 26 

 27 

Adequate blood flow is essential to brain function and its disruption is an early indicator in diseases like 28 

stroke and diabetes. However, the mechanisms contributing to this impairment remain unclear. To 29 

address this gap, in the diabetic and nondiabetic male mouse retina we combined an unbiased 30 

longitudinal assessment of vasomotor activity along a genetically defined vascular network with 31 

pharmacological and immunohistochemical analyses of pericytes, the capillary vasomotor elements. In 32 

nondiabetic retina, focal stimulation of a pericyte produced a robust vasomotor response, which 33 

propagated along the blood vessel with increasing stimulus. In contrast, the magnitude, dynamic range, a 34 

measure of fine vascular diameter control, and propagation of vasomotor response were diminished in 35 

diabetic retinas from streptozotocin-treated mice. These functional changes were linked to several 36 

mechanisms. We found that density of pericytes and their sensitivity to stimulation were reduced in 37 

diabetes. The impaired response propagation from the stimulation site was associated with lower 38 

expression of connexin43, a major known gap junction unit in vascular cells. Indeed, selective block of 39 

gap junctions significantly reduced propagation but not initiation of vasomotor response in the 40 

nondiabetic retina. Our data establish the mechanisms for fine local regulation of capillary diameter by 41 

pericytes and a role for gap junctions in vascular network interactions. We show how disruption of this 42 

balance contributes to impaired vasomotor control in diabetes.  43 
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 44 

SIGNIFICANCE STATEMENT 45 

Identification of mechanisms governing capillary blood flow in the CNS and how they are altered in 46 

disease provides novel insight into early states of neurological dysfunction. Here, we present 47 

physiological and anatomical evidence that both intact pericyte function, as well as gap junction-48 

mediated signaling across the vascular network are essential for proper capillary diameter control and 49 

vasomotor function. Changes to capillary blood flow precede other anatomical and functional hallmarks 50 

of diabetes establishing a significant window for prevention and treatment.  51 
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INTRODUCTION 52 

An issue of ongoing debate in the brain, including the retina, has been the mechanism for vasomotor 53 

control of capillary blood flow. Pericytes, the only contractile cells on the capillary walls, have been 54 

convincingly argued to bidirectionally regulate capillary diameter (Peppiatt, Howarth et al. 2006) or to 55 

play no significant role (Hill, Tong et al. 2015). In particular, a large source of controversy stems from 56 

the assumption that there must be a strict spatial relationship between the presence of a pericyte and the 57 

vasomotor activity. This view, which potentially ignores heterogeneity in vascular interactions, often 58 

relies on a few spot measurements of the capillary diameter. In reality, these responses have a variety of 59 

attributes that are not accurately described by a single metric, demanding precise and robust means to 60 

evoke and measure vasomotor response. Better understanding of the mechanisms of vasomotor activity 61 

is essential since changes to capillary blood flow is an early event in numerous diseases (Hall, Reynell et 62 

al. 2014) and will provide new insights for treatment strategies.  63 

 64 

Similar to other parts of the body, retinal blood flow finely matches local activity, a process called 65 

functional hyperemia (Roy and Sherrington 1890, Pournaras, Rungger-Brandle et al. 2008, Newman 66 

2013). In diabetes, vascular lesions and proliferative neovascularization are known features of advanced 67 

retinopathy. However, in diabetic patients as well as animal models of diabetic retinopathy, the earliest 68 

sign of disease is impaired functional hyperemia (Patel, Rassam et al. 1992, Muir, Renteria et al. 2012). 69 

What contributes to this impairment is unclear.  70 

 71 

We addressed these gaps by employing live wholemount retina, a model system for brain neurovascular 72 

interactions, to combine vasomotor response assessment of defined capillary networks with 73 

pharmacological and immunohistochemical analysis of vasomotor elements. To provide a more 74 
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comprehensive view, we developed an unbiased longitudinal vasomotor response assessment protocol. 75 

Specifically, for a capillary network within an intact retina, we performed a series of functional and 76 

structural measurements, rather than a single measurement. Using this approach, we detected and 77 

investigated vasomotor response to focal electrical stimulation and its impairment in diabetic 78 

retinopathy, a complication of diabetes and a leading cause of blindness (Kempen, O'Colmain et al. 79 

2004, Antonetti, Klein et al. 2012). In conclusion, our data establish mechanisms for fine local 80 

regulation of vascular diameter by pericytes and its widespread effect along gap junction-mediated 81 

vascular networks. 82 

We found that in nondiabetic animals, pericyte vasomotor responses were gradually increased with 83 

increasing stimulation, supporting their role in fine tuning of capillary diameter. Furthermore, with 84 

increasing stimulus intensity, a local response mediated by individually stimulated pericytes propagated 85 

along capillaries. Immunohistochemical analysis of the same region showed that propagation of the 86 

vasomotor response was linked to the expression of Cx43, a major known gap junction unit in vascular 87 

cells (Liao, Day et al. 2001). Consistently, the propagation of vasomotor response was precluded 88 

following pharmacological block of gap junctions. This provides direct physiological evidence for an 89 

essential role for gap junctions in signaling among vascular cells. In contrast, diabetic pericytes required 90 

a significantly stronger stimulus to evoke a threshold vasomotor response and their dynamic range was 91 

decreased, suggesting reduced sensitivity and loss of fine regulation of vascular diameter. Vasomotor 92 

response propagation was also significantly reduced. The functional changes were linked to decline in 93 

pericyte coverage of blood vessels and, to a significantly larger extent, diminished expression of Cx43. 94 

In conclusion, our data establish mechanisms for fine local regulation of vascular diameter by pericytes 95 

and its widespread effect along vascular networks. We also show how disruption of this signaling 96 

contributes to vasomotor impairment in diabetes. 97 
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MATERIALS AND METHODS 98 

In all experimental procedures, animals were treated in compliance with protocols approved by the 99 

Institutional Animal Care and Use Committee (IACUC) of Weill Cornell Medicine (WCM), and in 100 

accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. 101 

The use and application of streptozotocin was in accordance with safety protocols approved by WCM’s 102 

Environmental Health and Safety (EHS), Institutional Biosafety Committee (IBC) and IACUC 103 

Protection and Control sub-committee (P&C). 104 

 105 

Experimental Design 106 

Animal models 107 

Diabetes was induced in two mouse lines: C57BL/6 mice (Jackson Laboratory, Stock #: 000664, 108 

RRID:IMSR_JAX:000664) and NG2-DsRed mice (Jackson Laboratory, Tg(Cspg4-DsRed.T1)1Akik/J, 109 

Stock #: 008241, RRID:IMSR_JAX:008241). In all experiments we used the streptozotocin (STZ) 110 

diabetic mouse model (Feit-Leichman, Kinouchi et al. 2005). Male mice aged 6 to 8 weeks were fasted 111 

for 4 hours prior to the injections. The animals were injected intraperitoneally on five consecutive days 112 

with 50 mg/kg STZ (Sigma-Aldrich, S0130) freshly dissolved in citrate buffer (pH 4.5). Control animals 113 

received a citrate buffer injection without STZ. In the STZ mouse model of diabetes, the levels of blood 114 

glucose reached maximum elevation at 1 month after STZ injection and remained elevated. The diabetes 115 

was defined by non-fasting blood glucose greater than 300 mg/dL verified 1 month after the last STZ 116 

injection and confirmed on the day of the experiment. Glucose and body weight of the animals can be 117 

found in Table 1. 118 

 119 

Wholemount retina preparation 120 
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Methods for wholemount tissue preparation have been described in detail previously (Toychiev, 121 

