The Journal of Neuroscience, October 3, 2018 - 38(40):8707— 8722 - 8707

Neurobiology of Disease

Suppressing Interferon-vy Stimulates Microglial Responses
and Repair of Microbleeds in the Diabetic Brain
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Microcirculatory damage is a common complication for those with vascular risk factors, such as diabetes. To resolve vascular insults, the
brain’s immune cells (microglia) must rapidly envelop the site of injury. Currently, it is unknown whether Type 1 diabetes, a condition
associated with chronicimmune system dysfunction, alters microglial responses to damage and what mechanisms are responsible. Using
in vivo two-photon microscopy in adult male mice, we show that microglial envelopment of laser-induced cerebral microbleeds is
diminished in a hyperglycemic mouse model of Type 1 diabetes, which could not be fully rescued with chronic insulin treatment.
Microglia were important for vessel repair because reduced microglial accumulation in diabetic mice or near-complete depletion in
healthy controls was associated with greater secondary leakage of the damaged vessel. Broadly suppressing inflammation with dexa-
methasone in diabetic mice but not healthy controls, significantly enhanced microglial responses to microbleeds and attenuated second-
aryvessel leakage. These enhancements were associated with changes in IFN-+y signaling because dexamethasone suppressed abnormally
high levels of IEN-+y protein levels in brain and blood serum of diabetic mice. Further, blocking IFN-+y in diabetic mice with neutralizing
antibodies restored normal microglial chemotaxic responses and purinoceptor P2ry12 gene expression, as well as mitigated secondary
leakage. These results suggest that abnormal IFN-y signaling disrupts microglial function in the diabetic brain, and that immunothera-
pies targeting IFN-+y can stimulate microglial repair of damaged vessels.
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Although Type 1 diabetes is an established risk factor for vascular complications, such as microbleeds, and is known to hinder
wound healing in the body, no study has examined how diabetes impacts the brain’s innate immune reparative response (involv-
ing cells called microglia) to vascular injury. Here we show that microglial responses to brain microbleeds were diminished in
diabetic animals, which also exacerbated secondaryleakage from damaged vessels. These impairments were related to abnormally
high levels of the proinflammatory cytokine IFN-vy because reducing IFN-y with immunosuppressant drugs or blocking antibod-
ies helped restore normal microglial responses and repair of damaged vessels. These data highlight the use of IFN-y modulating
therapeutics to enhance vascular repair in at-risk populations. j

ignificance Statement

(World Health Organization, 2016). The defining feature of both
Type 1 and 2 diabetes is chronic dysregulation of blood glucose
homeostasis. Elevated blood glucose is particularly damaging in
that it leads to the generation of reactive oxygen species and gly-
cation end products, which in turn disrupts the vascular endo-

Introduction
Diabetes is quickly emerging as a global epidemic with ~8.5% of
the worldwide population living with some form of the disease
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thelium and stimulates inflammatory processes (Vinik and
Flemmer, 2002; Zherebitskaya et al., 2009; Volpe et al., 2018). Not
surprisingly, diabetes, especially if not well controlled, leads to a
host of vascular complications, such as cerebral microbleeds
(CMBs). CMBs are prevalent in patients with vascular risk factors
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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 min)

Distance Surgical preparation Time Interaction

5-10 um Fiiy=149,p =025 Fis s = 39.92,p < 0.001% Frs s = 0.83,p = 0.64
10-15 um Fa12=057,p =047 Firs, 68 = 22.12,p < 0.001% Frs,68 = 0.41,p =097
15-20 um Fa.12 = 0.06,p = 0.82 Fias 68 = 17.84,p < 0.001* Fas e = 0.52,p = 0.92
20-25 um Fiiy = 0.25,p =063 Fis 68 = 7:50,p < 0.001% Fis s = 0.33,p = 099
25-30 wm Fa,12=0.46,p = 0.51 Firs,168 = 5.96,p < 0.001% Firs,168) = 0.45,p = 0.96
30-35 um Faap=175p =021 Fas e = 1.98,p < 0.05* Fas e = 0.75,p = 0.72

*Significant main effects.

but have also been observed in the normal aging population (Cul-
len etal., 2005; Cordonnier etal., 2007; Kim and Lee, 2013; Shams
et al., 2015). The presence of CMB in the brain has been linked
with cognitive decline and increased risk of dementia (Seo et al.,
2007; Hilal et al., 2014; Valenti et al., 2016). In contrast to patients
with Type 2 diabetes where the association with CMBs has
yielded mixed results (Moran et al., 2013; Brundel et al., 2014),
Type 1 diabetic patients demonstrate greater prevalence of CMBs
than healthy control subjects (Woerdeman et al., 2014).

Not only are diabetics at increased risk for vascular complica-
tions, it is also plausible that their brain’s innate response to
injury may also be compromised. For example, animal models of
Type 1 and 2 diabetes show prolonged disruption of the blood—
brain barrier (BBB) after ischemic and hemorrhagic stroke (Li et
al., 2010; Ye et al., 2011; Reeson et al., 2015). Furthermore, these
animals show increased rates of hemorrhagic transformation fol-
lowing ischemia (Won et al., 2011; Li et al., 2013). To properly
repair damaged tissue, microglia are believed to play an impor-
tant role (Glezer et al., 2007; Kierdorf and Prinz, 2013; Schwartz
etal.,, 2013). Imaging studies have shown that ablating or block-
ing microglial responses is associated with greater tissue damage
and BBB disruption following stroke or microvascular lesions
(Hines et al., 2009; Lou et al., 2016; Szalay et al., 2016). Failure to
properly repair and seal off damaged vessels exacerbates the dis-
ruptive impact that permeable blood vessels have on local synap-
tic structure and function (Zhang and Murphy, 2007; Cianchetti
et al., 2013; Reeson et al., 2015; Taylor et al., 2015). Previous
postmortem studies have suggested that microglial responses to
major vascular insults are altered in diabetic animals and patients
(Kondo et al., 2001; Kumari et al., 2007; Li et al., 2011), but the
spatiotemporal dynamics of microglial responses is unknown.
Whether the diabetic condition alters dynamic aspects of micro-
glia responses to microvascular bleeds and what molecular mech-
anisms are responsible have not been explored.

Because it is well recognized that diabetes is associated with
abnormal immune system function and impairs wound healing
in the periphery (Kumari et al., 2007; Ebenezer etal., 2011; Cheng
et al., 2013), we tested the hypothesis that microglial response
dynamics to microvessel rupture would be compromised in an
animal model of Type 1 diabetes. Our data reveal a significant
impairment in microglial envelopment of damaged blood vessels
which correlated with greater secondary vascular leakage. While
these impairments could not be fully prevented with insulin
treating diabetic mice with a broad-spectrum immunosuppres-
sant, or more specifically with blocking antibodies to the proin-
flammatory cytokine IFN-vy, was effective in restoring normal
microglial responses and repair of damaged vessels.

