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Abstract 29 

Microcirculatory damage is a common complication for those with vascular risk factors such as 30 

diabetes. In order to resolve vascular insults, the brain’s immune cells (microglia) must rapidly 31 

envelop the site of injury. Currently it is unknown whether type 1 diabetes, a condition 32 

associated with chronic immune system dysfunction, alters microglial responses to damage and 33 

what mechanisms are responsible. Using in vivo two-photon microscopy in adult male mice, we 34 

show that microglial envelopment of laser induced cerebral microbleeds is diminished in a 35 

hyperglycemic mouse model of type 1 diabetes, which could not be fully rescued with chronic 36 

insulin treatment. Microglia were important for vessel repair since reduced microglial 37 

accumulation in diabetic mice or near complete depletion in healthy controls was associated with 38 

greater secondary leakage of the damaged vessel. Broadly suppressing inflammation with 39 

dexamethasone (DEX) in diabetic mice but not healthy controls, significantly enhanced 40 

microglial responses to microbleeds and attenuated secondary vessel leakage. These 41 

enhancements were associated with changes in interferon gamma (IFNγ) signalling since DEX 42 

suppressed abnormally high levels of IFNγ protein levels in brain and blood serum of diabetic 43 

mice. Further, blocking IFNγ in diabetic mice with neutralizing antibodies restored normal 44 

microglial chemotaxic responses and purinoceptor P2YR12 gene expression, as well as mitigated 45 

secondary leakage. These results suggest that abnormal IFNγ signalling disrupts microglial 46 

function in the diabetic brain, and that immunotherapies targeting IFNγ can stimulate microglial 47 

repair of damaged vessels.  48 

 49 

 50 
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Significance statement: Although type 1 diabetes is an established risk factor for vascular 51 

complications such as microbleeds and is known to hinder wound healing in the body, no study 52 

has examined how diabetes impacts the brain’s innate immune reparative response (involving 53 

cells called microglia) to vascular injury. Here we show that microglial responses to brain 54 

microbleeds were diminished in diabetic animals, which also exacerbated secondary leakage 55 

from damaged vessels. These impairments were related to abnormally high levels of the pro-56 

inflammatory cytokine interferon gamma (IFNγ), since reducing IFNγ with immunosuppressant 57 

drugs or blocking antibodies helped restore normal microglial responses and repair of damaged 58 

vessels. These data highlight the use of IFN modulating therapeutics to enhance vascular repair 59 

in at-risk populations. 60 

    61 
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Introduction 62 

Diabetes is quickly emerging as a global epidemic with approximately 8.5% of the 63 

worldwide population living with some form of the disease (WHO, 2016). The defining feature 64 

of both type 1 and 2 diabetes is chronic dysregulation of blood glucose homeostasis. Elevated 65 

blood glucose is particularly damaging in that it leads to the generation of reactive oxygen 66 

species and glycation end products which in turn disrupts the vascular endothelium and 67 

stimulates inflammatory processes (Vinik and Flemmer, 2002; Zherebitskaya et al., 2009; Volpe 68 

et al., 2018). Not surprisingly, diabetes, especially if not well controlled leads to a host of 69 

vascular complications such as cerebral microbleeds (CMB). CMBs are prevalent in patients 70 

with vascular risk factors, but have also been observed in the normal aging population (Cullen et 71 

al., 2005; Cordonnier et al., 2007; Kim and Lee, 2013; Shams et al., 2015). The presence of 72 

CMB in the brain has been linked with cognitive decline and increased risk of dementia (Seo et 73 

al., 2007; Hilal et al., 2014; Valenti et al., 2016). In contrast to patients with type 2 diabetes 74 

where the association with CMBs has yielded mixed results (Moran et al., 2013; Brundel et al., 75 

2014), type 1 diabetic patients demonstrate  greater prevalence of CMBs than healthy control 76 

subjects (Woerdeman et al., 2014).   77 

Not only are diabetics at increased risk for vascular complications, it is also plausible that 78 

their brain’s innate response to injury may also be compromised. For example, animal models of 79 

type 1 and 2 diabetes show prolonged disruption of the blood brain barrier (BBB) after ischemic 80 

and hemorrhagic stroke (Li et al., 2010; Ye et al., 2011; Reeson et al., 2015). Furthermore, these 81 

animals show increased rates of hemorrhagic transformation following ischemia (Won et al., 82 

2011; Li et al., 2013). In order to properly repair damaged tissue, microglia are believed to play 83 

an important role (Glezer et al., 2007; Kierdorf and Prinz, 2013; Schwartz et al., 2013). Imaging 84 
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studies have shown that ablating or blocking microglial responses is associated with greater 85 

tissue damage and BBB disruption following stroke or microvascular lesions (Hines et al., 2009; 86 

Lou et al., 2016; Szalay et al., 2016). Failure to properly repair and seal off damaged vessels 87 

exacerbates the disruptive impact that permeable blood vessels have on local synaptic structure 88 

and function (Zhang and Murphy, 2007; Cianchetti et al., 2013; Reeson et al., 2015; Taylor et al., 89 

2015). Previous post-mortem studies have suggested microglial responses to major vascular 90 

insults are altered in diabetic animals and patients (Kondo et al., 2001; Kumari et al., 2007; Li et 91 

al., 2011), but the spatio-temporal dynamics of microglial responses is unknown. Whether the 92 

diabetic condition alters dynamic aspects of microglia responses to microvascular bleeds and 93 

what molecular mechanisms are responsible, has not been explored.  94 

Since it is well recognized that diabetes is associated with abnormal immune system 95 

function and impairs wound healing in the periphery (Kumari et al., 2007; Ebenezer et al., 2011; 96 

Cheng et al., 2013), we tested the hypothesis that microglial response dynamics to microvessel 97 

rupture would be compromised in an animal model of type 1 diabetes. Our data reveal a 98 

significant impairment in microglial envelopment of damaged blood vessels which correlated 99 

with greater secondary vascular leakage. While these impairments could not be fully prevented 100 

with insulin treatment, treating diabetic mice with a broad-spectrum immunosuppressant or more 101 

specifically with blocking antibodies to the pro-inflammatory cytokine IFNγ, was effective in 102 

restoring normal microglial responses and repair of damaged vessels.    103 
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Materials and Methods 104 

Animals 105 

Two to five month old male mice on a C57BL/6J background were used in this study. In 106 

order to image microglia in vivo, we examined two different mouse lines. First, we used mice 107 

that expressed enhanced green fluorescent protein (eGFP) in microglia due to placement of the 108 

eGFP reporter gene into the Cx3cr1 gene locus (Jung et al., 2000). As previously described, the 109 

eGFP reporter gene replaces the Cx3cr1 gene, therefore mice heterozygous or homozygous for 110 

eGFP are considered Cx3cr1+/- or Cx3cr1-/-, respectively. In order to visualize microglia in mice 111 

that possess both Cx3cr1 alleles (Cx3cr1+/+), as well as validate the use of eGFP Cx3cr1+/- mice 112 

for our studies, we crossed a Cx3cr1 Cre-ERT2 driver line [Cx3cr1tm2.1(cre/ERT2)Litt/WGanJ)] with a 113 

Cre-dependent “Ai3-eYFP” reporter mouse [Gt(ROSA)26Sortm-CAG-eYFP] (Madisen et al., 2010). 114 

Offspring of this cross (Cx3cr1cre/+ x Ai3fl/+) possess both Cx3cr1 alleles (Cx3cr1+/+), express 115 

eYFP in microglia and were used to compare microglial responses with Cx3cr1+/- or Cx3cr1-/- 116 

mice. Mice were group housed in a 12 hour light/dark cycle in ventilated racks in a humidity 117 

(RH 40-55%) and temperature controlled room (21-23ºC) and given ad libitum access to food 118 

and water. All experiments were conducted in accordance with the guidelines set by the 119 

Canadian Council on Animal Care and approved by the local university Animal Care Committee. 120 

Reporting of this work complies with ARRIVE guidelines. 121 

Induction and treatment of diabetic mice 122 

Mice were randomly assigned to one of the 3 experimental groups. Type 1 diabetes was 123 

induced in 2 month old mice by intraperitoneal  injections of streptozotocin (STZ) at a dose of 124 