Sagdullaev et al. 2013). After the animal was killed, its eyes were enucleated and placed in bicarbonate-122 

buffered Ames solution, constantly equilibrated with 95% O2 and 5% CO2. It has been shown that 123 

variations in O2 level in brain tissue can affect functional hyperemia by modulating the synthesis of both 124 

neuronal and glial messengers (reviewed by Attwell et al., 2010).  Hall et al. (2014) directly compared 125 

the effects of 95% and more physiological 20% O2 on vasomotor activity in the isolated brain tissue. 126 

They showed that while capillaries were more dilated in 20% vs. 95% O2, they responded in the same 127 

direction to the stimuli in both conditions. In a separate report, maintaining artificially high O2 in vivo 128 

did not lead to smaller vasomotor response or emergence of vasoconstrictions (Lindauer et al., 2010). To 129 

reduce any discrepancy that may arise due to changing O2 levels, all our measurements have been made 130 

under consistent O2 levels across all experimental conditions. The cornea, iris, and lens were removed. 131 

The retina was dissected into four equal quadrants. Quadrants were placed photoreceptor surface down 132 

on a modified Biopore Millicell filter (Millipore). This preparation was transferred to a recording 133 

chamber on the stage of an upright Nikon FN1 microscope equipped with Hoffman modulation contrast 134 

optics (Modulation Optics) and bathed (1 ml/min) with bicarbonate-buffered Ames solution (Sigma, 135 

A1420). Pharmacological agents were added to this solution at a final concentration indicated in the text. 136 

All experiments were performed at a near physiological temperature of 32°C. 137 

 138 

Vasomotor response assessment 139 

In the retina wholemount, identified pericytes (Fig. 1A-C) were targeted on capillaries in the superficial 140 

vascular layer (order 3 - 5 branches in Fig. 1D), avoiding those located on arterioles and veins. 141 

Capillaries were defined based on several morphological criteria: (i) diameter not exceeding 10 μm, 142 

approximately equivalent to the diameter of red blood cells, which are readily present in the living 143 
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tissue, (ii) lack of a smooth muscle actin (SMA, Fig. 1D-F), and (iii) presence of clearly visible 144 

pericytes (Fig. 1E). In the initial experiments we targeted fluorescently labeled pericytes in NG2-DsRed 145 

mice. In genetically unmodified mice, we were able to identify pericytes in contrast optics based on 146 

“bump on a log” appearance of the individual pericytes on the abluminal side of the vessel wall 147 

(Kawamura, Sugiyama et al. 2003). The location of pericytes was confirmed using confocal microscopy 148 

of NG2-DsRed or anti-NG2-stained preparations following vasomotor assessment (Fig. 1E). Pericytes 149 

on straight capillaries and at the forks were focally stimulated by an increasing current pulse (0.1–150 

1000.0 μA, 2 ms; Grass Technologies) using an electrode filled with HEPES-buffered extracellular 151 

Ringer's solution, containing the following (in mM): 137 NaCl, 2.5 KCl, 2.5 CaCl2, 1.0 MgCl2, 10 Na-152 

HEPES, 28 glucose, pH 7.4. Electrodes were pulled from borosilicate glass (WPI, 1B150F-4) with a P-153 

97 Flaming/Brown puller (Sutter Instruments) and had a measured resistance of 5 MΩ. For 154 

consistency across all experiments, the electrode was placed near the cell body of the targeted pericyte 155 

(Fig. 1C). During puff stimulation, electrode solution was supplemented with a vasoactive compound 156 

(Fig 1F) and delivered with picospritzer (Parker Hannifin) via broken patch pipette positioned above the 157 

targeted pericyte. For the experiments involving light stimulation, the microscope's illuminator was used 158 

to deliver a 100 μm spot of light that was centered on the targeted pericyte cell body and focused on the 159 

photoreceptor cell layer. An aperture, a series of neutral density filters, and the FN-C LWD condenser 160 

(Nikon) were used to control the size, intensity, and focal plane of the stimulus. The tissue was adapted 161 

at 30 cd/m2, and stimulus was 270 cd/m2. Light spot 5Hz flicker, an established stimulus to produce a 162 

robust vasomotor response, was controlled by a shutter (Uniblitz, Vincent Associates). Responses to 163 

stimuli were captured on video or time-lapse photo with a microscope-mounted Sony A7s full frame 164 

camera. For consistency in capillary diameter measurements, the focus of the image was continually 165 

kept on capillary lumen aided by live image projection onto an external HDMI monitor. High resolution 166 
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images of blood vessels were analyzed in ImageJ (RRID: SCR_003070) using a region of interest (ROI) 167 

tracing tool. At each experimental condition, the capillary lumen cross sections were mapped at 2 μm 168 

steps along 150 μm lengths at each direction and at adjacent vascular branches (Fig. 1G). The ImageJ 169 

measure tool was used to generate numerical values, which were plotted against their relative position 170 

along the capillary to yield a vasomotor response profile (Fig. 1H). This X-Y profile was then imported 171 

to Spike2 software (CED, UK) for further analysis. For each stimulus intensity, the response was 172 

measured as a deviation from the baseline diameter of the blood vessel (5 s prior to stimulation).  R(I) = 173 

Rmax*I^b/(SI50^b - I^b), where Rmax is the maximum response, I is the stimulus intensity, in log units, 174 

b is the slope factor and SI50 is a stimulus intensity producing 50% of Rmax. The following metrics of 175 

vasomotor function were analyzed: peak amplitude of the response - the value of the maximum change 176 

in vessel diameter from baseline state; area of the response - change in the area above the response 177 

profile curve following stimulation; sensitivity index - SI50 in the Hill fit to intensity response (IR) 178 

curve; response dynamic range (DR) - span of intensity, in log units, over which response changes from 179 

5% of Rmax to 95% of Rmax - estimated from a slope factor b in the Hill fit (Thibos and Werblin 1978, 180 

Sampath and Rieke 2004). 181 

 182 

Immunohistochemistry 183 

After physiological recording, each sample still attached to the Biopore insert was submersion-fixed in 184 

freshly prepared 4% carbodiimide in 0.1 M phosphate saline (PBS, pH = 7.3) for 15 minutes at room 185 

temperature. After fixation, the samples were washed in PBS and the retinas were separated from the 186 

insert. Retinal wholemounts were blocked for 10 h in a PBS solution containing 5% Chemiblocker 187 

(membrane-blocking agent, Chemicon), 0.5% Triton X-100, and 0.05% sodium azide (Sigma). Primary 188 

antibodies were diluted in the same solution and applied for 72 h, followed by incubation for 48 h in the 189 
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appropriate secondary antibody, conjugated to Alexa 488 (1:1000; green fluorescence, Molecular 190 

Probes), Alexa 568 (1:1000; red fluorescence, Molecular Probes). In multi-labeling experiments, 191 

wholemounts were incubated in a mixture of primary antibodies, followed by a mixture of secondary 192 

antibodies. All steps were carried out at room temperature. After staining, the retinal pieces were flat 193 

mounted on a slide, ganglion cell layer up, and coverslipped using Vectashield mounting medium (H-194 