Materials and Methods

Animals. Two- to 5-month-old male mice on a C57BL/6] background
were used in this study. To image microglia in vivo, we examined two
different mouse lines. First, we used mice that expressed enhanced green

fluorescent protein (eGFP) in microglia due to placement of the eGFP
reporter gene into the Cx3crl gene locus (Jungetal., 2000). As previously
described, the eGFP reporter gene replaces the Cx3crl gene; therefore,
mice heterozygous or homozygous for eGFP are considered Cx3crl ™/~
or Cx3crl ~/~, respectively. To visualize microglia in mice that possess
both Cx3crl alleles (Cx3crl /™), as well as validate the use of eGFP
Cx3crl V7 mice for our studies, we crossed a Cx3crl Cre-ERT?2 driver
line [Cx3cr] M2 1 (ere/ERIDLIVWGanD) ] with 3 Cre-dependent “Ai3-eYFP”
reporter mouse [Gt(ROSA)26Sor ™ CASYFP] (Madisen et al., 2010).
Offspring of this cross (Cx3crl ™ X Ai3%Y*) possess both Cx3crl al-
leles (Cx3crl */™), express eYFP in microglia, and were used to compare
microglial responses with Cx3crl ™/~ or Cx3crl =/~ mice. Mice were
group-housed in a 12 h light/dark cycle in ventilated racks in a humidity
(RH 40%-55%) and temperature-controlled room (21°C-23°C) and
given ad libitum access to food and water. All experiments were con-
ducted in accordance with the guidelines set by the Canadian Council on
Animal Care and approved by the local university Animal Care Commit-
tee. Reporting of this work complies with ARRIVE guidelines.

Induction and treatment of diabetic mice. Mice were randomly assigned
to 1 of the 3 experimental groups. Type 1 diabetes was induced in
2-month-old mice by intraperitoneal injections of streptozotocin (STZ)
at a dose of 75 mg/kg dissolved in sodium citrate buffer, pH 4.5, once
daily for 2 consecutive days following 5 h of food deprivation
(Yamamoto et al., 1981; Lenzen, 2008). Nondiabetic mice consisted of
those that received an injection of vehicle. For the first day after STZ
injection, mice were supplied with 5% glucose in H,O to prevent acute
hypoglycemia (Lenzen, 2008). To control blood glucose levels in a sub-
group of diabetic mice (“diabetic + insulin” group), slow-release insulin
pellets (0.1 U/24 h/implant, Lin-Bit, LinShin, Canada, Inc) were inserted
subcutaneously 1 week following STZ injections after hyperglycemia was
confirmed. If blood glucose levels exceeded 15 mmol/L, mice were lightly
anesthetized with 1.3% isoflurane and another insulin pellet was inserted
subcutaneously. Body weights and blood glucose levels were checked on
a weekly basis using an Aviva Accu-Chek blood glucose meter by a drop
of blood withdrawn from the tail vein. For our treatment intervention
experiments, a subset of nondiabetic and hyperglycemic diabetic mice
received 2 mg/kg dexamethasone (DEX; s.c.) or saline twice per day (12 h
apart) for 5 d before imaging experiments. As previously described, in
vivo neutralization of IFN-y was achieved by two intravenous injections
of IFN-vy antibody (clone XMG1.2, Bio X Cell; 300 g dissolved in saline)
2-3 d apart during the 5 d period before inducing CMB. Diabetic con-
trols received two intravenous injections of saline or mouse IgG1 isotype
control (MOPC-21, Bio X Cell; 300 g dissolved in saline).

Two-photon imaging and induction of microbleeds. For imaging, two
surgical preparations were used in this study: (1) an acute craniectomy-
based preparation in which the skull was removed and animals were
imaged immediately thereafter; or (2) a chronic cranial window prepa-
ration involving a craniectomy and the installation of a glass window 4—6
weeks before in vivo imaging. Our analysis indicated that there were no
significant differences in the number of microglial cells or the area they
occupied, turnover rate, and accumulation of microglial processes
around the CMB between the two surgical preparations (statistics shown
in Table 1). Because there were no differences in any of these parameters,
data collected from both imaging preparations were pooled together. For
both surgical preparations, mice were anesthetized with isoflurane (2%
for induction and 1%-1.3% for maintenance) mixed with medical air
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(80% nitrogen, 20% oxygen) at a flow rate of 0.7 L/min. Body tempera-
ture was maintained at 37°C with a rectal thermo-probe and temperature
feedback regulator. For craniectomy surgery, a circular (3-5 mm diam-
eter) region of the skull over the somatosensory cortex was thinned with
a high-speed dental drill and the skull was carefully removed with for-
ceps. Gel foam soaked in HEPES-buffered ACSF was used to keep the
brain moist throughout the surgical procedure. For acute imaging exper-
iments, the brain was covered with 1.5% low-melt agarose dissolved in a
HEPES-buffered ACSF and sealed with a glass coverslip (no. 1 thickness).
For mice with a chronically implanted cranial window, the glass coverslip
was placed over the craniectomy and fixed in place with cyanoacrylate
glue and dental cement. The surrounding skin was glued to the edges of
the cranial window, and the mice were allowed to recover under a heat
lamp before being returned to their home cages.

To visualize the cerebral vasculature; mice received an intravenous
injection of 0.1 ml of either 0.5% Evans blue (Sigma-Aldrich), 4%
Rhodamine-dextran (Sigma-Aldrich), or 1% Fluorescein-dextran dye
(Sigma-Aldrich) in sterile saline solution. High-resolution in vivo two-
photon images of fluorescently labeled microglia and blood vessels were
collected in the somatosensory cortex of lightly anesthetized mice (~1%
isoflurane in air) with a 40X objective (NA = 0.8) using an Olympus
FV1000MPE laser scanning microscope coupled to a mode-locked Ti:
sapphire laser. For imaging eGFP- or eYFP-labeled microglia, the laser
was tuned to 900 or 950 nm, respectively. Image stacks of fluorescently
labeled blood vessels and microglia were collected at 1.5 um z steps
covering an area of 144 X 144 um (800 X 800 pixels, 0.18 wm/pixel),
averaging three images per plane. Image stacks were collected at 4 min
intervals for 20 min before CMB and 60 min afterward. A flowing mi-
crovessel (~4 wm in width), 50-100 wm from the pial surface was se-
lected for laser-induced microablation. The CMB was induced with focal
high-power illumination of microvessels (850 nm, ~220 mW at back
aperture, 3.4-um-diameter region centered on vessel) for 5-6 s. Rupture
of the microvessel was easily confirmed by the appearance of extravascu-
lar fluorescence emanating from the site of the bleed.

Analysis of targeted microvessel blood flow and diameter. For determi-
nation of red blood cell (RBC) velocity, 3 sets of line scans (each taken
30-60 s apart) were conducted through the microvessel before baseline
imaging. RBC velocity measurements were derived from the inverse
slope (A time/A distance) of the linear paths of RBCs (Shih et al., 2012).
Using Image] software, lumen diameter was measured as the width at
half-maximal fluorescence intensity plotted orthogonal to the vessel
(Shih etal., 2012). All analyses were conducted by an experimenter blind
to treatment conditions.

Analysis of microglia structure and dynamics. To measure microglia
accumulation around the site of CMB, microglia image stacks were pro-
cessed using FIJI-Image]J 1.51 s software. Images from all time points (5
baseline and 15 post-CMB stacks) were median filtered (0.8 pixel radius).
All images in a time series were aligned and corrected for any X-Y dis-
placement using ImageJ plugin running rigid body stack registration.
Three images above and below the center of the bleed (7 images total, z
depth = 10.5 um) were projected. Background pixel values were then
subtracted from each image projection. To compare microglial process
accumulation across mouse genotypes and conditions, background cor-
rected images of microglia were thresholded using the automated “Li”
plugin. To measure the accumulation of microglia processes around the
CMB, 35 concentric circles spaced 1 wm apart were centered on the CMB
in each binarized image in the time series by an observer blind to condi-
tion. Thresholded signal pixel values were binned into 5 wm radii and
then expressed as percentage area. The innermost ring (0-5 wm) was
excluded from analysis due to the appearance of autofluorescence from
the laser-induced CMB. An estimation of microglial cell number was
performed in a blinded manner by counting the number of microglial
cell bodies in each image stack, excluding any soma that were clipped at
the top or bottom of the stack.