75mg/kg dissolved in sodium citrate buffer (pH=4.5) once daily for two consecutive days 125 

following five hours of food deprivation (Yamamoto et al., 1981; Lenzen, 2008). Non-diabetic 126 
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mice consisted of those that received an injection of vehicle. For the first day after STZ injection, 127 

mice were supplied with 5% glucose in H2O to prevent acute hypoglycemia (Lenzen, 2008). To 128 

control blood glucose levels in a subgroup of diabetic mice (“diabetic + insulin” group); slow 129 

release insulin pellets (0.1U/24 hour/implant, Lin-Bit) were inserted subcutaneously (s.c.) one 130 

week following STZ injections after hyperglycemia was confirmed. If blood glucose levels 131 

exceeded 15mM/L, mice were lightly anesthetized with 1.3% isoflurane and another insulin 132 

pellet was inserted subcutaneously. Body weights and blood glucose levels were checked on a 133 

weekly basis using an Aviva™ Accu-Chek® blood glucose meter by a drop of blood withdrawn 134 

from the tail vein. For our treatment intervention experiments, a subset of non-diabetic and 135 

hyperglycemic diabetic mice received 2mg/kg dexamethasone (s.c.) or saline twice per day (12h 136 

apart) for 5 days prior to imaging experiments. As previously described, in vivo neutralization of 137 

IFNγ was achieved by two intravenous (i.v.) injections of IFNγ antibody (Clone XMG1.2, Bio X 138 

Cell; 300μg dissolved in saline) 2-3 days apart during the 5 day period before inducing CMB. 139 

Diabetic controls received two i.v. injections of saline or mouse IgG1 isotype control (MOPC-140 

21, Bio X Cell; 300μg dissolved in saline).  141 

Two-photon imaging and induction of microbleeds 142 

For imaging, two surgical preparations were used in this study: 1) an acute craniectomy 143 

based preparation in which the skull was removed and animals were imaged immediately 144 

thereafter or 2) a chronic cranial window preparation involving a craniectomy and the 145 

installation of a glass window 4-6 weeks prior to in vivo imaging. Our analysis indicated there 146 

were no significant differences in the number of microglial cells or the area they occupied, 147 

turnover rate and accumulation of microglial processes around the CMB between the two 148 

surgical preparations (statistics shown in Table 1). Since there were no differences in any of 149 
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these parameters, data collected from both imaging preparations were pooled together. For both 150 

surgical preparations, mice were anesthetized with isoflurane (2% for induction and 1 – 1.3% for 151 

maintenance) mixed with medical air (80% nitrogen, 20% oxygen) at a flow rate of 0.7L/min. 152 

Body temperature was maintained at 37°C with a rectal thermo-probe and temperature feedback 153 

regulator. For craniectomy surgery, a circular (3-5mm diameter) region of the skull over the 154 

somatosensory cortex was thinned with a high speed dental drill and the skull was carefully 155 

removed with forceps. Gel foam soaked in HEPES-buffered artificial cerebral spinal fluid 156 

(ACSF) was used to keep the brain moist throughout the surgical procedure. For acute imaging 157 

experiments, the brain was covered with 1.5% low-melt agarose dissolved in a HEPES-buffered 158 

ACSF and sealed with a glass cover slip (no.1 thickness). For mice with a chronically implanted 159 

cranial window, the glass coverslip was placed over the craniectomy and fixed in place with 160 

cyanoacrylate glue and dental cement. The surrounding skin was glued to the edges of the cranial 161 

window and the mice were allowed to recover under a heat lamp before being returned to their 162 

home cages.  163 

In order to visualize the cerebral vasculature; mice received i.v. injection of 0.1mL of 164 

either 0.5% Evans blue (Sigma), 4% Rhodamine-dextran (Sigma), or 1% Fluorescein-dextran 165 

dye (Sigma) in sterile saline solution. High-resolution in-vivo two-photon images of 166 

fluorescently labeled microglia and blood vessels were collected in the somatosensory cortex of 167 

lightly anesthetized mice (~1% isoflurane in air) with a 40X objective (NA=0.8) using an 168 

Olympus FV1000MPE laser scanning microscope coupled to a mode-locked Ti:sapphire laser. 169 

For imaging eGFP or eYFP labeled microglia, the laser was tuned to 900 or 950nm, respectively.  170 

Image stacks of fluorescently labelled blood vessels and microglia were collected at 1.5μm Z-171 

steps covering an area of 144 x 144μm (800x800 pixels, 0.18μm/pixel), averaging three images 172 
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per plane. Image stacks were collected at 4min intervals for 20min before CMB and 60min 173 

afterwards. A flowing microvessel (~4μm in width), 50–100μm from the pial surface was 174 

selected for laser induced micro-ablation. The CMB was induced with focal high power 175 

illumination of microvessels (850nm, ~220mW at back aperture, 3.4μm diameter region centered 176 

on vessel) for 5-6 seconds. Rupture of the microvessel was easily confirmed by the appearance 177 

of extravascular fluorescence emanating from the site of the bleed.  178 

Analysis of targeted microvessel blood flow and diameter 179 

For determination of red blood cell (RBC) velocity, 3 sets of line scans (each taken 30-180 

60s apart) were conducted through the microvessel prior to baseline imaging. RBC velocity 181 

measurements were derived from the inverse slope (Δ time/Δ distance) of the linear paths of 182 

RBCs (Shih et al., 2012). Using ImageJ software, lumen diameter was measured as the width at 183 

half-maximal fluorescence intensity plotted orthogonal to the vessel (Shih et al., 2012). All 184 

analyses were conducted by an experimenter blind to treatment conditions. 185 

Analysis of microglia structure and dynamics 186 

To measure microglia accumulation around the site of CMB, microglia image stacks 187 

were processed using FIJI-ImageJ 1.51s software. Images from all time points (5 baseline and 15 188 

post-CMB stacks) were median filtered (0.8 pixel radius). All images in a time series were 189 

aligned and corrected for any X-Y displacement using ImageJ plugin running rigid body stack 190 

registration. Three images above and below the center of the bleed (7 images total, Z depth = 191 

10.5μm) were projected. Background pixel values were then subtracted from each image 192 

projection. In order to compare microglial process accumulation across mouse genotypes and 193 

conditions, background corrected images of microglia were thresholded using the automated 194 

“Li” plugin. To measure the accumulation of microglia processes around the CMB, 35 195 
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concentric circles spaced one micrometer apart were centered on the CMB in each binarized 196 

image in the time series by an observer blind to condition. Thresholded signal pixel values were 197 

binned into five micrometer radii, and then expressed as percent area. The innermost ring (0-198 

5μm) was excluded from analysis due to the appearance of auto-fluorescence from the laser-199 

induced CMB.  An estimation of microglial cell number was performed in a blinded manner by 200 

counting the number of microglial cell bodies in each image stack, excluding any soma that were 201 

clipped at the top or bottom of the stack.  202 

To estimate total microglia process turnover every 4 minutes, binarized images of 203 

microglia were compared to the previous imaging time frame (e.g. 8min frame – 4min frame). 204 

This generated “turnover” images with three pixel values: positive values (black pixels or 205 

“gained” microglia signal), zero values (grey pixels or “no change”) or negative values (white 206 

pixels or “lost” microglia signal). Microglia turnover rates were calculated by summing the 207 

number of pixels gained and lost, and dividing by the total number of microglial signal pixels 208 

measured for each time-point [(#Gained + # Lost) / Sum of total microglial pixels from 2 time 209 

points]. Baseline turnover rates were averaged over the 4 baseline imaging time-points, whereas 210 

the turnover rates following CMB were calculated as the percent change from baseline. 211 