1000, Vector Laboratories). The coverslip was sealed in place with nail polish. To avoid extensive 195 

squeezing and damage to the retina, small pieces of a broken glass coverslip (number 1 size) were 196 

placed between the slide and the coverslip. The primary antibodies used in this study were the 197 

following: rabbit anti-Cx43 (Cx43, 1:2000, Sigma-Aldrich, C6219, RRID:AB_476857), rabbit anti-NG2 198 

coupled to Cy3 fluorescent label (NG2, 1:600, EMD Millipore, AB5320C3, RRID:AB_11214368), 199 

mouse anti-claudin5 coupled to Alexa488 (claudin5, 1:10000, Invitrogen, 352588, RRID:AB_2532189), 200 

and goat anti-mouse albumin (albumin, 1:800, Bethyl, A90-234A, RRID: AB_67122). Polyclonal 201 

antibody against Cx43 was produced against a synthetic peptide corresponding to the C-terminal 202 

segment of the cytoplasmic domain (amino acids 363-382 with N-terminal added lysine) of human/rat 203 

Cx43. The antibody specificity was confirmed by western blot and immunocytochemistry in human and 204 

rodent retina (Kerr, Johnson et al. 2010, Danesh-Meyer, Kerr et al. 2012). Blood vessels were visualized 205 

by Isolectin coupled to Alexa 488 fluorescent label (Iso, 1:300, Invitrogen, I21411, 206 

RRID:AB_2314662). Stock solution of Isolectin was prepared as previously described (Connor, Krah et 207 

al. 2009) and further diluted in a mixture of the secondary antibody.  Retinal samples were imaged under 208 

a Nikon Eclipse Ti-U confocal microscope. For Cx43 labeling, the 212 x 212 μm2 areas at the 209 

stimulation sites were evaluated with a 60x water objective (5 diabetic animals, 13 areas; 5 non-diabetic 210 

animals, 15 areas). For pericyte evaluation, the second eye of the same animal was imaged with 20x 211 

objective in the areas of 636 x 636 μm2 (5 diabetic animals, 10 areas; 6 nondiabetic animals, 12 areas). 212 
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The samples from diabetic and non-diabetic animals were imaged under identical acquisition conditions, 213 

including: laser intensity, photomultiplier amplification, and Z-stack step size. All images were 214 

processed and analyzed using ImageJ software (ImageJ, RRID:SCR_003070). For the quantitative 215 

analysis, Cx43 labeling was set at a fixed threshold level. The same threshold was applied to all samples 216 

and only labeling with the intensity above the threshold was further evaluated. Each Cx43-positive 217 

plaque was identified using a particle recognition algorithm. In total, we evaluated 18295 individual 218 

Cx43-plaques in nondiabetic and 6430 Cx43-plaques in diabetic animals. The size of the individual 219 

plaques was measured. To calculate the density of the Cx43-plaque per capillary length, the blood 220 

vessels in the same images, labeled by Isolectin, were manually traced and their total length was 221 

estimated. NG2-positive labeling was evaluated using the same algorithm. In total, we evaluated 1007 222 

individual pericytes in non-diabetic and 561 pericytes in diabetic animals. 223 

Statistical Analysis 224 

Statistical analysis was performed in either SPSS v.19 (IBM, RRID:SCR_003210) or SigmaPlot v.11 225 

(Systat, RRID:SCR_003210), using t-test. For multiple comparisons, analysis of variance (ANOVA) 226 

with post-hoc Tukey’s test or repeated measures ANOVA were used. The data are presented as mean ± 227 

standard error. The number of samples (N) indicates number of animals per group. To avoid introduction 228 

of non-independent data into statistical analysis, first, multiple samples from individual animals were 229 

averaged within subject, then the data between animals were compared (Aarts, Verhage et al. 2014).230 
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RESULTS 231 

Unbiased longitudinal measurements reveal robust vasomotor response following focal pericyte 232 

stimulation in the living retina 233 

In each retina capillary region, we obtained >150 measures of vascular lumen at a 2 μm interval along 234 

the length of the capillaries covering ~300 μm around the site of stimulation. This allowed for 235 

volumetric comparisons between and within capillary branches. In both nondiabetic and diabetic retinas, 236 

with increasing stimulus intensity we monitored the local lumen diameter changes and recruitment of 237 

additional proximal and distal pericytes estimated from expansion of the vasomotor response beyond the 238 

anatomical borders of stimulated pericyte. In living tissue, dendritic field of the target pericyte was 239 

determined by backfilling with Alexa488 fluorescent dye via stimulating patch pipette (Fig.1C, insert). 240 

This image was then matched to NG2-DsRed-labeled pericyte network. Direct electrical stimulation 241 

provides robust quantification of pericyte-mediated vasomotor activity (Peppiatt et al., 2006). We also 242 

tested our approach to measure spatial profiles of both constrictive and dilatory vasomotor activity to a 243 

battery of more natural stimuli.  Purinergic receptor agonist UTP (100μM) constricted capillaries (Fig. 244 

1I), while sodium nitroprusside, an NO donor (100μM), increased capillary diameter (Fig. 1J) at the area 245 

adjacent to the site of delivery, as did stimulation with a light spot flicker (100μm diameter at 5Hz, 246 

Fig.1K). Some of the benefits of our approach to measure vascular diameter along the length of 247 

capillaries are illustrated in Fig. 1G-K; a) it measures the vasomotor response where it actually occurred, 248 

and not where it is anticipated to take place; b) it quantifies spatial and temporal interactions among 249 

local and distant vascular networks, and c) when combined with pharmacological and structural 250 

assessment of vasomotor elements, this approach provides a deeper insight into both fundamental 251 

properties of the vasomotor activity as well as how it is affected in disease. 252 

 253 
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Vasomotor response magnitude is impaired in early stages of diabetes 254 

Using the longitudinal measurements approach, we compared the vasomotor responses in both 255 

nondiabetic and early diabetic retinas. Here, we define early diabetes as a condition with persistent 256 

hyperglycemia prior to appearance of manifest vascular deficit such as acellular capillaries and 257 

tortuosities. Presence of retina blood barrier was also verified with a blood albumin assay, showing that 258 

albumin was contained within blood vessel in both nondiabetic and early diabetic retinas. Claudin5, a 259 

tight junction component, also appeared to be similar across nondiabetic and early diabetic samples (Fig. 260 

2F). The stimulus protocol consisted of a series of brief (2 ms) electrical pulses applied at 0.5 log unit 261 

increments from 0.1-1000 μA and separated by time sufficient for 90% recovery (10 s - 30 min). At each 262 

stimulus intensity, the response amplitude was measured as a maximum change of vascular lumen 263 

diameter from the baseline value at 5 s prior to stimulation (dD/Dbase). In nondiabetic retinas, changes 264 

in diameter increased with stimulus intensity (Fig. 2); the contractile response was centered on the site 265 

of stimulation, where the electrode contacted the capillary. With increasing levels of stimulus, the 266 

response was more pronounced, both in the amount of contraction and in the extent of its propagation 267 

along the capillary, measured as a change in vascular lumen area. In diabetic retina (8-12 weeks 268 

following the onset of hyperglycemia), vasomotor responses were significantly reduced in both maximal 269 

response amplitude (Fig. 2D; 0.95 ± 0.027 vs. 0.63 ± 0.078, nondiabetic vs. diabetic respectively, p < 270 