To estimate total microglia process turnover every 4 min, binarized
images of microglia were compared with the previous imaging time
frame (e.g., 8 min frame — 4 min frame). This generated “turnover”
images with three pixel values: positive values (black pixels or “gained”
microglia signal), zero values (gray pixels or “no change”), or negative
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values (white pixels or “lost” microglia signal). Microglia turnover rates
were calculated by summing the number of pixels gained and lost, and
dividing by the total number of microglial signal pixels measured for each
time point [(#Gained + #Lost)/Sum of total microglial pixels from 2
time points]. Baseline turnover rates were averaged over the 4 baseline
imaging time points, whereas the turnover rates following CMB were
calculated as the percentage change from baseline.

Microglial process velocity toward the CMB was estimated by tracing
the linear distance of a process at baseline to where the process stopped
advancing after ablation. If a primary process from a microglia had sev-
eral branched tips, all were examined independently. Processes that
moved out of the imaging plane were excluded. The velocity for all pro-
cesses in a single imaging session (responding to one bleed) were aver-
aged for each CMB.

The polarization of microglial processes was determined by drawing a
reference line from the microglial soma to the center of the bleed (desig-
nated 0°), and then by determining the angle of each process relative to
0°. The angle for each microglial process was determined by drawing a
line from where the primary process left the soma to the tip of each
branch on the process. Values were binned in 30° increments (345°-15°,
15°—45°, etc.) and expressed as a percentage of total processes. For sta-
tistical analyses of polarity, we calculated the difference in percentage
microglial processes in the 0° bin (i.e., those processes oriented directly
toward the CMB) at 60 min versus baseline for each group. Only micro-
glial processes with a main branch length of at least 5 wm were examined.

Assessment of secondary plasma dye leakage after microbleed. To esti-
mate secondary plasma leakage after CMB, mice were first injected with
1% FITC to visualize and ablate a microvessel, which was followed by
Evans blue dye (0.5% in saline, i.v.) injection 30 min after CMB. We
waited at least 30 min after inducing the original bleed because, by this
time point, microglial processes had clearly aggregated around the CMB
and group differences in aggregation had become apparent. Two-photon
image stacks were collected within 5 min of Evans blue injection at 1.5
um z steps covering an area of 317 X 317 um (800 X 800 pixels, 0.397
um/pixel). For analysis of extravascular fluorescence, we first subtracted
a binarized image mask of fluorescently labeled blood vessels from the
original average intensity z projection image. An automated custom
macro calculated the average intensity of pixel values in 5 um radii from
the center of the CMB. The innermost measurements (<10 wm from
CMB) were excluded because of extreme pixel values created by auto-
fluorescent signal at site of damage as well as the edges of fluorescently
labeled vessels (which could not be completely subtracted out from the
mask). Because dye fluorescence within blood vessels was variable across
animals and could influence the pixel intensity values of measured ex-
travascular fluorescence, we normalized extravascular fluorescence as a
percentage of intravascular fluorescence.

Depletion of microglia. Standard mouse food chow (AIN-76A, Re-
search Diets) was enriched with the colony stimulating factor 1 receptor
antagonist (PLX5622) generously provided by Plexxikon. To extensively
deplete microglia (Elmore et al., 2014), nondiabetic mice were fed a high
dose of 1200 ppm PLX5622 mouse chow for 1-3 weeks and up to 12 h
before imaging experiments. No obvious changes in mouse behavior or
weight were detected in mice fed PLX5622 chow.

Multiplex and ELISA immunoassay. Blood serum and brain tissue
were extracted from nondiabetic and diabetic mice (4-5 weeks after
induction of diabetes) and stored frozen at —80°C until used. Tissue was
sonicated in ice-cold 0.1 M PBS-containing 1% Triton-X and 0.1% so-
dium deoxycholate, Protease Inhibitor Mixture (1:100; Sigma-Aldrich),
and Phosphatase Inhibitor Mixture 2 (1:100; Sigma-Aldrich). Following
centrifugation, the total protein concentration of each supernatant was
measured using a Direct Detect Infrared Spectrometer (EMD Millipore).
Cytokines and chemokines were then quantified using a mouse multi-
plex magnetic bead kit purchased from EMD Millipore used according to
the manufacturer’s recommendations. Each lysate sample, standard, and
quality control was measured in duplicate. Plates were read using a
MAGPIX instrument (Luminex), and results were analyzed using
MILLIPLEX Analyst version 5.1 software (EMD Millipore).

Blood was collected following decapitation and allowed to clot by
sitting undisturbed at room temperature for 15-20 min. The serum com-
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O3ar1 ™/~ eGFP reporter mice show normal microglial responses to CMB. 4, Confocal images demonstrating that eGFP labeled microglia colocalize with Iba-1, a classical marker of

microglia. Bar graphs show the density of microglia (B) and average percentage area (€) of microglia in each genotype. D, In vivo time lapse images showing microglial responses to C(MB in a
(x3cr1 ™/~ mouse given intravenous Evans blue dye to label blood vessels. £, Graphs show the progressive accumulation of microglial processes (expressed as percentage area) in 5 wm radii around
the CMB in Cx3cr1 ™/ (7 CMBs from 6 mice), (x3cr1 ™/~ (14 CMBs from 13 mice), and (x3cr1 ~/~ (6 CMBs from 4 mice) mice. The center of the bleed (05 um) was omitted from the analysis
due to the presence of auto-fluorescent signal. *p << 0.05 compares (x3cr1 */* to (x3ar1 ~/~ at 1015 um. Scale bars: A,D,E = 20 um. Data were analyzed with one-way ANOVA (B—C) or

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

ponent was isolated by centrifugation at 1500 rpm for 10 min (4°C). The
resulting supernatant was transferred into a clean Eppendorf and flash
frozen in liquid nitrogen. Total protein content in serum samples was
measured by BCA assay (Pierce, #23225). Serum was diluted 1:10, and
IEN-vy concentrations were quantified using ELISA kits (IFN-y: Abcam,
#ab100689) according to the manufacturer’s protocols. Absorbance was
measured at 450 nm using a microplate reader (Infinite M200; TECAN),
and IFN concentration was normalized to total protein concentration
per sample (pg/mg total protein).

qRT-PCR. Brain tissue was homogenized in Tri-Reagent (Ambion) via
sonification, and RNA was isolated by phenol-chloroform extraction.
c¢DNA was synthesized from 500 ng of DNase I (Invitrogen)-treated RNA
and prepared using High Capacity cDNA Reverse Transcription Kits
(Applied Biosystems). qRT-PCRs were assembled for genes of interest
(e.g., P2ry12) using 4 ul of cDNA per 50 ul reaction via PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific), and samples were run on
the StepOne Real-Time PCR system (Thermo Fisher Scientific). Expres-
sion levels were compared using the AAC, method normalized to
B-actin. Primers used for qRT-PCR were as follows: P2ry12: 5'-TAC
TGGGTAGAGTGTCATTATCGGT-3’ (forward) and 5'-TTGGTAGAT
GTGATGTGTGATTTGG-3' (reverse); Infgrl: 3-GCTCTCCGTCCTCG
TATTTCAC-5 (forward) and 5'-CCTGGCTCTCTCCATTCACAAC-3’

(reverse); Infgr2: 5'-GACTGTGAATGGGTGTGGGAAA-3" (forward)
and 5'-GACTGTGAATGGGTGTGGGAAA-3' (reverse); B-actin: 5'-G
CGGGCGACGATGCTC-3’ (forward) and 5'-GATACCTCTCTTGCTC
TGGGC-3' (reverse).