Microglial process velocity towards the CMB was estimated by tracing the linear distance 212 

of a process at baseline to where the process stopped advancing post-ablation. If a primary 213 

process from a microglia had several branched tips, all were examined independently. Processes 214 

that moved out of the imaging plane were excluded. The velocity for all processes in a single 215 

imaging session (responding to one bleed) were averaged for each CMB.   216 

The polarization of microglial processes was determined by drawing a reference line 217 

from the microglial soma to the center of the bleed (designated 0º), and then by determining the 218 
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angle of each process relative to 0º. The angle for each microglial process was determined by 219 

drawing a line from where the primary process left the soma to the tip of each branch on the 220 

process. Values were binned in 30  increments (345-15 , 15-45  etc.  and expressed as a % of 221 

total processes. For statistical analyses of polarity, we calculated the difference in % microglial 222 

processes in the 0º bin (ie. those processes oriented directly towards the CMB at 60min versus 223 

baseline for each group. Only microglial processes with a main branch length of at least 5μm 224 

were examined.  225 

Assessment of secondary plasma dye leakage after microbleed  226 

To estimate secondary plasma leakage after CMB, mice were first injected with 1% FITC 227 

to visualize and ablate a microvessel, which was followed by Evans blue dye (0.5% in saline, 228 

i.v.) injection 30min after CMB. We waited at least 30 minutes after inducing the original bleed 229 

since, by this timepoint, microglial processes had clearly aggregated around the CMB and group 230 

differences in aggregation had become apparent. Two-photon image stacks were collected within 231 

5 minutes of Evans blue injection at 1.5μm Z steps covering an area of 317 x 317μm (800x800 232 

pixels, 0.397μm/pixel). For analysis of extravascular fluorescence, we first subtracted a binarized 233 

image mask of fluorescently labeled blood vessels from the original average intensity Z-234 

projection image. An automated custom macro calculated the average intensity of pixel values in 235 

5μm radii from the center of the CMB. The innermost measurements (<10μm from CMB) were 236 

excluded because of extreme pixel values created by auto-fluorescent signal at site of damage as 237 

well as the edges of fluorescently labelled vessels (which could not be completely subtracted out 238 

from the mask). Since dye fluorescence within blood vessels was variable across animals and 239 

could influence the pixel intensity values of measured extravascular fluorescence, we normalized 240 

extravascular fluorescence as a percentage of intravascular fluorescence. 241 
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Depletion of microglia 242 

 Standard mouse food chow (AIN-76A, Research Diets) was enriched with the colony 243 

stimulating factor 1 receptor antagonist (PLX5622) generously provided by Plexxikon. In order 244 

to extensively deplete microglia (Elmore et al., 2014), non-diabetic mice were fed a high dose of 245 

1200ppm PLX5622 mouse chow for 1-3 weeks and up to 12 hours before imaging experiments. 246 

No obvious changes in mouse behavior or weight were detected in mice fed PLX5622 chow.  247 

Multiplex and ELISA immunoassay 248 

Blood serum and brain tissue was extracted from non-diabetic and diabetic mice (4-5 249 

weeks after induction of diabetes) and stored frozen at -80°C until used. Tissue was sonicated in 250 

ice-cold 0.1 M PBS containing 1% triton-X and 0.1% sodium deoxycholate, Protease Inhibitor 251 

Cocktail (1:100; Sigma-Aldrich), and Phosphatase Inhibitor Cocktail 2 (1:100; Sigma-Aldrich). 252 

Following centrifugation, the total protein concentration of each supernatant was measured using 253 

a Direct Detect Infrared Spectrometer (EMD Millipore). Cytokines and chemokines were then 254 

quantified using a mouse multiplex magnetic bead kit purchased from EMD Millipore used 255 

according to the manufacturer’s recommendations. Each lysate sample, standard, and quality 256 

control was measured in duplicate. Plates were read using a MAGPIX instrument (Luminex), 257 

and results were analyzed using MILLIPLEX Analyst 5.1 software (EMD Millipore). 258 

Blood was collected following decapitation, and allowed to clot by sitting undisturbed at 259 

room temperature for 15-20 minutes. The serum component was isolated by centrifugation at 260 

1500rpm for 10 minutes (4°C). The resulting supernatant was transferred into a clean Eppendorf 261 

and flash frozen in liquid nitrogen. Total protein content in serum samples was measured by 262 

BCA assay (Pierce, #23225). Serum was diluted 1:10, and IFNγ concentration were quantified 263 
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using enzyme-linked immunosorbent assay (ELISA) kits (IFNγ: Abcam, #ab100689) according 264 

to the manufacturer's protocols. Absorbance was measured at 450nm using a microplate reader 265 

(Infinite M200; TECAN, Männendorf, Switzerland), and interferon concentration was 266 

normalized to total protein concentration per sample (pg/mg total protein). 267 

Quantitative real-time PCR (qPCR) 268 

Brain tissue was homogenized in Tri-Reagent (Ambion) via sonification and RNA was 269 

isolated by phenol-chloroform extraction. cDNA was synthesized from 500ng of DNase I 270 

(Invitrogen) treated RNA and prepared using High Capacity cDNA Reverse Transcription Kits 271 

(Applied Biosystems). qPCR reactions were assembled for genes of interest (eg. P2ry12) using 272 

4ul of cDNA per 50ul reaction via PowerUp SYBR Green Master Mix (Thermofisher) and 273 

samples were run on Thermofisher StepOne Real-Time PCR system. Expression levels were 274 

compared using the ΔΔCt method normalised to β-actin. Primers used for qPCR were as follows: 275 

P2ry12:  5’- TACTGGGTAGAGTGTCATTATCGGT-3’ (Forward) and 5’ – 276 

TTGGTAGATGTGATGTGTGATTTGG -3’ (Reverse); Infgr1: 3- 277 

GCTCTCCGTCCTCGTATTTCAC-5 (Forward) and 5’- CCTGGCTCTCTCCATTCACAAC-3’  278 

(Reverse); Infgr2: 5'-GACTGTGAATGGGTGTGGGAAA-3' (Forward) and 5’- 279 

GACTGTGAATGGGTGTGGGAAA-3’ (Reverse); β-actin: 5’-GCGGGCGACGATGCTC-3’ 280 

(Forward) and 5’-GATACCTCTCTTGCTCTGGGC-3’ (Reverse). 281 

Immunohistochemistry  282 

Mice were overdosed with sodium pentobarbital and transcardially perfused with 10mL 283 

of phosphate buffered saline (0.1M PBS) followed by 10mL of 4% paraformaldehyde (PFA) in 284 

PBS. Whole brains were submerged in 4% PFA and post-fixed overnight, then transferred to a 285 

0.1M PBS solution. Coronal brain sections were cut at 50μm on a Leica vibratome and stored in 286 
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six well trays in PBS with 0.02% sodium azide. Sections were incubated in PBS with polyclonal 287 

rabbit anti IBA-1 (Wako, 1:500) overnight at room temperature, washed, then immersed in 288 

secondary antibody (Cy5 anti-rabbit in PBS, 1:500) for 4-5 hours at room temperature. Sections 289 

were washed, mounted on glass slides, cover slipped and imaged with a confocal microscope. 290 

High resolution image stacks of eGFP and Cy5 labeled microglia in the somatosensory cortex 291 

were taken with a 20X objective (NA = 0.75, 1024 x 1024, 0.31 μm/pixel) with 1.5 μm Z steps 292 

and Kalman filtering (mean=2).  293 

Design and Statistical analysis 294 

Statistical analysis of the data was conducted in SPSS, Microsoft Office Excel or 295 

GraphPad Prism 7. Two-way repeated measures analysis of variance (ANOVA) were used for 296 

group comparisons on microglial process accumulation and dynamics. One way ANOVA was 297 

used to assess group differences in microglia cell density, process turnover at baseline, velocity 298 

of process growth, RBC velocity and microvessel width. Significant main effects from the 299 

ANOVA were followed up with independent samples t-tests. All p values < 0.05 were 300 

considered statistically significant. All the data are presented as mean ± standard error of the 301 

mean. 302 
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Results 303 

Heterozygous Cx3cr1-eGFP mice show normal microglial responses to microbleed   304 

In order to study microglial dynamics in vivo, we first determined whether microglia in 305 

the heterozygous Cx3cr1-eGFP reporter strain responded in a normal manner to CMB since 306 

“knock-in” of the eGFP gene replaced a Cx3cr1 gene. This is an important confound to address 307 

since previous reports have shown that microglial activity is altered in Cx3cr1 knockout mice 308 