0.001, N = 7 mice with 2 - 3 sites per mice in each group) as well as change in vascular lumen area 271 

following stimulation (Fig. 2E; 612 ± 68 μm^2 vs. 136 ± 17 μm^2, nondiabetic vs. diabetic respectively, 272 

p < 0.001, N = 7 mice with 2 - 3 sites per mice in each group; see also Movies M1 and M2). These data 273 

demonstrate that both local vasomotor response and its propagation are impaired at the early stages of 274 

diabetes. 275 

 276 
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During the longitudinal analysis we observed an intrinsic heterogeneity in vasomotor response 277 

propagation along the capillary network (Fig. 3), which, to our knowledge, represents the first 278 

physiological evidence for distinct types of vasomotor interactions in the CNS. In Type A or “node” 279 

mode (16 out of 74 vascular sites), the vasomotor response was initially contained around a stimulated 280 

pericyte and, with increasing stimulus intensity activated focal responses around nearby pericyte 281 

regions. The response could also be observed even at more distant pericytes on up- and downstream 282 

vascular branches (Fig. 3B, top). In the most frequent Type B or “tide” mode (44/74 vascular sites), the 283 

local response spread gradually along the capillary without appearance of nodes at any stimulus intensity 284 

(Fig. 3B, middle). In some instances (14/74 vascular sites), initial focal responses bridged together at the 285 

highest intensity to form Type AB, or “wave” propagation mode (Fig. 3B, bottom). Importantly, 286 

capillaries of all propagation types appeared to be affected in diabetic retina. Due to diminished 287 

propagation, the precise susceptibility of individual activity modes to diabetes was not clear and will 288 

require further investigation at even earlier time points following the onset of hyperglycemia. In our 289 

experiments in both nondiabetic and diabetic retinas, we targeted vascular regions that appeared 290 

anatomically similar and were located at comparable branching points. Thus, the physiological data 291 

provide further evidence that vasomotor impairment in diabetes was not due to sampling across distinct 292 

functional types of vascular capillaries in nondiabetic and diabetic retinas but rather reflect a common 293 

pathophysiology of diabetic vasculature. 294 

 295 

Reduction in sensitivity and dynamic range of pericyte response contributes to vasomotor deficit 296 

in diabetes 297 

Next, we wanted to determine the mechanisms responsible for vasomotor impairment in diabetes. First, 298 

we hypothesized that a reduction in pericyte sensitivity to stimulation would result in both a diminished 299 
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response amplitude and reduced vasomotor response propagation in diabetic retina. The sensitivity index 300 

of vasomotor response was estimated by fitting the Hill equation to the intensity-response (IR) plots of 301 

vasomotor activity amplitude values at different stimulus intensities, then taking the SI50 value, the 302 

stimulus intensity producing the half maximum response (Fig. 4B-D, (Thibos and Werblin 1978). Note 303 

that the intensity values are shown as attenuation, in log units, from the maximum stimulus. Hence, the 304 

more negative values indicate lower threshold/higher sensitivity. We found that sensitivity of vasomotor 305 

response was significantly reduced in diabetic retinas compared to retinas from sham-treated nondiabetic 306 

animals (-2.39 ± 0.114 vs. -1.59 ± 0.035 log units in nondiabetic vs. diabetic, respectively, p = 0.0001, N 307 

= 5 - 7 mice with 2 - 3 sites per mice in each group). Next, we determined the dynamic range of 308 

vasomotor response, a functionally important metric quantifying the ability of the system to fine tune 309 

vascular diameter by vasoactive input. 310 

 311 

The dynamic range of the vasomotor response was defined as a span of stimulus intensities, in log units, 312 

producing incremental response changes from 5% to 95% of its peak value and was computed from the 313 

slope parameter b of the Hill fit to IR function (Fig. 4C, E). Therefore, higher values indicate wide 314 

dynamic range and more gradual modulation of vascular diameter. In diabetic animals, the dynamic 315 

range was significantly narrowed (2.87 ± 0.184 vs. 1.72 ± 0.121 log units nondiabetic vs. diabetic, 316 

respectively, p = 0.00012, N = 5 - 7 mice with 2 - 3 sites per mice in each group), suggesting impaired 317 

mechanisms for fine regulation of vascular diameter in diabetes. Altogether, our data provide evidence 318 

that stronger stimuli were needed to elicit response in diabetes compared to unaffected animals, 319 

potentially impairing the spread of the vasomotor activity as neighboring pericytes were less sensitive to 320 

incoming signals. 321 

 322 
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Pericyte-to-pericyte network interactions are impaired in diabetes 323 

Next, we wanted to determine how a change in pericyte sensitivity to vasoactive stimulation related to 324 

diminished pericyte-to-pericyte signaling and impaired propagation of the vasomotor response. In each 325 

sample, with increasing stimulus intensity we compared the relationship between the local lumen 326 

diameter changes and recruitment of additional pericytes estimated from an increase in vasomotor 327 

response area beyond the anatomical borders of stimulated pericyte. In living tissue, this was 328 

accomplished by comparing the dendritic field of the stimulated pericyte backfilled via patch pipette 329 

with Alexa488 to a NG2-DsRed image of the surrounding pericyte network (Fig.1C, insert). We 330 

hypothesized that in an intact vascular network, the most sensitive site where initial response would 331 

occur was the site immediately adjacent to stimulation. This is consistent with the earlier findings 332 

showing the strongest vasomotor response at the stimulation site, regardless of its proximity to pericyte 333 

(Peppiatt, Howarth et al. 2006, Kornfield and Newman 2014). Upon increasing levels of stimulus, 334 

adjacent areas would become responsive, due to sensitivity lag in lateral signaling. Furthermore, the site 335 

of stimulation would saturate sooner due to complete constriction of the blood vessel, while the area of 336 

the response would continue to grow as expanding lateral capillary regions get involved due to signal 337 

propagation (Fig. 5A). In this example, the shaded area over the curve corresponds to expanding 338 

response. Therefore, the dynamic range of the area would be wider than the dynamic range of the local 339 

response amplitude. Consistent with this hypothesis, in nondiabetic retina, response area was less 340 

sensitive compared to local amplitude profile (-2.35 ± 0.093 vs. -1.73 ± 0.078 log units, amplitude vs. 341 

area sensitivity, respectively, N = 11 sites in 7 mice  p = 0.0017, paired t-test), and the dynamic range of 342 

the response area was significantly wider compared to local amplitude (2.87 ± 0.184 vs. 3.42 ± 0.074 log 343 

units, response amplitude vs. area dynamic range, respectively, N = 11 sites in 7 mice  p = 0.019, paired 344 

t-test). This observation was consistent in 10/11 samples from 7 nondiabetic mice and supported a 345 
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model, in which once propagation threshold was reached, gradual recruitment of the expanding vascular 346 

area took place (Fig. 5B, E, F). 347 

 348 

We found that this mechanism was impaired in diabetic retina (Fig. 5C - D). In contrast to nondiabetic 349 

retina, dynamic range of vasomotor response area in diabetes was not significantly different from local 350 

aptitude dynamic range (Fig. 5F,  1.72 ± 0.121 vs. 1.55 ± 0.235 log units, amplitude vs. area dynamic 351 

range, respectively, N = 11 sites in 7 mice,  p = 0.041, paired t-test) even as sensitivity declined (Fig. 5E, 352 