Immunohistochemistry. Mice were overdosed with sodium pentobar-
bital and transcardially perfused with 10 ml of PBS (0.1 m PBS) followed
by 10 ml of 4% PFA in PBS. Whole brains were submerged in 4% PFA
and postfixed overnight, then transferred to a 0.1 M PBS solution. Coro-
nal brain sections were cut at 50 wm on a Leica vibratome and stored in
six well trays in PBS with 0.02% sodium azide. Sections were incubated in
PBS with polyclonal rabbit anti IBA-1 (Wako, 1:500) overnight at room
temperature, washed, and then immersed in secondary antibody (Cy5
anti-rabbit in PBS, 1:500) for 45 h at room temperature. Sections were
washed, mounted on glass slides, coverslipped, and imaged with a con-
focal microscope. High-resolution image stacks of eGFP- and Cy5-
labeled microglia in the somatosensory cortex were taken with a 20X
objective (NA = 0.75, 1024 X 1024, 0.31 pm/pixel) with 1.5 wm z steps
and Kalman filtering (mean = 2).

Design and statistical analysis. Statistical analysis of the data was con-
ducted in SPSS (IBM), Office Excel (Microsoft), or Prism 7 (GraphPad).
Two-way repeated measures ANOVA was used for group comparisons
on microglial process accumulation and dynamics. One-way ANOVA
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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 (nondiabetic and

diabetic) as a factor over time (0 — 60 min)

Distance Condition Time Interaction

5-10 um Foz = 276,p=0.11 Fis a5 = 98.11,p < 0.001% Fisas) = 1:45,p = 0.11
10-15 um Fir,3=0.47,p =050 Firs 345y = 62.07,p < 0.001* Firs a5y = 043, p = 0.97
15-20 um Fop = 8.17,p <0.01* Fuis 345 = 3949, p < 0.001% Fis 345 = 348, p < 0.0071*
20-25 um Fozs = 10.16,p < 0.01% Fas 3as) = 14.54,p < 0.001% Fis 305 = 243,p < 0.01%
25-30 wm Fia,3 = 5.21,p < 0.05* Fiys,345) = 6.87,p << 0.001* Firs 345y = 449, p < 0.001*
30-35 um Fa.23 = 11.16,p < 0.01* Fas 45y = 1.09,p = 0.36 Fias 345) = 3.94,p < 0.001*

*Significant main effects.

Table 3. Analysis of microglial process accumulation based on repeated-measures ANOVAs conducted at each distance from the CMB with condition (nondiabetic and

diabetic + insulin) as a factor over time (0 — 60 min)

Distance Condition Time Interaction

5-10 wm Fq,28 = 0.21,p = 0.65 Fias 302 = 118.31,p < 0.001* Fias 30 = 0.63,p = 0.84
10-15 wm Fi28=0.13,p =071 Fas 302 = 78.10,p < 0.001* Fas 3029 = 0.58,p = 0.88
15-20 wm Fiq,28) = 1.56,p = 0.22 Fias 302 = 42.92,p < 0.001* Fas,309 = 134,p = 0.18
20-25 pum Fir,29) = 6.08, p < 0.05* Fias 302 = 13.28,p < 0.001* Fas 30 = 143,p = 0.14
25-30 wm Fa2e=112,p =030 Fas 3029 = 9.51,p < 0.001* Foas 302 = 0.56,p = 0.90
30-35 um Fa8=021,p =064 Fias 30 = 3.51,p < 0.001* Fas 309 = 0.19,p = 0.99

*Significant main effects.

was used to assess group differences in microglia cell density, process
turnover at baseline, velocity of process growth, RBC velocity, and mi-
crovessel width. Significant main effects from the ANOVA were followed
up with independent samples # tests. All p values = 0.05 were considered
statistically significant. Data are presented as mean * SEM.

Results

Heterozygous Cx3crl-eGFP mice show normal microglial
responses to microbleed

To study microglial dynamics in vivo, we first determined
whether microglia in the heterozygous Cx3crl-eGFP reporter
strain responded in a normal manner to CMB since “knock-in”
of the eGFP gene replaced a Cx3crl gene. This is an important
confound to address because previous reports have shown that
microglial activity is altered in Cx3cr1 knock-out mice (Dénes et
al., 2008; Liu et al., 2010; Tang et al., 2014). Therefore, we com-
pared microglial response dynamics in heterozygous or ho-
mozygous Cx3crl-eGFP mice (referred to as Cx3crl ¥/~ and
Cx3crl /7, respectively, in Fig. 1) to a Cx3crl-Cre driver line
crossed with a Cre-dependent YFP reporter line (referred to as
Cx3crl ™). As expected, expression of eGFP was restricted to
microglia in the brain of Cx3cr1-eGFP mice (Fig. 1A). There were
no significant genotype differences in the density (Fig. 1B;
F;54) = 0.09, p = 0.92) or percentage area occupied by microglia
(Fig. 1C; F 54y = 2.54, p = 0.10). Microglial response dynamics
to CMB were assessed for 20 min before and 60 min after CMB
(Fig. 1D). Consistent with previous studies (Davalos et al., 2005;
Nimmerjahn et al., 2005), laser ablation of a microvessel led to
the rapid accumulation of microglial processes around the lesion
(Fig. 1D). Although Cx3crl =/~ mice tended to have slightly ele-
vated microglial accumulation for regions most proximal to the
CMB (see 10—-15 um in Fig. 1E), process accumulation was very
similar between Cx3crl */* and Cx3crl ¥/~ mice (Fig. 1E, com-
pare black and yellow lines). Because Cx3crl ™/~ mice showed

<«

(Figure legend continued.) (11 CMBs from 10 mice), and diabetic mice treated with insulin (16
CMBs from 10 mice). *p << 0.05, nondiabetic versus diabetic. **p << 0.01, nondiabetic versus
diabetic. ***p < 0.001, nondiabetic versus diabetic. Ir‘p < 0.05, nondiabetic versus diabetic +
insulin. Scale bars: C, F, 20 wm. Data were analyzed with one-way ANOVA (D, E) or two-way
repeated-measures ANOVA with post hoc t tests (B, G).

normal microglial responses and the GFP signal was superior to
the Cre-dependent YFP reporter mouse line, we used heterozy-
gous Cx3crl-eGFP mice to study the impact of diabetes on mi-
croglial responses to CMB.