(Dénes et al., 2008; Liu et al., 2010; Tang et al., 2014). Therefore, we compared microglial 309 

response dynamics in heterozygous or homozygous Cx3cr1-eGFP mice (referred to as Cx3cr1+/- 310 

and Cx3cr1-/- respectively, in Fig. 1) to a Cx3cr1-Cre driver line crossed with a Cre-dependent 311 

YFP reporter line (referred to as Cx3cr1+/+). As expected, expression of eGFP was restricted to 312 

microglia in the brain of Cx3cr1-eGFP mice (Fig. 1A). There were no significant genotype 313 

differences in the density (Fig. 1B; F(2,24)=0.09, p=0.92) or % area occupied by microglia (Fig. 314 

1C; F(2,24)=2.54, p=0.10). Microglial response dynamics to CMB were assessed for 20min before 315 

and 60min after CMB (Fig. 1D). Consistent with previous studies (Davalos et al., 2005; 316 

Nimmerjahn et al., 2005), laser ablation of a microvessel led to the rapid accumulation of 317 

microglial processes around the lesion (Fig. 1D). Although Cx3cr1-/- mice tended to have slightly 318 

elevated microglial accumulation for regions most proximal to the CMB (see 10-15μm in Fig. 319 

1E), process accumulation was very similar between Cx3cr1+/+ and Cx3cr1+/- mice (compare 320 

black and yellow lines in Fig. 1E). Since Cx3cr1+/- mice showed normal microglial responses 321 

and the GFP signal was superior to the Cre-dependent YFP reporter mouse line, we used 322 

heterozygous Cx3cr1-eGFP mice to study the impact of diabetes on microglial responses to 323 

CMB. 324 

Diabetes impairs microglial envelopment of the microbleed 325 
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Microglial responses to CMB were examined in three experimental groups: non-diabetic 326 

controls and streptozotocin (STZ) induced diabetic mice treated with or without insulin (Fig. 327 

2A). As expected blood glucose levels in the untreated diabetic group were chronically elevated 328 

relative to non-diabetic and insulin treated diabetic mice (Fig. 2B). To determine whether any 329 

basal differences in microglial labelling existed between experimental groups, we estimated the 330 

percent area occupied by microglia in binary images (Fig. 2C) and the number of cells per mm3 331 

before the induction of microbleeds. There were no significant differences between experimental 332 

groups in microglial area (Fig. 2D; F(2,48)=1.37, p=0.26) or density (Fig. 2E; F(2,48)=1.25, 333 

p=0.30). Following CMB, in vivo time lapse imaging revealed a rapid and progressive time-334 

dependent accumulation of microglial processes around the site of the CMB (Fig. 2F,G). While 335 

there were no group differences in microglial envelopment of the CMB at the innermost regions 336 

(5-15μm in Fig. 2F,G), hyperglycemic diabetic mice showed significantly fewer microglial 337 

processes enveloping the CMB at more distal sites (compare blue to red lines from 15-35μm in 338 

Fig. 2G and statistics in Table 2). Treating diabetic mice with insulin partially prevented this 339 

deficit in accumulation (Fig. 2G and statistics in Table 3). These results show that microglia 340 

envelopment of microbleeds is reduced in untreated diabetics, which can be partially prevented 341 

by maintaining normal blood glucose levels with insulin.  342 

Since uncontrolled diabetes was associated with reduced accumulation of microglia 343 

processes around the CMB, we questioned if these microglia were simply less dynamic as 344 

opposed to less responsive. To answer this, we quantified microglia process turnover every four 345 

minutes (Fig. 3A). Consistent with previous work (Fuhrmann et al., 2010), approximately a third 346 

of microglial processes changed every 4 minutes and there were no significant differences 347 

between groups before inducing CMB (Fig. 3B). Following induction of CMB, turnover rates 348 
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increased equivalently in all groups for the first 12min and then fell below baseline rates 349 

thereafter, presumably because many processes had reached the site of CMB and started to 350 

stabilize (Fig. 3A,C). Note that microglia turnover rates remained steady throughout the 60min 351 

imaging period in the absence of ablation (grey line in Fig. 3C). The velocity of microglial 352 

process growth toward the CMB was also not significantly different between experimental 353 

groups (Fig. 3D; F(2,31)=0.43, p=0.64). However, the polarity of microglial processes towards the 354 

CMB (Fig. 3E) was significantly reduced in hyperglycemic diabetic mice (non-diabetic vs. 355 

diabetic: t(18)=5.78, p<0.001) which could be ameliorated with insulin treatment (diabetic vs. 356 

diabetic + insulin: t(22)=3.39, p<0.01). These results indicate that uncontrolled diabetes does not 357 

alter baseline motility or the capacity for microglia to remodel their processes after CMB but it 358 

does affect chemotaxic process growth towards the CMB. 359 

To ensure that any group differences in microglial responses to CMB were not explained 360 

by any differences in the properties of microvessels targeted; we assessed red blood cell (RBC) 361 

flow velocity and lumen width before ablation (Fig. 4A). There were no significant differences 362 

between experimental groups in RBC flow velocity or lumen width (Fig. 4B,C). These results 363 

suggest that experimental differences in microglial process accumulation cannot be explained by 364 

differences in the microvessels targeted for ablation. 365 

Diabetes exacerbates secondary vessel leakage after microbleed  366 

Next we wanted to assess what impact a reduced microglial response in diabetic mice 367 

would have on microvessel integrity and repair using secondary plasma leakage as an indicator 368 

of this process, as previously described (Lou et al., 2016). Mice from each experimental group 369 

were injected with Evans blue dye 30 minutes after the induction of CMB and the extravasation 370 

of dye was assessed immediately thereafter (Fig. 5A). In addition, we examined the extreme 371 
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condition of depleting almost all microglia in the cortex of non-diabetic and diabetic mice to 372 

provide more direct evidence that microglia were in fact, playing a role in repairing damaged 373 

microvessels. Microglia were depleted by feeding non-diabetic and diabetic mice chow 374 

containing colony-stimulating factor 1 receptor antagonist (PLX5622) for 1-3 weeks prior to 375 

imaging (Fig. 5B). In general, microvessels leaked Evans blue dye from the vessel segment 376 

adjacent to the CMB (Fig. 5C) with an average displacement of 16.8±2μm from the site of the 377 

original bleed. Analysis of secondary leakage sites revealed significantly elevated extravascular 378 

fluorescence in diabetic and microglia depleted groups relative to the non-diabetic controls (Fig. 379 

5D,E). Differences in secondary vessel leakage could not be explained by systematic differences 380 

in blood flow (F(4,29)=0.44, p=0.77) or width (F(4,29)=1.19, p=0.33) of targeted microvessels (Fig. 381 

5F,G). These results suggest that the blunted or absent microglial response to CMB in diabetic or 382 

microglial depleted mice, respectively, leads to increased secondary leakage from damaged 383 

microvessels. 384 

 385 

Dexamethasone enhances microglial responses and reduces vessel leakage 386 

 Given that diabetes is associated with abnormal immune system function (Pradhan et al., 387 

2011; Sickmann et al., 2012), and insulin therapy could only partially ameliorate microglial 388 

impairments and secondary vessel leakage, we explored the possibility that treating diabetic mice 389 

with an immunosuppressant might re-invigorate microglial responses to injury. To test this 390 

hypothesis, we treated hyperglycemic diabetic mice with the broad spectrum immunosuppressant 391 

dexamethasone (DEX) or vehicle for 5 days prior to CMB. DEX treatment generally suppressed 392 

inflammation related cytokines and chemokines, especially IFNγ in the brain of diabetic mice 393 

relative to those given vehicle (Fig. 6A; F(1,21)=26.18, p<0.001; proteins measured 4-5 weeks 394 
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after induction of diabetes). DEX treatment did not significantly alter the level of hyperglycemia 395 

in diabetic mice (diabetic + vehicle: 24.64±1.07mM/L vs. diabetic + DEX: 24.56±1.37mM/L; 396 

t(15)=0.4, p=0.96). As shown in Figure 6B, microglial process accumulation around the CMB in 397 