-1.59 ± 0.046 vs. -1.39 ± 0. 072 log units, amplitude vs. area sensitivity respectively, N = 11 sites in 7 353 

mice,  p = 0.284, paired t-test). This divergence suggests impairment in pericyte-to-pericyte signaling 354 

leading to diminished recruitment of expanding vascular area and propagation. Therefore, three key 355 

physiological differences were evident in diabetes: (1) the maximum response Rmax was reduced, (2) 356 

the dynamic range of the response was diminished, and (3) responses did not propagate over distance. 357 

Next, we wanted to determine the mechanisms contributing to pericyte-to-pericyte signaling and 358 

whether they were affected in diabetes. 359 

 360 

Direct evidence for gap junction role in pericyte communication in vasomotor response 361 

The mechanisms of pericyte network interactions remain unclear. Earlier work in cardiac capillaries  362 

(reviewed by (Figueroa and Duling 2009)) as well as in diabetic retinal vascular explants (Oku, Kodama 363 

et al. 2001) have suggested that Cx43-containing gap junctions play a role in pericyte-to-pericyte 364 

interactions. Here we wanted to determine a) whether gap junction-mediated interactions were essential 365 

to vasomotor response signaling and b) whether decline in Cx43-containing gap junctions contributed to 366 

vasomotor impairment in diabetes. To determine the role of gap-junction mediated vascular interaction 367 

in vasomotor activity we measured the vasomotor response before and following application of selective 368 
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gap-junction blocker, meclofenamic acid (MFA, 25 μM). Importantly, this lower concentration of MFA 369 

was chosen based on recent studies showing that it avoids a common nonspecific action of 100 μM of 370 

MFA to disrupt neuronal synaptic activity, which may have an undesired effect on vasomotor response 371 

(Toychiev, Ivanova et al. 2013, Barrett, Degenaar et al. 2015). In particular, these studies have indicated 372 

that a 20-minute application of 25 μM MFA was effective in blocking gap junctions without a 373 

significant effect on neuronal spiking activity. A stimulus (10 μA, 2 ms) was drawn from established IR 374 

curves (Fig. 4B) to produce a potent yet recoverable vasomotor response at a site of stimulation, which 375 

in nondiabetic retina readily propagated in both adjacent and more distant regions of vascular network 376 

(Fig. 6A). We found that the responses at regions outside of the stimulation site were significantly 377 

diminished following application of MFA (Fig. 6Aii-Aiv and B,  0.65 ± 0.048 vs. 0.29 ± 0.052 vs. 0.51 ± 378 

0.034, control, MFA and recovery, respectively; N = 7 mice, p < 0.001 for all pairwise comparisons, 379 

repeated measures ANOVA). In contrast, block of gap junctions did not have a significant effect on 380 

vasomotor response at the site of stimulation (Fig. 6Ai, 0.68 ± 0.046 vs. 0.63 ± 0.039 vs. 0.64 ± 0.054, 381 

control, MFA and recovery, respectively; N = 7 mice, p = 0.235, repeated measures ANOVA), 382 

indicative of their primary role in pericyte network signaling and less in vasomotor response generation. 383 

 384 

Disrupted integrity of connexin43-containing gap junctions and reduced pericyte coverage 385 

contribute to vasomotor deficit in diabetes 386 

Having established that vasomotor signal propagation, but not its generation, relied on gap junctions and 387 

that in diabetes the vasomotor response was disrupted at both the site of stimulation and distant regions, 388 

we next hypothesized that gap junctions and pericyte coverage were diminished in diabetes. First, if 389 

impaired propagation of vasomotor response in diabetes was due to diminished gap junction-mediated 390 

pericyte-to-pericyte interactions, application of gap junction blocker MFA in diabetic retina will have 391 
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little or no effect on vasomotor response. To test this, a stimulus (30 μA, 2 ms) was drawn from 392 

established IR curves (Fig. 4B) to produce a potent yet recoverable vasomotor response at a site of 393 

stimulation in diabetic retina. We found that application of MFA (25 μM) had small but still significant 394 

effect on the amplitude of vasomotor response in the proximal ROIs (Fig. 7Aii and B, 0.13 ± 0.03 vs. 395 

0.07 ± 0.02 vs. 0.11 ± 0.03, control, MFA and recovery, respectively; N = 6 mice, p = 0.01, repeated 396 

measures ANOVA). However, it did not affect activity at the distal ROIs (Fig. 7Aiii and B, 0.05 ± 0.02 397 

vs. 0.03 ± 0.02 vs. 0.03 ± 0.02, control, MFA and recovery, respectively; N = 6 mice, p = 0.38, repeated 398 

measures ANOVA). This is in contrast to the above-mentioned effect of a gap junction blocker in 399 

nondiabetic retina, where application of MFA reduced response amplitude at both the proximal and 400 

distal ROIs, suggesting that impaired gap junction signaling contributed to diminished propagation of 401 

vasomotor response in diabetes. 402 

 403 

Next, we determined the relationship between vasomotor response propagation and gap-junction 404 

expression. Several types of connexins including Cx37, Cx40, Cx43, and Cx45 were identified in 405 

vascular cells. Here, we focused on expression of  Cx43, a major connexin in vascular gap junctions in 406 

the CNS and other tissues (Figueroa and Duling 2009). We assessed vasomotor function in both 407 

nondiabetic and diabetic wholemount retinas (Fig. 8A-F). At the same vascular sites, we then examined 408 

capillaries for Cx43 expression, along with pericyte density (Figs. 8 and 9). Isolectin stain was used to 409 

visualize the vasculature as a whole (Ernst and Christie, 2006). Polyclonal antibody against Cx43 410 

revealed the structural elements between adjacent pericytes and/or endothelial cells and astrocytes. The 411 

appearance of Cx43-positive structures was diverse and depended on the cell type. Astrocytes possessed 412 

large puncta decorating their processes and placed slightly above the vascular plane (Fig. 8H and I, 413 

arrowheads); these puncta coincided with the labeling for GFAP, a marker for astroglia (not shown). In 414 
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contrast, the puncta closely associated with the blood vessels were smaller and could belong to both 415 

pericyte-to-pericyte and pericyte-to-endothelial cell junctions (Fig. 7G, open arrows). Finally, the 416 

elongated thread-looking structures, especially evident on the capillaries adjacent to arterioles, were 417 

strictly colocalized with claudin5 (Fig. 8G), a component of the blood brain barrier and tight junctions 418 

between endothelial cells (Taddei, Giampietro et al. 2008), Fig. 7G, H and I,  solid arrows). In the 419 

current analysis, we combined all capillary associated Cx43-positive structures in a projection from a 420 

few confocal sections along capillaries. In diabetic animals, the density of Cx43-positive gap junctions 421 

was significantly reduced (2.2 ± 0.2 vs. 0.5 ± 0.1 μm^2/μm in nondiabetic vs. diabetic, respectively, p < 422 

0.0001, N = 5 mice with 2 - 3 ROIs per mice in each group). The average size of the Cx43-positive 423 

puncta was also significantly reduced in diabetes (1.5 ± 0.2 vs. 0.6 ± 0.1 μm^2 in nondiabetic vs. 424 

diabetic, respectively, p < 0.00003, N = 5 mice with 2 - 3 sites per mice in each group), suggesting that 425 

the large interendothelial and large astrocytic gap junctions were preferentially affected (Fig. 8L and M). 426 