Diabetes impairs microglial envelopment of the microbleed
Microglial responses to CMB were examined in three experimen-
tal groups: nondiabetic controls and STZ-induced diabetic mice
treated with or without insulin (Fig. 2A). As expected, blood
glucose levels in the untreated diabetic group were chronically
elevated relative to nondiabetic and insulin-treated diabetic mice
(Fig. 2B). To determine whether any basal differences in micro-
glial labeling existed between experimental groups, we estimated
the percentage area occupied by microglia in binary images (Fig.
2C) and the number of cells per mm?> before the induction of
microbleeds. There were no significant differences between ex-
perimental groups in microglial area (Fig. 2D; F(, 44y = 1.37,p =
0.26) or density (Fig. 2E; F, 44 = 1.25, p = 0.30). Following
CMB, in vivo time lapse imaging revealed a rapid and progressive
time-dependent accumulation of microglial processes around
the site of the CMB (Fig. 2F,G). While there were no group
differences in microglial envelopment of the CMB at the inner-
most regions (5-15 um in Fig. 2F,G), hyperglycemic diabetic
mice showed significantly fewer microglial processes enveloping
the CMB at more distal sites (Fig. 2G, compare blue with red lines
from 15 to 35 um; statistics in Table 2). Treating diabetic mice
with insulin partially prevented this deficit in accumulation (Fig.
2G; statistics in Table 3). These results show that microglia envel-
opment of microbleeds is reduced in untreated diabetics, which
can be partially reversed by maintaining normal blood glucose
levels with insulin.

Because uncontrolled diabetes was associated with reduced
accumulation of microglia processes around the CMB, we ques-
tioned whether these microglia were simply less dynamic as op-
posed to less responsive. To answer this, we quantified microglia
process turnover every 4 min (Fig. 3A). Consistent with previous
work (Fuhrmann et al., 2010), approximately one-third of mi-
croglial processes changed every 4 min, and there were no signif-
icant differences between groups before inducing CMB (Fig. 3B).
Following induction of CMB, turnover rates increased equiva-
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Figure3.

Diabetes alters microglial polarity but not velocity or process dynamics. A, Montage showing microglial process turnover in response to CMB in a nondiabetic mouse. Pixels are expressed

as processes gained (black), lost (white), or no change (gray). There is a wave of gain (black) that is followed by a wave of loss (white) as the processes extend toward the CMB. B, Percentage change
in microglia process turnover every 4 min at baseline in nondiabetic (14 CMBs from 13 mice), diabetic (11 CMBs from 10 mice), and diabetic mice treated with insulin (16 CMBs from 10 mice). C,
Percentage change in microglia process turnover after CMB normalized to baseline turnover. D, Bar graph represents the velocity of process growth toward the lesion. E, Radial plots indicate the
polarity of microglial processes before and 60 min after CMB (oriented at 0° relative to each microglia). Microglia in diabetic mice were significantly less polarized after CMB than nondiabetic and
insulin-treated diabetic mice. **p << 0.01, ***p << 0.001. Scale bar: 4, 20 m. Data were analyzed with one-way ANOVA with post hoc t tests (B, D, E) or two-way repeated-measures ANOVA (C).

lently in all groups for the first 12 min and then fell below baseline
rates thereafter, presumably because many processes had reached
the site of CMB and started to stabilize (Fig. 3A,C). Microglia
turnover rates remained steady throughout the 60 min imaging
period in the absence of ablation (Fig. 3C, gray line). The velocity
of microglial process growth toward the CMB was also not sig-
nificantly different between experimental groups (Fig. 3D;
F,5) = 0.43, p = 0.64). However, the polarity of microglial

processes toward the CMB (Fig. 3E) was significantly reduced in
hyperglycemic diabetic mice (nondiabetic vs diabetic: t.,4) =
5.78, p < 0.001), which could be ameliorated with insulin treat-
ment (diabetic vs diabetic + insulin: ¢,,, = 3.39, p < 0.01). These
results indicate that uncontrolled diabetes does not alter baseline
motility or the capacity for microglia to remodel their processes
after CMB, but it does affect chemotaxic process growth toward
the CMB.
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To ensure that any group differences in
microglial responses to CMB were not ex-
plained by any differences in the proper-
ties of microvessels targeted, we assessed
RBC flow velocity and lumen width be-
fore ablation (Fig. 4A). There were no sig-
nificant differences between experimental
groups in RBC flow velocity or lumen
width (Fig. 4B,C). These results suggest
that experimental differences in micro-
glial process accumulation cannot be ex-
plained by differences in the microvessels
targeted for ablation.
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of dye was assessed immediately thereafter
(Fig. 5A). In addition, we examined the
extreme condition of depleting almost all
microglia in the cortex of nondiabetic and
diabetic mice to provide more direct evi-
dence that microglia were indeed playing
a role in repairing damaged microvessels.
Microglia were depleted by feeding non-
diabetic and diabetic mice chow containing colony-stimulating
factor 1 receptor antagonist (PLX5622) for 1-3 weeks before im-
aging (Fig. 5B). In general, microvessels leaked Evans blue dye
from the vessel segment adjacent to the CMB (Fig. 5C) with an
average displacement of 16.8 = 2 um from the site of the original
bleed. Analysis of secondary leakage sites revealed significantly
elevated extravascular fluorescence in diabetic and microglia de-
pleted groups relative to the nondiabetic controls (Fig. 5D, E).
Differences in secondary vessel leakage could not be explained by
systematic differences in blood flow (F 4,9y = 0.44, p = 0.77) or
width (F, 59, = 1.19, p = 0.33) of targeted microvessels (Fig.
5F, G). These results suggest that the blunted or absent microglial
response to CMB in diabetic or microglial depleted mice, respec-
tively, leads to increased secondary leakage from damaged
microvessels.

Figure 4.

DEX enhances microglial responses and reduces

vessel leakage

Given that diabetes is associated with abnormal immune system
function (Pradhan etal., 2011; Sickmann etal., 2012), and insulin
therapy could only partially ameliorate microglial impairments
and secondary vessel leakage, we explored the possibility that
treating diabetic mice with an immunosuppressant might rein-
vigorate microglial responses to injury. To test this hypothesis, we
treated hyperglycemic diabetic mice with the broad-spectrum
immunosuppressant DEX or vehicle for 5 d before CMB. DEX
treatment generally suppressed inflammation-related cytokines
and chemokines, especially IFN-vy in the brain of diabetic mice
relative to those given vehicle (Fig. 6A; F(, ,,, = 26.18, p < 0.001;
proteins measured 4—5 weeks after induction of diabetes). DEX

[ Non-diabetic

Bl Diabetic [] Diabetic + insulin

Microvessels targeted for CMB do not differ between groups. 4, Representative average intensity z projection images
show plasma fluorescence before and after induction of CMB. Line scans through each vessel were used to calculate RBC velocity.
B, C, Bar graphs represent RBC velocity (mm/s) and width of vessels targeted for CMB. n.s., Not significant based on one-way
ANOVA. Scale bar: 4, 25 pum.

treatment did not significantly alter the level of hyperglycemia in
diabetic mice (diabetic + vehicle: 24.64 = 1.07 mmol/L vs dia-
betic + DEX: 24.56 = 1.37 mmol/L; t,5 = 0.4, p = 0.96). As
shown in Figure 6B, microglial process accumulation around the
CMB in DEX-treated diabetic mice was significantly enhanced
relative to vehicle-treated diabetic mice (Fig. 6C, compare
magenta with red lines; statistics shown in Table 4) and was in-
distinguishable from healthy nondiabetic controls. The DEX-
mediated enhancement of microglia process accumulation was
limited to diabetic mice, as there was no further enhancement in
nondiabetic mice given DEX (Fig. 6C, compare blue and black
lines). There were no significant group differences in microglial
process turnover rates (Fig. 6D; F; 55 = 0.27, p = 0.85) and
velocity of growth toward the lesion (F(;5,, = 0.24, p = 0.86).
However, DEX treatment in diabetic mice appeared to restore the
normal polarization of microglial processes toward the CMB
(Fig. 6E). Corresponding with the improvement in microglial
responses, secondary dye leakage near the CMB was significantly
reduced in DEX-treated diabetic mice relative to vehicle-treated
mice (Fig. 6F,G). Microvessels targeted for ablation were not
significantly different between groups in terms of blood velocity
(F3.0) = 041, p = 0.75) and width (F(3 55, = 1.34, p = 0.28). In
summary, our data indicate that DEX treatment in diabetic ani-
mals can mitigate abnormal microglial responses and secondary
plasma leakage from damaged microvessels.