DEX treated diabetic mice was significantly enhanced relative to vehicle treated diabetic mice 398 

(compare magenta to red lines in Fig. 6C; statistics shown in Table 4) and was indistinguishable 399 

from healthy non-diabetic controls. The DEX mediated enhancement of microglia process 400 

accumulation was limited to diabetic mice, as there was no further enhancement in non-diabetic 401 

mice given DEX (compare blue and black lines in Fig. 6C). There were no significant group 402 

differences in microglial process turnover rates (Fig. 6D; F(3,35)=0.27, p=0.85) and velocity of 403 

growth towards the lesion (F(3,31)=0.24, p=0.86). However, DEX treatment in diabetic mice 404 

appeared to restore the normal polarization of microglial processes toward the CMB (Fig. 6E). 405 

Corresponding with the improvement in microglial responses, secondary dye leakage near the 406 

CMB was significantly reduced in DEX treated diabetic mice relative to vehicle treated mice 407 

(Fig. 6F,G). Microvessels targeted for ablation were not significantly different between groups 408 

in terms of blood velocity (F(3,23)=0.41, p=0.75) and width (F(3,23)=1.34, p=0.28). In summary, 409 

our data indicate that DEX treatment in diabetic animals can mitigate abnormal microglial 410 

responses and secondary plasma leakage from damaged microvessels. 411 

 412 

Role for Interferon-γ in abnormal microglial responses to CMB 413 

 Since broadly suppressing the immune system with DEX was sufficient to prevent 414 

abnormal microglial responses in diabetic mice, our next goal was to identify a specific 415 

signalling pathway mediating this phenomenon. Motivated by the results of our brain cytokine 416 

screen (Fig. 6A) and recent work showing that microglial dysfunction in certain auto-immune 417 
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diseases is related to abnormal expression of blood borne interferons that permeate into the brain 418 

(Pan et al., 1997; Filiano et al., 2016; Bialas et al., 2017), we focused our attention on the pro-419 

inflammatory cytokine IFNγ. Given that circulating leukocytes are a major source of IFNγ, we 420 

first measured IFNγ expression in blood serum 4-5 weeks after the induction of diabetes. Vehicle 421 

treated diabetic mice had significantly elevated IFNγ levels in blood serum relative to non-422 

diabetic mice (Fig. 7A; t(11)=1.90, p<0.05), which was reduced with DEX treatment. Since it is 423 

possible that STZ injection alone could induce inflammation and alter IFNγ levels independent 424 

of hyperglycemia, we also examined IFNγ levels in blood serum of STZ injected mice that did 425 

not develop hyperglycemia. Serum IFNγ levels were not significantly altered in these mice 426 

relative to non-diabetic controls (t(9)=1.34, p=0.21). Based on these findings, we injected 427 

hyperglycemic diabetic mice with neutralizing antibodies to IFNγ (over 5 days before CMB). To 428 

validate this approach (Heink et al., 2017), we showed that diabetic mice treated with 429 

neutralizing antibody exhibited significantly lower IFNγ in blood serum (Fig. 7A). Similar to the 430 

effects of DEX treatment, blocking IFNγ in hyperglycemic diabetic mice enhanced microglial 431 

process accumulation around the CMB (Fig. 7B; statistics summarized in Table 5). Microglial 432 

process dynamics before CMB were slightly, but significantly elevated in IFNγ IgG treated 433 

diabetic mice (Fig. 7C), but were no different than controls after the induction of CMB (Fig. 7D; 434 

Main effect of Treatment: F(1,210)=0.93, p=0.34). Treating diabetic mice with IFNγ neutralizing 435 

antibody significantly increased the polarity of microglial processes toward the CMB (t(11)=4.92, 436 

p<0.001) but did not alter microglia process velocity (t(11)=0.67, p=0.26). Importantly, treating 437 

diabetic mice with IFNγ neutralizing antibody significantly reduced secondary vessel leakage 438 

after CMB (Fig. 7E; Main effect of Treatment: F(1,110)=21.8, p<0.001). These treatment related 439 

effects could not be explained by systematic differences in blood glucose levels (t(17)=0.28, 440 
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p=0.38), or RBC velocity (t(19)=0.06, p=0.48) and width (t(19)=0.30, p=0.52) of targeted 441 

microvessels. Thus, treatment of diabetic mice with neutralizing antibodies to IFNγ can restore 442 

normal microglial responses to vascular injury. 443 

 In order to understand how abnormal IFNγ signalling in diabetic mice could disrupt 444 

microglial process chemotaxis towards the CMB, we employed qPCR to quantify purinergic 445 

receptor P2RY12 and IFNγ receptor 1 and 2 (Ifngr1 and Ifngr2) gene expression in brain tissue. 446 

We focused on P2RY12 since it is primarily expressed in microglia and has a well established 447 

role in mediating microglial chemotaxis to tissue damage and repair of the BBB (Haynes et al., 448 

2006; Lou et al., 2016). Our analysis revealed that untreated diabetes is associated with a 449 

significant down-regulation of P2RY12 gene expression (Fig. 8). Furthermore, we show that 450 

DEX or IFNγ blocking antibody treatment in diabetic mice not only restored microglial process 451 

chemotaxis but also normalized P2RY12 gene expression. Gene expression for Ifngr1 and 2 were 452 

not significantly changed across experimental treatment groups (Fig. 8). Lastly, analyses of 453 

P2RY12, Ifngr1 or Ifngr2 gene expression in STZ injected mice that did not develop 454 

hyperglycemia, revealed no significant changes in transcript expression (P2RY12: t(16)=0.36, 455 

p=0.72; Ifngr1: t(9)=1.13, p=0.28; Ifngr2: t(8)=1.35, p=0.21).  456 

 457 

 458 

 459 

 460 
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Discussion 461 

Microglia rapidly respond to stroke or injury related signals (Masuda et al., 2011; Rosidi 462 

et al., 2011; del Zoppo et al., 2012), that can protect or enhance repair processes after injury 463 

(Glezer et al., 2007; Szalay et al., 2016; Yuan et al., 2016). In support of this idea, depletion of 464 

microglia or pharmacological inhibition of microglial chemotaxic responses exacerbates 465 

neuronal injury after laser ablation (Hines et al., 2009), stroke (Lalancette-Hebert et al., 2012; 466 

Fernandez-Lopez et al., 2016; Szalay et al., 2016) and impedes the repair of the BBB (Lou et al., 467 

2016). Indeed, we found that depleting almost all microglia in healthy non-diabetic animals 468 

significantly increased secondary vessel leakage after CMB. However the relationship between 469 

microglial accumulation around the CMB and the extent to which damaged vessels continued to 470 

leak blood plasma was more nuanced in diabetic animals. For instance, microglial accumulation 471 

in hyperglycemic (untreated) diabetic mice was relatively normal at the center of the CMB (5-472 

15μm radius), but significantly reduced at more distal sites relative to non-diabetic mice. These 473 

mice also showed greatest vessel permeability ~35 minutes after CMB, which may be related to 474 

the fact that secondary plasma leakage typically emanated 15-20 μm from the center of the 475 

CMB, where fewer microglial processes would be present in diabetic mice. It is interesting to 476 

note that enhancing microglial accumulation specifically within these more distal regions (15-477 

35μm from center of CMB) with DEX or IFNγ blocking antibodies normalized the degree of 478 

vessel leakage after CMB. The functional consequences of this failure to seal off damaged 479 

microvessels in diabetic animals is not well understood at this time. Since extravasation of blood 480 

plasma though leaky or ruptured vessels is associated with local loss of dendritic spines (Zhang 481 

and Murphy, 2007; Reeson et al., 2015; Taylor et al., 2015), and perturbation of sensory evoked 482 
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neuronal activity (Cianchetti et al., 2013), it is possible that the disruptive impact of microbleeds 483 

on brain circuitry would be exacerbated in diabetic animals.   484 

The idea of using immune-suppressing drugs to enhance the brains’ innate immune 485 

response to injury may seem counter-intuitive. However, in light of our cytokine analysis data 486 

and others showing that both type 1 and 2 diabetes are linked with abnormal expression of 487 

certain inflammatory cytokines and chemotactic factors (Pradhan et al., 2011; Dey et al., 2014; 488 