Thus, the anatomical data support our physiological observation that gap junction-mediated 427 

communication within the vascular network is impaired in diabetes. 428 

 429 

Next, we assessed pericyte density and extent of the pericyte coverage of the capillaries. Pericytes were 430 

labeled against NG2, and the associated vasculature was stained with isolectin (Fig. 9A-D). We found 431 

that pericyte density decreased significantly in diabetic retina (16.1 ± 0.3 per mm vs. 13.2 ± 0.3 per mm 432 

in nondiabetic vs. diabetic, respectively, p < 0.0001, N = 6 mice with 2 ROIs per mice in each group, 433 

Fig. 9I). The distribution of pericytes along the capillaries was even in nondiabetic animals, suggesting a 434 

linear mosaic in their distribution, with the average intersoma distance of ~60 μm (Fig. 9G). In diabetic 435 

animals, in addition to ~60 μm peak in the frequency histogram, additional peaks at ~80 μm and 120 μm 436 

are visible. The cumulative probability curves also reflect a longer distance between pericytes in 437 
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diabetes (Fig. 9H). In spite of the increased intersomatic distances in diabetes, all capillaries were 438 

covered by the processes of the pericytes without any pericyte-abandoned areas (Fig. 9E and F). 439 

However, the fine processes encircling the capillaries were sparse and their density was reduced in 440 

diabetic animals (292 ± 14 μm^2/pericyte vs. 233 ± 14 μm^2/pericyte in nondiabetic vs. diabetic, 441 

respectively, p = 0.008, N = 5-6 mice with 2 ROIs per mice in each group, Fig. 9E and F). In conclusion, 442 

the loss of pericytes, appearance of elongated and thinner pericyte branches in diabetes may contribute 443 

to their weakening contractile ability and signaling to the neighboring cells. 444 

  445 
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 446 

DISCUSSION 447 

Impaired functional hyperemia is the key event at the onset and progression of numerous diseases. Here, 448 

we found that at stages of diabetic retinopathy that precede manifest vascular pathology, pericytes and 449 

their vascular network signaling exhibit functional and structural deficiencies. We show that at the local 450 

level vasomotor responses are diminished due to reduced pericyte sensitivity, narrow dynamic range and 451 

their structural decline. We provide direct physiological evidence for gap junction-mediated signaling 452 

and its role in propagation of vasomotor activity. These data establish mechanisms for both fine local 453 

regulation of vascular diameter by pericytes and its effect along the vascular network. Finally, we show 454 

how disruption to this regulation may contribute to vascular control impairment in diabetes. Below, we 455 

discuss the functional implications of our findings and potential treatment strategies. 456 

 457 

Pericyte as a functional unit in vascular network 458 

Controversy exists regarding the role of pericytes in capillary diameter regulation in the CNS and 459 

somatic tissue. Here, in probing vasomotor activity and its propagation we revealed distinct patterns of 460 

pericyte activation across a defined retinal vascular network (Fig. 3). Our comprehensive approach of 461 

quantifying vasomotor activity across a wider network led to the observation of physiological 462 

heterogeneity in vasomotor response following focal stimulation, providing evidence for distinct types 463 

of pericytes and/or vascular network interactions. This is important since functional hyperemia occurs at 464 

spatially restricted regions in response to changes in local neuronal activity. The description of distinct 465 

patterns of pericyte activation is significant and, while the anatomical basis is yet to be determined, may 466 

explain disparity in observations on the function of pericytes in vascular diameter regulation. Here, we 467 

aimed at vascular regions that appeared anatomically similar and were located at comparable branching 468 
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points within the vascular tree. Therefore, our data extends an emerging view that not all pericytes are 469 

equal (Attwell, Mishra et al. 2016), further suggesting the existence of not only anatomically but also 470 

functionally distinct subtypes. In addition to numerous signaling factors, we now demonstrate that in 471 

intact retina gap junctions play a key role in pericyte-mediated vascular network communications. 472 

Specifically, either pharmacological blockade of gap junctions in nondiabetic tissue, or their 473 

pathological decline in diabetic tissue, led to loss of vasomotor response propagation. 474 

 475 

While our approach enabled fine spatial control and precision in probing vasomotor activity, the present 476 

study was limited to contractile response to depolarizing electrical stimulation. The magnitude of 477 

vasomotor response has been shown to reflect pericyte general health. Indeed, pericytes have been 478 

shown to constrict and dilate capillaries (Peppiatt, Howarth et al. 2006), and both of these functions 479 

were disrupted under pathological conditions (Hall, Reynell et al. 2014). Identification of distinct modes 480 

of pericyte interactions suggest that local and global signaling as well as the cell types that may be 481 

involved may differ across capillary network. It will be important for future studies to combine 482 

bidirectional vasomotor response assessment with identification of vascular cells to further the insight 483 

into fundamental principles of vascular control and its contribution to pathophysiology. 484 

     485 

Mechanisms of vasomotor control and its decline in diabetes  486 

Despite accumulating evidence revealing the incidence of vascular leakage and neovascularization 487 

(Gardner, Larsen et al. 2009), inflammatory processes (Hotamisligil 2006) as well as neuronal and glial 488 

dysfunction in diabetes (Gastinger, Barber et al. 2001, Gastinger, Singh et al. 2006, Gastinger, 489 

Kunselman et al. 2008, Wang, Xu et al. 2010), the early events contributing to disrupted capillary blood 490 

flow at the onset of disease are less known. In particular, whether there is a direct effect on pericytes, as 491 
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well as their homeostatic interactions with other retinal cells, remain unclear (Geraldes, Hiraoka-492 

Yamamoto et al. 2009). The structural and functional decline in pericytes and reduction in Cx43 493 

expression in pericytes may provide a clue. Earlier studies have found that patients with diabetic 494 

retinopathy exhibit decreased blood flow at early stages of the disease (Patel, Rassam et al. 1992, Pemp 495 

and Schmetterer 2008). This suggests that pericytes may already be functionally compromised at the 496 

early stages of the disease. Indeed, our data support this. Vasomotor responses were significantly 497 

reduced in diabetic retina. This cannot simply be attributed to a reduction in the number of pericytes; 498 

indeed, they are by no means absent, with only a ~15% decline in number (Fig. 8). Importantly, when 499 

directly stimulating pericytes, diabetic capillaries required a significantly greater electrical current to 500 

elicit a vasomotor response. Loss of pericyte function may thus be central to alterations in functional 501 

hyperemia in diabetic retinopathy. The retina has the highest metabolic demand per volume in the 502 

human body (Yu and Cringle 2001), and capillaries serve the majority of retinal cells (Kornfield and 503 

Newman 2014). Pericytes, which play both a structural and functional role in capillaries, also appear to 504 

be essential for maintaining retinal blood barrier (Bergers and Song 2005). Declining pericyte function 505 

could compound the effects of altered blood flow and increased blood-retinal barrier permeability. 506 