Role for IFN-v in abnormal microglial responses to CMB

Because broadly suppressing the immune system with DEX was
sufficient to prevent abnormal microglial responses in diabetic
mice, our next goal was to identify a specific signaling pathway
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Figure 5.  Diabetic and microglia-depleted mice show greater secondary microvessel leakage. A, Timeline of experiments conducted. Only a subset of nondiabetic and diabetic mice were fed
PLX5622 chow to deplete microglia. B, IBA-1 immunostaining for microglia in the cortex of nondiabetic (ND) mice fed reqular (left) or PLX5622 (right) chow. C, Representative images show
FITC-dextran fluorescence (green) associated with the initial induction of CMB and Evans blue dye fluorescence (magenta) when injected 30 min after CMB. Evans Blue dye egresses from sites
adjacent to the original ablation site (see arrow for “2° leakage”). D, Representative images showing extravagated Evans blue dye fluorescence 35 min after induction of CMB. E, Normalized
extravascular Evans blue dye fluorescence in nondiabetic (6 CMB in 5 mice), nondiabetic + PLX5622 (9 CMB in 5 mice), diabetic (6 CMB in 4 mice), diabetic + PLX5622 (7 CMB in 4 mice), and
diabetic + insulin mice (6 CMB in 3 mice). F, G, Graphs show baseline RBC velocity (mm/s) and width for vessels targeted in each group. *p << 0.05 compared with nondiabetic mice fed standard
diet. **p < 0.01 compared with nondiabetic mice fed standard diet. ***p << 0.005 compared with nondiabetic mice fed standard diet. Scale bars: B, 100 um; €, D, 20 wm. E, F, Data were analyzed

with ANOVA with post hoc t tests.

mediating this phenomenon. Motivated by the results of our
brain cytokine screen (Fig. 6A) and recent work showing that
microglial dysfunction in certain autoimmune diseases is related
to abnormal expression of blood-borne IFNs that permeate into

the brain (Pan et al., 1997; Filiano et al., 2016; Bialas et al., 2017),
we focused our attention on the proinflammatory cytokine
IFN-v. Given that circulating leukocytes are a major source of
IFN-v, we first measured IFN-vy expression in blood serum 4-5
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Figure 6.  DEX enhances microglia responses and attenuates vessel leakage in diabetic mice. 4, Multipleximmunoassay for brain cytokine and chemokine expression in nondiabetic and diabetic
mice treated with vehicle or DEX. B, Representative in vivo images showing microglial responses to CMB in diabetic mice given saline or DEX for 5 d before imaging. €, Analysis of microglial process
accumulation overtimein 5 m radii from the CMB in naive nondiabetic (14 CMBs from 13 mice), nondiabetic + DEX (10 CMBs from 5 mice), diabetic + vehicle (5 CMBs from 3 mice), and diabetic +
DEX mice (9 CMBs from 5 mice). D, Graphs represent percentage microglial process turnover every 4 min at baseline (left) and after CMB (right). E, Plots represent enhanced polarization of microglial
processes 60 min after CMB in diabetic mice treated with DEX. F, Representative images showing secondary leakage of Evans blue-labeled plasma 35 min after CMB. G, Quantification of normalized
extravascular fluorescence in nondiabetic (6 CMB in 5 mice), nondiabetic -+ DEX (8 CMBs from 4 mice), diabetic + vehicle (10 CMBs from 5 mice), and diabetic + DEX-treated mice (8 CMBs from
4 mice). tp < 0.05, diabetic + vehicle versus diabetic + DEX. Ttp << 0.01, diabetic + vehicle versus diabetic + DEX. t11p << 0.001, diabetic + vehicle versus diabetic + DEX. *p < 0.05,
nondiabetic versus diabetic + vehicle. **p << 0.01, nondiabetic versus diabetic + vehicle. ***p << 0.001, nondiabetic versus diabetic + vehicle. Scale bars: B, 20 wm; F, 40 m. Data were
analyzed by one-way ANOVA (D, E, G) or two-way repeated-measures ANOVA (C) with post hoc t tests.
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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 min)

Time

Interaction

Distance Condition

5-10 um Fiiy = 0.04,p = 0.83
10-15 um Faay =153,p=1024
15-20 um Fiiz = 19.45,p < 0.001%
20-25 pum Fiiz = 17.67,p < 0.001%
25-30 wm Fa,12) = 15.60, p < 0.007*
30-35 um Fi12 = 16.81,p < 0.001*

Fas180) = 62.27,p < 0.001*
Fas180) = 32.82,p < 0.001*
Fas g0y = 21.44,p < 0.001*
Fas180) = 11.03, p < 0.001*
Fas180) = 9.051,p < 0.001*
Fas s =131,p =020

Fas 180 = 2.28,p < 0.01*
Fas 180 = 152,p = 0.10
Fusaoy = 4:53,p < 0.001*
Fas 180 = 1.93,p < 0.05*
Fas 180 = 154, p = 0.09
Fas gy = 231,p < 0.01%

*Significant main effects.

weeks after the induction of diabetes. Vehicle-treated diabetic
mice had significantly elevated IFN-+y levels in blood serum rela-
tive to nondiabetic mice (Fig. 7A; t.,;, = 1.90, p < 0.05), which
was reduced with DEX treatment. Because it is possible that STZ
injection alone could induce inflammation and alter IFN-+y levels
independent of hyperglycemia, we also examined IFN-vy levels in
blood serum of STZ-injected mice that did not develop hypergly-
cemia. Serum IFN-vy levels were not significantly altered in these
mice relative to nondiabetic controls (to, = 1.34, p = 0.21).
Based on these findings, we injected hyperglycemic diabetic mice
with neutralizing antibodies to IFN-+y (over 5 d before CMB). To
validate this approach (Heink et al., 2017), we showed that dia-
betic mice treated with neutralizing antibody exhibited signifi-
cantly lower IFN-yin blood serum (Fig. 7A). Similar to the effects
of DEX treatment, blocking IFN-vy in hyperglycemic diabetic
mice enhanced microglial process accumulation around the
CMB (Fig. 7B; statistics summarized in Table 5). Microglial pro-
cess dynamics before CMB were slightly, but significantly, ele-
vated in IFN-vy IgG-treated diabetic mice (Fig. 7C), but were no
different from controls after the induction of CMB (Fig. 7D; main
effect of treatment: F(, 5,5, = 0.93, p = 0.34). Treating diabetic
mice with IFN-vy neutralizing antibody significantly increased the
polarity of microglial processes toward the CMB (t,,, = 4.92,
p < 0.001) but did not alter microglia process velocity (t,,, =
0.67, p = 0.26). Importantly, treating diabetic mice with IFN-vy
neutralizing antibody significantly reduced secondary vessel
leakage after CMB (Fig. 7E; main effect of treatment: F(, ,,,, =
21.8, p < 0.001). These treatment-related effects could not be
explained by systematic differences in blood glucose levels
(t17) = 0.28, p = 0.38), or RBC velocity (.4, = 0.06, p = 0.48)
and width (t,9) = 0.30, p = 0.52) of targeted microvessels. Thus,
treatment of diabetic mice with neutralizing antibodies to IFN-y
can restore normal microglial responses to vascular injury.