Oubaha et al., 2016), it is conceivable that a blunted microglial response may be related to a 489 

reduced sensitivity to injury/inflammation related signals (Davalos et al., 2005, 2012; Kim and 490 

Cho, 2016). In this scenario, chronic interferon gamma inflammation in diabetic mice may 491 

down-regulate the expression of receptors on microglia critical for mediating chemotactic 492 

responses (Kettenmann et al., 2011; Tay et al., 2016). Thus when vascular injury occurs, 493 

microglia only grow towards the center of the lesion where chemotactic factors are highest, 494 

bypassing or ignoring weaker signals further away from the CMB. This could explain why 495 

microglia accumulation near the center of the CMB was relatively normal in diabetic mice, but 496 

reduced at more distal sites. Indeed, using qPCR we found that untreated diabetes was associated 497 

with a significant reduction in brain P2RY12 mRNA expression compared to non-diabetic 498 

controls, which could be reversed by treating diabetic mice with DEX or IFNγ neutralizing 499 

antibodies. This impairment in microglial chemotactic responses and associated reduction in 500 

P2RY12 mRNA expression mirrored what has been described with systemic inflammation 501 

(Gyoneva et al., 2014; Holtman et al., 2015) and aging (Damani et al., 2011; Hickman et al., 502 

2013; Rawji et al., 2016). It is also interesting to note that diabetes related changes to chemotaxic 503 

behaviour (ie. reduced process orientation and envelopment of bleeds) were dissociable from 504 

basal motility of processes, often referred to as “surveillance” activity. Indeed several studies 505 
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show that these microglial behaviours are separate and controlled by different mechanisms 506 

(Hines et al., 2009; Madry et al., 2018). Future studies will be needed to address how diabetes 507 

and perhaps specifically IFNγ differentially affect microglial behaviours. 508 

Consistent with the hypothesis that chronic elevation of inflammatory cytokines in 509 

diabetic mice underlie changes in microglial responses to injury, administering a broad spectrum 510 

immunosuppressant (DEX) to diabetic mice normalized microglia responses. Although we 511 

recognize that glucocorticoids have pleiotropic actions and microglia express glucocorticoid 512 

receptors (Carrillo-de Sauvage et al., 2013; Holtman et al., 2014), the fact that DEX treatment 513 

had no effect in healthy non-diabetic controls suggests that it likely acts through modulation of 514 

the immune system, rather than a direct effect on microglia. Moreover, DEX treatment 515 

normalized levels of IFNγ in the blood serum of diabetic mice, implying that maintaining healthy 516 

levels of IFNγ signalling could be a critical factor. In support of this mechanism, repeated 517 

intravenous injections of an IFNγ blocking antibody in diabetic mice was sufficient to mimic the 518 

beneficial effects of DEX and normalize microglial responses and vessel leakage following 519 

CMB. The idea that elevated IFNγ in blood could alter microglial behaviour is supported by data 520 

showing that IFNγ permeates the BBB (Pan et al., 1997) and microglia highly express IFN 521 

gamma receptors (Lavin et al., 2014; Zhang et al., 2014). Further, these findings build on 522 

accumulating evidence that chronic elevation of blood-borne interferons can influence microglial 523 

behaviour, often with detrimental changes in brain function associated with aging, autoimmune 524 

diseases such as lupus or neuropathic pain (Tsuda et al., 2009; Baruch et al., 2014; Goldmann et 525 

al., 2016; Bialas et al., 2017).  526 

Identifying the exact source of elevated IFNγ and the forces driving its increase in 527 

diabetic animals will require further study. First, it is well established that pro-inflammatory 528 
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CD4+ and CD8+ T helper and natural killer (NK) cells in the blood are the primary sources of 529 

IFNγ (De Weerd and Nguyen, 2012). However there is some evidence that microglia, at least in 530 

cell culture, can produce small amounts of IFNγ (Kawanokuchi et al., 2006). Therefore our 531 

finding of elevated IFNγ in blood serum of diabetic mice is presumably derived from T helper 532 

and NK cells. In the brain, however, it is possible that IFNγ is derived from both leukocytes and 533 

resident microglia. One predominant hypothesis regarding why IFNγ levels would be elevated in 534 

diabetic mice is that metabolic processes in vascular endothelial cells are chronically perturbed 535 

due to exposure to hyperglycemic conditions. This is plausible since glucose uptake in 536 

endothelial cells occurs via facilitated diffusion through glucose transporters rather than insulin-537 

dependent transporters. As a result, intracellular glucose concentrations are abnormally high in 538 

endothelial cells, which leads to the generation of reactive oxygen species, advanced glycation 539 

end products and ultimately damages the integrity of the vascular endothelium (Vinik and 540 

Flemmer, 2002). Thus, the vascular endothelium is in a chronic state of injury, thereby recruiting 541 

the adaptive immune response which enhances IFNγ production. Indeed, there is an extensive 542 

body of literature implicating abnormal IFNγ production and signalling with the pathogenesis of 543 

type 1 diabetes (see Wang et al., 1997; Marwaha et al., 2014). It is important to note that the link 544 

between elevated IFNγ and diabetes is not restricted to just the STZ model, but has been 545 

described in other rodent models of diabetes (Rabinovitch et al., 1996; Hwang et al., 2014; 546 

Vuong et al., 2017), as well as in humans with type1 diabetes (Nicoletti et al., 2002; Alizadeh et 547 

al., 2006; Kaas et al., 2012; Allam et al., 2014).    548 

Treating hyperglycemic mice with insulin (~1 week after STZ injection) was only 549 

partially successful in restoring normal microglial responses to CMB and secondary microvessel 550 

leakage. While there is evidence that insulin can reverse some neurological complications 551 
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associated with diabetes (Biessels et al., 1999), our findings are generally consistent with 552 

previous work showing that insulin therapy cannot fully rescue diabetes related impairments in 553 

blood flow dynamics, sensory circuit remodelling, or BBB disruption after stroke (Sweetnam et 554 

al., 2012; Tennant and Brown, 2013; Reeson et al., 2015). One caveat with our study was that 555 

slow release insulin pellets were not perfect in maintaining blood glucose levels within the 556 

normal range, as levels were slightly but significantly elevated relative to non-diabetic mice. 557 

Therefore the partial improvement in diabetic mice may be related to the fact blood glucose 558 

levels were close to, but not quite normal. In addition to regulating blood glucose levels, insulin 559 

signaling could directly influence microglia function. Microglia express insulin growth factor 560 

receptor 1 (IGFR1) and possibly insulin receptor/IGFR1 heteromers (Varewijck and Janssen, 561 

2012). If circulating insulin is important for maintaining microglial chemotactic responses, then 562 

disrupting insulin signalling in our mouse model of diabetes could account for microglial 563 

dysfunction. It is worth stating that we do not suspect that the administration of STZ in our 564 

mouse model caused any direct injury to the brain or microglia, since we have previously shown 565 

that equivalent or higher doses of STZ do not produce any signs of cell death or toxicity in the 566 

brain (Sweetnam et al., 2012). Moreover, we compared IFNγ serum protein levels and brain 567 

P2RY12 gene expression in mice that were injected with STZ but did not become hyperglycemic 568 

relative to those that were injected with vehicle solution. In both of these non-diabetic controls, 569 

we found no significant differences in either dependent measure, suggesting that STZ injection 570 

alone (without hyperglycemia or at least abnormal glucose regulation) cannot mimic effects 571 

described in our hyperglycemic diabetic group. 572 

In summary, we have applied real time in vivo imaging to assess the impact of diabetes 573 

on microglial response dynamics to CMB. Using two-photon microscopy, we show that chronic 574 
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hyperglycemia in the STZ model of type 1 diabetes leads to decreased microglial process 575 

accumulation and polarization around the site of microvascular injury, concomitant with 576 

increased leakage of blood plasma from damaged microvessels. These impairments were 577 

partially prevented by lowering blood glucose levels with insulin. However, treating 578 

hyperglycemic diabetic mice with DEX or an IFNγ blocking antibody was sufficient to restore 579 

normal microglial responses to CMB and mitigate secondary microvessel leakage. To our 580 

knowledge, this is the first study to implicate abnormal interferon signalling as a critical factor 581 

behind impaired wound healing in the diabetic brain.  582 
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 923 