Vascular leakage may necessitate increased blood flow to maintain local blood pressure, and not 507 

meeting this metabolic need could result in damage to surrounding cells, further damaging the blood-508 

retinal barrier in a vicious circle. There is a controversy, stemming, in our opinion, from a limited 509 

understanding of functional hyperemia, on precise contribution of arterial and capillary mechanisms to 510 

vasomotor activity. On one hand, there is evidence that 84% of vasomotor control takes place within the 511 

vast capillary network (Hall, Reynell et al. 2014). On the other, recent studies in the retina argued that 512 

upon sensory stimulation the biggest changes in blood flow are observed in arterioles, where smooth 513 

muscle cells change the diameter of the vascular lumen (Kornfield and Newman 2014, Hill, Tong et al. 514 
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2015). What is more intriguing is the fact that retinal arterioles, due to their location outside of any 515 

synaptic inputs, must receive their vasoactive inputs from the capillary network. In the retina, only 516 

capillaries are positioned within synaptic layers where they are exposed to vasoactive signals released by 517 

neurons. Therefore, signal propagation along the vascular network, in part via Cx43-containing gap 518 

junctions, may contribute significantly to blood flow control in arterioles. Significant decline in 519 

vasomotor response propagation and reduction in Cx43 expression in affected regions begin to address 520 

the mechanisms of impaired functional hyperemia in diabetes. The precise contribution of these 521 

interactions remains to be elucidated in the future studies, which will reveal the nature of signaling 522 

between pericytes and endothelial cells and whether these connections are homotypic or engage a 523 

diverse class of cells. 524 

 525 

Functional significance and potential target for early intervention 526 

It could be argued that broad approaches to retinal cell health might be sufficient due to the wide range 527 

of cells affected by diabetic retinopathy. In particular, boosting mitochondrial function (Ding, Cheng et 528 

al. 2014), and activating the Notch pathway (Arboleda-Velasquez, Primo et al. 2014) have had some 529 

success. However, an early incidence of pericyte dysfunction suggests that an intervention aimed at 530 

pericytes could be more prudent. Strategies for promoting pericyte survival have not been fully 531 

explored. Targeting protein kinase C (PKC) in order to affect platelet-derived growth factor (PDGF) has 532 

been shown to promote pericyte survival in diabetes (Geraldes, Hiraoka-Yamamoto et al. 2009). The 533 

loss of Cx43 may be linked to the functional decline of pericytes, which in turn has a number of 534 

consequences for retinal vasculature, intercellular communication, and other homeostatic functions that 535 

ultimately support vascular stability (von Tell, Armulik et al. 2006). Consistent with our observations in 536 

intact mouse retina, high glucose reduced Cx43 expression in western blot analysis of human and bovine 537 
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retinal pericyte cultures, and the connectivity of the vascular cells was compromised (Li, Sato et al. 538 

2003). It was also shown that downregulation of Cx43 promoted vascular cell loss and excess 539 

permeability (Tien, Muto et al. 2014). In addition to a reported decline in cytoskeletal proteins 540 

expression (Durham, Dulmovits et al. 2015), these changes could lead to impaired vasoactive function 541 

of pericytes. Thus, protecting pericytes at the early stages of the disease could mitigate later 542 

complications. Of particular interest are observations in heart tissue showing increased phosphorylation 543 

of Cx43 and the closure of gap junctions leading to loss of network interactions in hyperglycemia (Lin, 544 

Ogawa et al. 2006, Solan and Lampe 2014). The finding of reduced dye tracing in diabetic retina (Oku, 545 

Kodama et al. 2001) suggests a similar course of events in early diabetes preceding physical Cx43 546 

decline. Therefore, selective modification of the gap junction phosphorylation state may also prove a 547 

useful target in counteracting the progression of diabetes. In addition to involvement in vasomotor 548 

control, Cx43 can be essential for the maintenance of the blood barrier (Li, Mruk et al. 2010). In the 549 

cultured brain endothelial cells, Cx43 was colocalized and co-precipitated with tight-junctions 550 

(Nagasawa, Chiba et al. 2006). Gap-junction inhibitors suppressed the barrier function, and deletion of 551 

astroglial Cx43 in mouse cortex resulted in impaired blood-brain barrier (Ezan, Andre et al. 2012). Our 552 

data shows tight colocalization between Cx43 and a tight junction protein claudin5 in endothelial cells 553 

(Fig. 8G), suggesting a role for Cx43 in the blood-brain barrier. Whether disruption of Cx43 affects 554 

blood-retinal barrier in diabetic retinopathy needs further investigation. 555 

 556 

  557 
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Figure 1. Targeting pericytes for stimulation and analysis of vasomotor response in living retina. 558 

A-C, Fluorescent images of whole retina explant from an NG2-DsRed mouse. NG2-positive mural cells, 559 

which include both pericytes on capillaries and veins and smooth muscle cells on arterioles, are readily 560 

identifiable. B, Fluorescent cells are visually identified as pericytes (arrowheads) and are selectively 561 

targeted for focal electrical stimulation. C, Differential interference contrast image of the same sample 562 

from B shows an electrode (arrow) in position to stimulate an identified pericyte (asterisk). The identity 563 

and the dendritic tree of the stimulated pericyte is confirmed by pipette backfilling with Alexa488 564 

(insert). D, Immunohistochemical labeling of the same retina showing distribution of vascular elements. 565 

Arterioles (a) contain smooth muscle actin (SMA)-positive smooth muscle cells that form prominent 566 

bands around blood vessels. Expression of SMA decreases with order of the vessel indicated by a 567 

number. SMA is absent in veins (D) and capillaries (E, F). Pericytes with a characteristic cell body and 568 

finger-like processes are noted in capillaries (3-5) and veins (v) only. G, Probing and analysis of the 569 

vasomotor response. The diameter of capillary lumen is measured along its length at 2 μm steps. H, In 570 

this representative region of interest, the varying diameter of the individual blood vessel branch adjacent 571 

to the stimulation site (asterisk) is plotted in the series of diameter measurements. Plotting longitudinal 572 

vasomotor activity shows where the maximal response occurs and how it relates to the site of 573 

stimulation and pericyte location. This approach allows for quantification of both constrictive and 574 

dilatory vasomotor activity across the length of affected vascular network in response to electrical (H), 575 

chemical (I, J) and natural (light, K) stimuli. Scale bars: 1 mm in (A), 150 μm in (D), 50 μm in (B, C, E-576 

K). Scale bars: 1 mm in (A), 150 μm in (D), 50 μm in (B, C, E, F, G, I-K). 577 

 578 

Figure 2. Decline in vasomotor function during early stages of diabetes. A, Vasomotor response to 579 

stimuli of increased intensity in nondiabetic and diabetic retinas. Contractility of pericytes was assessed 580 
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by focal stimulation with a patch pipette (arrow). The number on top of each panel indicates stimulus 581 

strength. Stimulus (2 ms) was delivered in 0.5 log steps of increasing intensity in a range of 0.1-1000 μA 582 

with interstimulus interval (30s – 30min) sufficient to reach >90% recovery to baseline diameter. Note 583 

low threshold graded propagative vasomotor response of nondiabetic (area between two red lines) is 584 

impaired in diabetic retina. Scale bar 50 μm. B, Schematic representation of nondiabetic and diabetic 585 

capillaries before (grey) and after (blue) plateau response. C, Spatial assessment of change in capillary 586 

lumen at different stimulus intensities. See also Movies M1 and M2 for representative responses at 30 587 

μA stimulus at each condition. D and E, Histograms of peak vasomotor response amplitude and 588 

vasomotor response area, measured as magnitude of change of capillary diameter (D) or area (E) from a 589 

state 5 s preceding stimulus (base) in nondiabetic and diabetic retinas (n=7 mice with 2-3 sites per mice 590 

in each condition). F, Phenotypic comparison of vascular structure (albumin) and tight-junction 591 

elements (claudin5) in nondiabetic and diabetic retinas. Scale bars 50 mm. Error bars represent ± SEM. 592 