To understand how abnormal IFN-vy signaling in diabetic
mice could disrupt microglial process chemotaxis toward the
CMB, we used qRT-PCR to quantify purinergic receptor P2ryI2
and IFN-+y receptor 1 and 2 (IfngrI and Ifngr2) gene expression in
brain tissue. We focused on P2RY12 because it is primarily ex-
pressed in microglia and has a well-established role in mediating
microglial chemotaxis to tissue damage and repair of the BBB
(Haynes et al., 2006; Lou et al., 2016). Our analysis revealed that
untreated diabetes is associated with a significant downregula-
tion of P2ry12 gene expression (Fig. 8). Furthermore, we show
that DEX- or IFN-vy-blocking antibody treatment in diabetic
mice not only restored microglial process chemotaxis but also
normalized P2RY12 gene expression. Gene expression for Ifngrl
and Ifngr2 was not significantly changed across experimental
treatment groups (Fig. 8). Last, analyses of P2ryl2, Ifugrl, or
Ifngr2 gene expression in STZ injected mice that did not develop
hyperglycemia revealed no significant changes in transcript ex-
pression (P2RY12: t,4) = 0.36, p = 0.72; Ifugrl: tg) = 1.13,p =
0.28; Ifngr2: g = 1.35,p = 0.21).

Discussion

Microglia rapidly respond to stroke or injury-related signals
(Masuda et al., 2011; Rosidi et al., 2011; del Zoppo et al., 2012)
that can protect or enhance repair processes after injury (Glezer
etal.,2007; Szalay etal., 2016; Yuan etal., 2016). In support of this
idea, depletion of microglia or pharmacological inhibition of mi-
croglial chemotaxic responses exacerbates neuronal injury after
laser ablation (Hines et al., 2009), stroke (Lalancette-Hébert et
al., 2012; Fernandez-Lopez et al., 2016; Szalay et al., 2016), and
impedes the repair of the BBB (Lou et al., 2016). Indeed, we found
that depleting almost all microglia in healthy nondiabetic animals
significantly increased secondary vessel leakage after CMB. How-
ever, the relationship between microglial accumulation around
the CMB and the extent to which damaged vessels continued to
leak blood plasma was more nuanced in diabetic animals. For
instance, microglial accumulation in hyperglycemic (untreated)
diabetic mice was relatively normal at the center of the CMB
(5-15 pm radius) but significantly reduced at more distal sites
relative to nondiabetic mice. These mice also showed greatest
vessel permeability ~35 min after CMB, which may be related to
the fact that secondary plasma leakage typically emanated 15-20
um from the center of the CMB, where fewer microglial pro-
cesses would be present in diabetic mice. It is interesting to note
that enhancing microglial accumulation specifically within these
more distal regions (15-35 wm from center of CMB) with DEX-
or IEN-vy-blocking antibodies normalized the degree of vessel
leakage after CMB. The functional consequences of this failure to
seal off damaged microvessels in diabetic animals is not well un-
derstood at this time. Because extravasation of blood plasma
through leaky or ruptured vessels is associated with local loss of
dendritic spines (Zhang and Murphy, 2007; Reeson et al., 2015;
Taylor et al., 2015) and perturbation of sensory-evoked neuronal
activity (Cianchetti et al., 2013), it is possible that the disruptive
impact of microbleeds on brain circuitry would be exacerbated in
diabetic animals.

The idea of using immune-suppressing drugs to enhance the
brains’ innate immune response to injury may seem counterin-
tuitive. However, in light of our cytokine analysis data and others
showing that both Type 1 and 2 diabetes is linked with abnormal
expression of certain inflammatory cytokines and chemotactic
factors (Pradhan et al., 2011; Dey et al., 2014; Oubaha et al,,
2016), it is conceivable that a blunted microglial response may be
related to a reduced sensitivity to injury/inflammation-related
signals (Davalos et al., 2005, 2012; Kim and Cho, 2016). In this
scenario, chronic IFN-vy inflammation in diabetic mice may
downregulate the expression of receptors on microglia critical for
mediating chemotactic responses (Kettenmann et al., 2011; Tay
et al., 2017). Thus, when vascular injury occurs, microglia only
grow toward the center of the lesion where chemotactic factors
are highest, bypassing or ignoring weaker signals further away
from the CMB. This could explain why microglia accumulation
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Role for IFN--yin abnormal microglial responses to CMB. A, IFN--y protein expression in blood serum. B, Top, Two-photon images of microglial responses before (0 min) and 60 min after

(MB. Bottom, Analysis of microglial process accumulation in diabetic + vehicle orisotype control IgG (9 CMBs from 5 mice), and diabetic + IFN-+y blocking IgG (11 CMBs from 6 mice)-treated mice
as a function of distance from the center of the CMB. C, Microglia process turnover every 4 min before the induction of CMB. D, Microglia process turnover (normalized to baseline) over 60 min period
after CMB. E, Left, Representative in vivoimage projections of secondary vessel leakage collected 35 min after CMB. Right, Quantification of normalized extravascular dye fluorescence in diabetic mice
treated with vehicle or isotype control IgG (13 CMBs from 7 mice) or IFN-+ blocking IgG (10 CMBs from 5 mice). *p = 0.05, **p << 0.01, ** *p < 0.05, diabetic + vehicle versus diabetic + IFN-y
blocking IgG. *p < 0.01, diabetic -+ vehicle versus diabetic + IFN-y blocking IgG. Scale bars: B, 20 um; E, 50 um. B, D, E, Data were analyzed by two-way ANOVA with post hoc t tests.

near the center of the CMB was relatively normal in diabetic mice
but reduced at more distal sites. Indeed, using qRT-PCR, we
found that untreated diabetes was associated with a significant
reduction in brain P2ryl2 mRNA expression compared with

nondiabetic controls, which could be reversed by treating dia-
betic mice with DEX- or IFN-y-neutralizing antibodies. This im-
pairment in microglial chemotactic responses and associated
reduction in P2ryl12 mRNA expression mirrored what has been
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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 + IFNy-blocking IgG) as a factor over time (0 — 60 min)

Distance Condition Time Interaction

5-10 um Fris = 0.38,p =054 Frs 270) = 67.65,p < 0.001% Fusarg = 0.73,p =074
10-15 um Fa15=0.39,p =053 Fias,270) = 31.47,p < 0.001% Fias,270) = 0.57,p = 089
15-20 um Fiq.15 = 6.85,p < 0.05* Fias 270) = 23.63,p < 0.001% Fias 270y = 3.44,p < 0.001*
20-25 um Fris = 9.08,p < 0.01% Fis 270) = 13.00,p < 0.001% Fis 270 = 1:50,p = 0.11
25-30 wm Fas) = 5.92,p <0.05* Fias 2700 = 7.37,p < 0.001* Fas,z70) = 1.04,p = 0.41
30-35 um Fuursy = 6.23,p < 0.05* Fus 270y = 2.97,p < 0.001% Fusa0 = 077,p = 0.71

*Significant main effects.
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described with systemic inflammation (Gyoneva et al., 2014;
Holtman etal., 2015) and aging (Damani et al., 2011; Hickman et
al., 2013; Rawji et al.,, 2016). It is also interesting to note that
diabetes-related changes to chemotaxic behavior (i.e., reduced
process orientation and envelopment of bleeds) were dissociable
from basal motility of processes, often referred to as “surveil-
lance” activity. Indeed, several studies have shown that these mi-
croglial behaviors are separate and controlled by different
mechanisms (Hines et al., 2009; Madry et al., 2018). Future stud-
ies will be needed to address how diabetes and perhaps specifi-
cally IFN-vy differentially affect microglial behaviors.