Figure Legends 924 

Figure 1. Cx3cr1+/- eGFP reporter mice show normal microglial responses to CMB. (A) 925 

Confocal images demonstrating that eGFP labeled microglia co-localize with Iba-1, a classical 926 

marker of microglia. Bar graphs show the density of microglia (B) and average percent area (C) 927 

of microglia in each genotype. (D) In vivo time lapse images showing microglial responses to 928 

CMB in a Cx3cr1+/- mouse given intravenous Evans blue dye to label blood vessels. (E) Graphs 929 

show the progressive accumulation of microglial processes (expressed as % area) in 5μm radii 930 

around the CMB in Cx3cr1+/+ (7 CMBs from 6 mice), Cx3cr1+/- (14 CMBs from 13 mice), and 931 

Cx3cr1-/- (6 CMBs from 4 mice) mice. The center of the bleed (0-5μm) was omitted from the 932 

analysis due to the presence of auto-fluorescent signal. *p < 0.05 compares Cx3cr1+/+ to Cx3cr1-933 

/- at 10-15μm. Scale bars: A,D,E = 20μm. Data were analyzed with 1-way ANOVA (B-C) or 2-934 

way repeated measures ANOVA with post-hoc t-tests (E).    935 

 936 

Figure 2. Diabetes attenuates microglia process envelopment of the microbleed. (A) 937 

Experimental timeline for imaging the effect of diabetes on microglial responses to CMB. (B) 938 

Average blood glucose levels for each experimental group was assessed at weekly intervals. 939 

***p < 0.001 compares non-diabetic to diabetic. #p < 0.05, ##p < 0.01, ###p < 0.001 compares 940 

non-diabetic to diabetic + insulin. Data were analyzed with 2-way repeated measures ANOVA 941 

with post-hoc t-tests. (C) Representative binarized images of microglia in each group at baseline. 942 

(D) There were no significant group differences in average percent area of microglia at baseline. 943 

(E) Bar graph shows there were no differences in the density of microglial cells. (F) 944 



 

37 
 

Representative maximum intensity z-projection images of microglia in each group immediately 945 

before CMB (0min) or 12 and 60min afterwards. (G) Graphs show time and distance dependent 946 

changes in microglia process accumulation around the CMB (binned in 5μm rings) in non-947 

diabetic (14 CMBs from 13 mice), diabetic (11 CMBs from 10 mice) and diabetic mice treated 948 

with insulin (16 CMBs from 10 mice). *p < 0.05, **p < 0.01, ***p < 0.001 compares non-949 

diabetic to diabetic. #p < 0.05 compares non-diabetic to diabetic + insulin. n.s. = not significant. 950 

Scale bars: C,F = 20μm. Data were analyzed with 1-way ANOVA (D,E) or 2-way repeated 951 

measures ANOVA with post-hoc t-tests (B,G) 952 

 953 

Figure 3. Diabetes alters microglial polarity but not velocity or process dynamics. (A) 954 

Montage showing microglial process turnover in response to CMB in a non-diabetic mouse.  955 

Pixels are expressed as processes gained (black), lost (white) or no change (grey). Note the wave 956 

of gain (black) that is followed by a wave of loss (white) as the processes extend towards the 957 

CMB. (B) Percent change in microglia process turnover every 4 minutes at baseline in non-958 

diabetic (14 CMBs from 13 mice), diabetic (11 CMBs from 10 mice) and diabetic mice treated 959 

with insulin (16 CMBs from 10 mice). (C) Percent change in microglia process turnover after 960 

CMB normalized to baseline turnover. (D) Bar graph shows the velocity of process growth 961 

towards the lesion. (E) Radial plots indicate the polarity of microglial processes before and 962 

60min after CMB (oriented at 0º relative to each microglia). Microglia in diabetic mice were 963 

significantly less polarized after CMB than non-diabetic and insulin treated diabetic mice. **p < 964 

0.01, ***p < 0.001. n.s. = not significant. Scale bar: A = 20μm. Data were analyzed with 1-way 965 

ANOVA with post-hoc t-tests (B,D,E) or 2-way repeated measures ANOVA (C). 966 

 967 
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Figure 4. Microvessels targeted for CMB do not differ between groups. (A) Representative 968 

average intensity z-projection images show plasma fluorescence before and after induction of 969 

CMB. Line scans through each vessel were used to calculate RBC velocity. (B-C) Bar graphs 970 

show RBC velocity (mm/s) and width of vessels targeted for CMB. n.s. = not significant based 971 

on 1-way ANOVA. Scale bar: A = 25μm. 972 

 973 

Figure 5. Diabetic and microglia depleted mice show greater secondary microvessel 974 

leakage. (A) Timeline of experiments conducted. Note that only a subset of non-diabetic and 975 

diabetic mice were fed PLX5622 chow to deplete microglia. (B) IBA-1 immunostaining for 976 

microglia in the cortex of non-diabetic (ND) mice fed regular (left) or PLX5622 (right) chow. 977 

(C) Representative images show FITC-dextran fluorescence (green) associated with the initial 978 

induction of CMB and Evans blue dye fluorescence (magenta) when injected 30 min after CMB. 979 

Evans Blue dye egresses from sites adjacent to the original ablation site (see arrow for “2º 980 

leakage”).  (D) Representative images showing extravagated Evans blue dye fluorescence 35 min 981 

after induction of CMB. (E) Normalized extravascular Evans blue dye fluorescence in non-982 

diabetic (6 CMB in 5 mice), non-diabetic + PLX5622 (9 CMB in 5 mice), diabetic (6 CMB in 4 983 

mice), diabetic + PLX5622 (7 CMB in 4 mice) and diabetic + insulin mice (6 CMB in 3 mice). 984 

(F-G) Graphs show baseline RBC velocity (mm/s) and width for vessels targeted in each group. 985 

*p < 0.05, **p < 0.01, ***p < 0.005 compared to non-diabetic mice fed standard diet. n.s. = not 986 

significant. Scale bars: B = 100μm, C and D = 20μm. Data were analyzed with ANOVA with 987 

post-hoc t-tests (E-F). 988 

 989 
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Figure 6. Dexamethasone enhances microglia responses and attenuates vessel leakage in 990 

diabetic mice. (A) Multiplex immunoassay for brain cytokine and chemokine expression in non-991 

diabetic and diabetic mice treated with vehicle or DEX.  (B) Representative in vivo images 992 

showing microglial responses to CMB in diabetic mice given saline or dexamethasone (DEX) for 993 

5 days prior to imaging. (C) Analysis of microglial process accumulation over time in 5μm radii 994 

from the CMB in naïve non-diabetic (14 CMBs from 13 mice), non-diabetic + DEX (10 CMBs 995 

from 5 mice), diabetic + vehicle (5 CMBs from 3 mice) and diabetic + DEX mice (9 CMBs from 996 

5 mice). (D) Graphs show % microglial process turnover every 4 minutes at baseline (left) and 997 

after CMB (right). (E) Plots show enhanced polarization of microglial processes 60min after 998 

CMB in diabetic mice treated with DEX. (F) Representative images showing secondary leakage 999 

of Evans blue labelled plasma 35 minutes after CMB. (G) Quantification of normalized 1000 

extravascular fluorescence in non-diabetic (6 CMB in 5 mice), non-diabetic + DEX (8 CMBs 1001 

from 4 mice), diabetic + vehicle (10 CMBs from 5 mice) and diabetic + DEX treated mice (8 1002 

CMBs from 4 mice). †p < 0.05, ††p < 0.01, †††p<0.001 compares diabetic + vehicle versus 1003 

diabetic + DEX. *p<0.05, **p<0.01, ***p<0.001 comparing non-diabetic versus diabetic + 1004 

vehicle. n.s. = not significant. Scale bars: B = 20μm, F = 40μm. Data were analyzed by 1-way 1005 