 593 

Figure 3. Types of vasomotor response and effect of diabetes. A, Schematic representation of 594 

vasomotor response and its propagation from stimulus site (asterisk) along the capillary. B, The series of 595 

responses to a stimulus step of increasing intensity in each of the types in nondiabetic and diabetic 596 

capillaries. Stimulus electrode placement is indicated with an asterisk. The dotted vertical lines indicate 597 

location of pericyte cell bodies. 598 

 599 

Figure 4. Sensitivity index and dynamic range of vasomotor response are reduced in diabetic 600 

retina. 601 

A, Waterfall representations of spatial profiles of lumen diameter following focal pericyte stimulation 602 

along the capillaries in nondiabetic (top) and diabetic (bottom) retina as a function of stimulus intensity. 603 
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Representative profiles at 0.1-100 μA, 2ms long stimuli delivered at 0.5 log unit steps. At each trace, 604 

horizontal dashed lines indicate the baseline state of capillary lumen prior to stimulus. B, Intensity-605 

Response function (IR), or vasomotor response amplitude, measured at site of maximum deviation of 606 

capillary lumen from its baseline prior to stimulation as a function of stimulus intensity fitted by the Hill 607 

equitation. C, IR functions normalized to peak response. Steepness of the curve is determined by the Hill 608 

factor b and the position along the stimulus intensity axis depends on SI50, both derived from the Hill fit. 609 

The dynamic range (DR) of the vasomotor response was defined as a span of stimulus intensity, in log 610 

units, over which response changes from 5% to 95% of Rmax. Sensitivity index was estimated by SI50, 611 

intensity producing 50% of Rmax (see Methods for calculations). Vasomotor response sensitivity (D), 612 

and response dynamic range (E) in nondiabetic and diabetic mice (n=7 mice with 2-3 sites per mice in 613 

each condition). Error bars represent ± SEM. 614 

 615 

Figure 5. Propagation of vasomotor response is impaired in diabetic retina. A and C, Schematic 616 

representation of local (focal diameter amplitude) and longitudinal (vascular area subject to diameter 617 

change) and their descriptive power of vasomotor response propagation event in nondiabetic and 618 

diabetic retina. B and D Comparison of representative Hill fits with 95% confidence (shaded) to 619 

intensity-response curves for both response amplitude and response area for the same retinal capillary in 620 

nondiabetic and diabetic retina. E, Relationship in vasomotor response propagation sensitivity derived 621 

from SI50 in nondiabetic and diabetic retina. F, Relationship in vasomotor response dynamic range, a 622 

span of stimulus intensities producing 5% to 95% of response, in nondiabetic and diabetic retina. 623 

 624 

Figure 6. Gap junctions contribute to propagation but not initiation of vasomotor response. A, 625 

Superimposed transmitted and fluorescent light images of retinal wholemount region of interest (ROI, 626 
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80 x 35 μm) in NG2-DsRed mouse retina wholemount. Scale bar 50 μm. Representative raw retina 627 

images and quantification of vasomotor response during a brief focal stimulation with a patch pipette 628 

(10 μA, 2 ms, arrow) under indicated experimental conditions. In transmitted images, red dotted lines 629 

outline the inner border of vascular capillaries. After physiological assessment, immunolabeled blood 630 

vessel-associated Cx43-positive puncta (green) are superimposed over original fluorescent live images 631 

of NG2-DsRed labeled pericytes (magenta, lower panel). B, Summary histogram of vasomotor 632 

responses under various experimental conditions. Data are plotted as mean values ± SEM. Statistical 633 

significance is based on repeated measures ANOVA. N = 7 mice in each group with 2 - 3 samples per 634 

animal. 635 

 636 

Figure 7. Gap junction-mediated vasomotor response propagation is reduced in diabetes. A, 637 

Superimposed transmitted and fluorescent light images of retinal wholemount in diabetic NG2-DsRed 638 

mice. Scale bar 50 μm. i – iii, Representative raw retina images and quantification of vasomotor 639 

response during a brief focal stimulation (30 μA, 2 ms, arrow) under indicated experimental conditions. 640 

After physiological assessment, immunolabeled blood vessel-associated Cx43-positive puncta (green) 641 

are superimposed over original fluorescent live images of NG2-DsRed labeled pericytes (magenta, 642 

lower panel). B, Summary histogram of vasomotor responses in diabetic retina under various 643 

experimental conditions. Data are plotted as mean values ± SEM. Statistical significance is based on 644 

repeated measures ANOVA. ** p < 0.01 (data collected from n = 6 mice in each group with 3 - 5 645 

samples per animal). 646 

 647 

Figure 8. Impaired propagation of vasomotor response is linked to reduced Cx43 gap junction 648 

expression in diabetes. A-D, Illustration of the experimental approach aimed to compare vasomotor 649 
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activity with underlying structural elements in the same capillary network. Micrographs show placement 650 

of electrode (arrow) on capillary pericytes and vasomotor response following focal stimulation (2 ms, 30 651 

μA, bottom panels for both nondiabetic and diabetic retinas. C, D, Extent of vasomotor response spread 652 

from originating pericyte is outlined by red lines. E, F, Intensity-response relationships for both 653 

nondiabetic and diabetic retina samples. G, Localization of pericytes (NG2), Cx43 and tight junction 654 

elements (Claudin5) in retinal capillaries. H, I Cx43 gap junctions (magenta) are shown to be associated 655 

with blood vessels. Elongated structural elements (arrows) are visible extending along capillaries. J, K, 656 

The same specimen was labeled with isolectin (green) to visualize capillaries and to identify the 657 

stimulated pericyte (asterisk). L, M, Mask shows thresholding of images from (H, I) for evaluation of 658 

Cx43-positive structures. N, The density of Cx43 puncta is greater in wildtype retina. O, The size of 659 

Cx43 puncta is greater in wildtype retina. Data are plotted as mean values ± SEM. Statistical 660 

significance is based on t-test. N = 5 mice in each group. Scale bars 25 μm. 661 

 662 

 663 

Figure 9. Reduced pericyte density in diabetic retina. A-D, Pericytes (arrowheads point to soma) 664 

labeled with anti-NG2 (magenta) are located on capillaries, labeled with isolectin (green). Fewer 665 

pericytes are present on diabetic capillaries relative to wildtype. E-F, Mask shows thresholding of 666 

images from (A, B) for evaluation of NG2-positive structures. G, The number of pericytes per capillary 667 

length is reduced in diabetic retina. (H) The surface area of pericyte processes is also reduced in diabetic 668 

retina. Data are plotted as mean values ± SEM. Statistical significance is based on t-test. N = 5 mice in 669 

each group. Scale bar, 50 μm. 670 

 671 

 672 
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Movie 1. Contractile vasomotor response to pericyte stimulation in nondiabetic retina. 673 

Capillary response to electrical stimulation (zap) of identified pericyte with a patch electrode is shown. 674 

Stimulus (30μA, 2 ms) is delivered at the beginning of the recording. Movie shows both contractile 675 

response and recovery phase at x10 of original speed. For quantification of the response and its profile 676 

see Fig. 2. 677 

 678 

Movie 2. Contractile vasomotor response to pericyte stimulation in diabetic retina. 679 

Capillary response to electrical stimulation (zap) of identified pericyte with a patch electrode is shown. 680 

Stimulus (30μA, 2 ms) is delivered at the beginning of the recording. Movie shows both contractile 681 

response and the beginning of recovery phase at x10 of original speed. At this example, full recovery 682 

took 7 minutes and was truncated for space limitations. For quantification of the response and its profile 683 

see Fig. 2.  684 
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