Consistent with the hypothesis that chronic elevation of in-
flammatory cytokines in diabetic mice underlies changes in mi-
croglial responses to injury, administering a broad-spectrum
immunosuppressant (DEX) to diabetic mice normalized micro-
glia responses. Although we recognize that glucocorticoids have
pleiotropic actions and microglia express glucocorticoid recep-
tors (Carrillo-de Sauvage et al., 2013; Holtman et al., 2014), the
fact that DEX treatment had no effect in healthy nondiabetic
controls suggests that it likely acts via modulation of the immune
system, rather than a direct effect on microglia. Moreover, DEX
treatment normalized levels of IFN-+ in the blood serum of dia-
betic mice, implying that maintaining healthy levels of IFN-y
signaling could be a critical factor. In support of this mechanism,
repeated intravenous injections of an IFN-vy blocking antibody in
diabetic mice were sufficient to mimic the beneficial effects of
DEX and normalize microglial responses and vessel leakage fol-
lowing CMB. The idea that elevated IFN-vy in blood could alter
microglial behavior is supported by data showing that IFN-y
permeates the BBB (Pan et al., 1997) and microglia highly express
IFN-vy receptors (Lavin et al., 2014; Zhang et al., 2014). Further,
these findings build on accumulating evidence that chronic ele-
vation of blood-borne IFNs can influence microglial behavior,
often with detrimental changes in brain function associated with
aging, autoimmune diseases such as lupus, or neuropathic pain
(Tsuda et al., 2009; Baruch et al., 2014; Goldmann et al., 2016;
Bialas et al., 2017).

P2ry12 mRNA expression correlates with diabetes-related impairments and rescue of microglial process chemotaxis.
Graphs represent normalized (to 3-actin) Ifngr1, Ifngr2, or P2ry12 receptor expression mRNA expression in somatosensory cortex.
P2ry12,butnot lfngr1, Ifngr2 mRNA expression, was significantly reduced in untreated diabetic mice, which could be reversed with
DEX treatment or IFN--y-blocking antibodies. *p << 0.05 nondiabetic versus untreated diabetic mice.

Identifying the exact source of elevated
IFN-v and the forces driving its increase
in diabetic animals will require further
study. First, it is well established that pro-
inflammatory CD4 " and CD8 * T helper
and natural killer cells in the blood are the
primary sources of IFN-y (de Weerd and
Nguyen, 2012). However, there is some
evidence that microglia, atleast in cell cul-
ture, can produce small amounts of [IFN-y
(Kawanokuchi et al., 2006). Therefore,
our finding of elevated IFN-+y in blood se-
rum of diabetic mice is presumably de-
rived from T helper and natural killer
cells. In the brain, however, it is possible
that IFN-v is derived from both leukocytes and resident micro-
glia. One predominant hypothesis regarding why IFN-vy levels
would be elevated in diabetic mice is that metabolic processes in
vascular endothelial cells are chronically perturbed due to expo-
sure to hyperglycemic conditions. This is plausible because glu-
cose uptake in endothelial cells occurs via facilitated diffusion
through glucose transporters rather than insulin-dependent
transporters. As a result, intracellular glucose concentrations are
abnormally high in endothelial cells, which leads to the genera-
tion of reactive oxygen species, advanced glycation end products,
and ultimately damages the integrity of the vascular endothelium
(Vinik and Flemmer, 2002). Thus, the vascular endothelium is in
a chronic state of injury, thereby recruiting the adaptive immune
response which enhances IFN-+y production. Indeed, there is an
extensive body of literature implicating abnormal IFN-vy produc-
tion and signaling with the pathogenesis of Type 1 diabetes (see
Wang et al., 1997; Marwaha et al., 2014). It is important to note
that the link between elevated IFN-y and diabetes is not restricted
to just the STZ model but has been described in other rodent
models of diabetes (Rabinovitch et al., 1996; Hwang et al., 2014;
Vuong et al., 2017), as well as in humans with Type 1 diabetes
(Nicoletti et al., 2002; Alizadeh et al., 2006; Kaas et al., 2012;
Allam et al., 2014).

Treating hyperglycemic mice with insulin (~1 week after STZ
injection) was only partially successful in restoring normal mi-
croglial responses to CMB and secondary microvessel leakage.
While there is evidence that insulin can reverse some neurologi-
cal complications associated with diabetes (Biessels et al., 1999),
our findings are generally consistent with previous work showing
that insulin therapy cannot fully rescue diabetes-related impair-
ments in blood flow dynamics, sensory circuit remodeling, or
BBB disruption after stroke (Sweetnam et al., 2012; Tennant and
Brown, 2013; Reeson et al., 2015). One caveat with our study was
that slow-release insulin pellets were not perfect in maintaining
blood glucose levels within the normal range, as levels were
slightly but significantly elevated relative to nondiabetic mice.

Ifngr2
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Therefore, the partial improvement in diabetic mice may be re-
lated to the fact blood glucose levels were close to, but not quite,
normal. In addition to regulating blood glucose levels, insulin
signaling could directly influence microglia function. Microglia
express insulin growth factor receptor 1 (IGFR1) and possibly
insulin receptor/IGFR1 heteromers (Varewijck and Janssen,
2012). If circulating insulin is important for maintaining micro-
glial chemotactic responses, then disrupting insulin signaling in
our mouse model of diabetes could account for microglial dys-
function. It is worth stating that we do not suspect that the ad-
ministration of STZ in our mouse model caused any direct injury
to the brain or microglia because we have previously shown that
equivalent or higher doses of STZ do not produce any signs of cell
death or toxicity in the brain (Sweetnam et al., 2012). Moreover,
we compared IFN-+y serum protein levels and brain P2RY12 gene
expression in mice that were injected with STZ but did not be-
come hyperglycemic relative to those that were injected with ve-
hicle solution. In both of these nondiabetic controls, we found no
significant differences in either dependent measure, suggesting
that STZ injection alone (without hyperglycemia or at least ab-
normal glucose regulation) cannot mimic effects described in our
hyperglycemic diabetic group.

In conclusion, we have applied real-time in vivo imaging to
assess the impact of diabetes on microglial response dynamics to
CMB. Using two-photon microscopy, we show that chronic hy-
perglycemia in the STZ model of Type 1 diabetes leads to de-
creased microglial process accumulation and polarization
around the site of microvascular injury, concomitant with in-
creased leakage of blood plasma from damaged microvessels.
These impairments were partially prevented by lowering blood
glucose levels with insulin. However, treating hyperglycemic di-
abetic mice with DEX or an IFN-vy blocking antibody was suffi-
cient to restore normal microglial responses to CMB and mitigate
secondary microvessel leakage. To our knowledge, this is the first
study to implicate abnormal IFN signaling as a critical factor
behind impaired wound healing in the diabetic brain.
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