ANOVA (D, E, G) or 2-way repeated measures ANOVA (C) with post-hoc t-tests. 1006 

 1007 

Figure 7. Role for IFNγ in abnormal microglial responses to CMB. (A) IFNγ protein 1008 

expression in blood serum. (B) Top: 2-photon images of microglial responses before (0min) and 1009 

60min after CMB. Below: Analysis of microglial process accumulation in diabetic + vehicle or 1010 

isotype control IgG (9 CMBs from 5 mice), and diabetic + IFNγ blocking IgG (11 CMBs from 6 1011 

mice) treated mice as a function of distance from the center of the CMB. (C) Microglia process 1012 
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turnover every 4 minutes before the induction of CMB. (D) Microglia process turnover 1013 

(normalized to baseline) over 60min period after CMB. (E) Left: Representative in vivo image 1014 

projections of secondary vessel leakage collected 35 minutes after CMB. Right: Quantification 1015 

of normalized extravascular dye fluorescence in diabetic mice treated with vehicle or isotype 1016 

control IgG (13 CMBs from 7 mice) or IFNγ blocking IgG (10 CMBs from 5 mice). *p ≤ 0.05 1017 

compared to diabetic + vehicle; #p<0.05, ##p<0.01 compares diabetic + vehicle to diabetic + 1018 

IFNγ blocking IgG. Scale bars: B = 20μm, E = 50μm. Data were analyzed by 2-way ANOVA 1019 

(B, D, E) with post-hoc t-tests. 1020 

 1021 

Figure 8. P2RY12 mRNA expression correlates with diabetes-related impairments and 1022 

rescue of microglial process chemotaxis. Graphs show normalized (to β-actin) Ifngr1, Ifngr2 or 1023 

P2RY12 receptor expression mRNA expression in somatosensory cortex. P2YR12, but not 1024 

Ifngr1, Ifngr2 mRNA expression was significantly reduced in untreated diabetic mice, which 1025 

could be reversed with DEX treatment or IFNγ blocking antibodies. *p < 0.05 compares non-1026 

diabetic to untreated diabetic mice. 1027 
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Table 1. Analysis of microglial process accumulation based on repeated measures ANOVAs 
conducted at each distance from the CMB with SURGICAL PREPARATION (“acute” and 
“chronic”) as a factor over TIME (0 – 60 minutes).  
Significant main effects are highlighted in bold. 
 

Distance Surgical Prep Time Interaction 
5-10 μm F(1,12) = 1.49, p = 0.25 F(15,168) = 39.92, p < 0.001 F(15,168) = 0.83, p = 0.64 
10-15 μm F(1,12) = 0.57, p = 0.47 F(15,168) = 22.12, p < 0.001 F(15,168) = 0.41, p = 0.97 
15-20 μm F(1,12) = 0.06, p = 0.82 F(15,168) = 17.84, p < 0.001 F(15,168) = 0.52, p = 0.92 
20-25 μm F(1,12) = 0.25, p = 0.63 F(15,168) = 7.50, p <0.001 F(15,168) = 0.33, p = 0.99 
25-30 μm F(1,12) = 0.46, p = 0.51 F(15,168) = 5.96, p < 0.001 F(15,168) = 0.45, p = 0.96 
30-35 μm F(1,12) = 1.75, p = 0.21 F(15,168) = 1.98, p < 0.05 F(15,168) = 0.75, p = 0.72 
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Table 2. Analysis of microglial process accumulation based on repeated measures ANOVAs 
conducted at each distance from the CMB with CONDITION (“non-diabetic” and “diabetic”) as 
a factor over TIME (0 – 60 minutes).  
Significant main effects are highlighted in bold. 
 

Distance Condition Time Interaction 
5-10μm F(1,23)= 2.76, p=0.11 F(15,345)= 98.11, p<0.001 F(15,345)= 1.45, p=0.11 
10-15μm F(1,23)= 0.47, p=0.50 F(15,345)= 62.07, p<0.001 F(15,345)= 0.43, p=0.97 
15-20μm F(1,23)= 8.17, p<0.01 F(15,345)= 39.49, p<0.001 F(15,345)= 3.48, p<0.001 
20-25μm F(1,23)= 10.16, p<0.01 F(15,345)= 14.54, p<0.001 F(15,345)= 2.43, p<0.01 
25-30μm F(1,23)= 5.21, p<0.05  F(15,345)= 6.87, p<0.001 F(15,345)= 4.49, p<0.001 
30-35μm F(1,23)= 11.16, p<0.01 F(15,345)= 1.09, p=0.36 F(15,345)= 3.94, p<0.001 
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Table 3. Analysis of microglial process accumulation based on repeated measures ANOVAs 
conducted at each distance from the CMB with CONDITION (“non-diabetic” and “diabetic + 
insulin”) as a factor over TIME (0 – 60 minutes). 
Significant main effects are highlighted in bold. 
 

Distance Condition Time Interaction 
5-10μm F(1,28)= 0.21, p=0.65 F(15,392)= 118.31, p<0.001 F(15,392)= 0.63, p=0.84 
10-15μm F(1,28)= 0.13, p=0.71 F(15,392)= 78.10, p<0.001 F(15,392)= 0.58, p=0.88 
15-20μm F(1,28)= 1.56, p=0.22 F(15,392)= 42.92, p<0.001 F(15,392)= 1.34, p=0.18 
20-25μm F(1,28)= 6.08, p<0.05 F(15,392)= 13.28, p<0.001 F(15,392)= 1.43, p=0.14 
25-30μm F(1,28)= 1.12, p=0.30 F(15,392)= 9.51, p<0.001 F(15,392)= 0.56, p=0.90 
30-35μm F(1,28)= 0.21, p=0.64 F(15,392)= 3.51, p<0.001 F(15,392)= 0.19, p=0.99 
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Table 4. Analysis of microglial process accumulation based on repeated measures ANOVAs 
conducted at each distance from the CMB with CONDITION (“diabetic + vehicle” and “diabetic 
+ DEX”) as a factor over TIME (0 – 60 minutes). 
Significant main effects are highlighted in bold. 
 
Distance Condition Time Interaction 
5-10μm F(1,12)= 0.04, p=0.83 F(15,180)= 62.27, p<0.001 F(15,180)= 2.28, p<0.01 
10-15μm F(1,12)= 1.53, p=0.24 F(15,180)= 32.82, p<0.001 F(15,180)= 1.52, p=0.10 
15-20μm F(1,12)= 19.45, p<0.001 F(15,180)= 21.44, p<0.001 F(15,180)= 4.53, p<0.001 
20-25μm F(1,12)= 17.67, p<0.001 F(15,180)= 11.03, p<0.001 F(15,180)= 1.93, p<0.05 
25-30μm F(1,12)= 15.60, p<0.001 F(15,180)= 5.051, p<0.001 F(15,180)= 1.54, p=0.09 
30-35μm F(1,12)= 16.81, p<0.001 F(15,180)= 1.31, p=0.20 F(15,180)= 2.31, p<0.01 
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Table 5.  Analysis of microglial process accumulation based on repeated measures ANOVAs 
conducted at each distance from the CMB with CONDITION (“diabetic + vehicle” and “diabetic 
+ IFNγ blocking IgG”) as a factor over TIME (0 – 60 minutes). 
Significant main effects are highlighted in bold. 
 
Distance Condition Time Interaction 
5-10μm F(1,15)= 0.38, p=0.54 F(15,270)= 67.65, p<0.001 F(15,270)= 0.73, p=0.74 
10-15μm F(1,15)= 0.39, p=0.53 F(15,270)= 31.47, p<0.001 F(15,270)= 0.57, p=089 
15-20μm F(1,15)= 6.85, p<0.05 F(15,270)= 23.63, p<0.001 F(15,270)= 3.44, p<0.001 
20-25μm F(1,15)= 9.08, p<0.01 F(15,270)= 13.00, p<0.001 F(15,270)= 1.50, p=0.11 
25-30μm F(1,15)= 5.92, p<0.05 F(15,270)= 7.37, p<0.001 F(15,270)= 1.04, p=0.41 
30-35μm F(1,15)= 6.23, p<0.05 F(15,270)= 2.97, p<0.001 F(15,270)= 0.77, p=0.71 

 
 


