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Neurobiology of Disease

Pericytes as Inducers of Rapid, Matrix Metalloproteinase-
9-Dependent Capillary Damage during Ischemia

Robert G. Underly,! Manuel Levy,! “David A. Hartmann,' Roger I. Grant,' Ashley N. Watson,' and Andy Y. Shih!*

'Department of Neurosciences and 2Center for Biomedical Imaging, Medical University of South Carolina, Charleston, South Carolina 29425

Blood- brain barrier disruption (BBB) and release of toxic blood molecules into the brain contributes to neuronal injury during stroke
and other cerebrovascular diseases. While pericytes are builders and custodians of the BBB in the normal brain, their impact on BBB
integrity during ischemia remains unclear. We imaged pericyte-labeled transgenic mice with in vivo two-photon microscopy to examine
the relationship between pericytes and blood plasma leakage during photothrombotic occlusion of cortical capillaries. Upon cessation of
capillary flow, we observed that plasma leakage occurred with three times greater frequency in regions where pericyte somata adjoined
the endothelium. Pericyte somata covered only 7% of the total capillary length in cortex, indicating that a disproportionate amount of
leakage occurred from a small fraction of the capillary bed. Plasma leakage was preceded by rapid activation of matrix metalloproteinase
(MMP) at pericyte somata, which was visualized at high resolution in vivo using a fluorescent probe for matrix metalloproteinase-2/9
activity, fluorescein isothiocyanate (FITC)-gelatin. Coinjection of an MMP-9 inhibitor, but not an MMP-2 inhibitor, reduced pericyte-
associated FITC-gelatin fluorescence and plasma leakage. These results suggest that pericytes contribute to rapid and localized proteo-

lytic degradation of the BBB during cerebral ischemia.
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Significance Statement

Pericytes are a key component of the neurovascular unit and are essential for normal BBB function. However, during acute
ischemia, we find that pericytes are involved in creating rapid and heterogeneous BBB disruption in the capillary bed. The
mechanism by which pericytes contribute to BBB damage warrants further investigation, as it may yield new therapeutic targets
for acute stroke injury and other neurological diseases involving capillary flow impairment.

Introduction

The blood—brain barrier (BBB) is a highly selective vascular
structure that prevents harmful blood-borne substances from en-
tering the brain (Sandoval and Witt, 2008). Increased BBB per-
meability worsens stroke outcome by exposing neurons to blood
components, increasing tissue edema (Larrue et al., 1997) and
limiting the window for thrombolytic treatment (Hawkins and
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Davis, 2005; Desilles et al., 2013). Cerebral pericytes may play a
role in BBB changes after stroke, as they are essential for the
proper formation and maintenance of the BBB in the normal
brain (Winkler et al., 2011; Liu et al., 2012). Their continuous
signaling with the endothelium promotes normal tight junction
development, and regulates vesicular trafficking and immune cell
infiltration across the endothelium (Armulik et al., 2005; Dane-
man et al., 2010; Ben-Zvi et al., 2014). An inability to recruit
pericytes to the endothelium in embryonic lethal PDGFB or
platelet-derived growth factor receptor 8 (PDGFR) knock-out
mice results in severe vascular abnormalities (Hellstrom et al.,
1999), plasma leakage, and microaneurysm formation (Lindahl
etal., 1997). A partial congenital loss of PDGFRf3 signaling allows
animals to survive to adulthood, but progressive BBB impair-
ments increase with age, resulting in neural dysfunction and cog-
nitive decline (Bell etal., 2010). Perturbation of pericyte signaling
during adulthood results in increased endothelial transcytosis,
indicating that pericytes maintain BBB function even after stable
integration into the vasculature (Armulik et al., 2010). Further-
more, a polymorphism in the Foxf2 gene, which is physiologically
important for pericyte regulation of the BBB (Reyahi et al., 2015),
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increases the risk of stroke in humans (Neurology Working
Group of the Cohorts for Heart and Aging Research in Genomic
Epidemiology Consortium, Stroke Genetics Network, Interna-
tional Stroke Genetics Consortium, 2016).

While BBB dysfunction caused by genetically induced defects
in pericyte signaling has been well studied, it is less clear how
normally developed pericytes in the adult brain respond to acute
ischemia. Early ultrastructural studies have shown that some
pericytes migrate from the endothelium during ischemia and
traumatic brain injury (Takahashi et al., 1997; Dore-Duffy et al.,
2000; Duz et al., 2007). More recent work has suggested that
capillary pericytes die earlier than other cells of the neurovascular
unit during stroke (Hall etal., 2014). The most well studied aspect
of this vulnerability is the effect of the aberrant contraction of
pericytes (or closely related smooth muscle cells), which can in-
fluence capillary diameter and the quality of cerebral blood flow
during reperfusion (Peppiatt et al., 2006; Yemisci et al., 2009;
Fernidndez-Klett et al., 2010; Hall et al., 2014; Hill et al., 2015;
Attwell etal., 2016). However, another consequence of early peri-
cyte death could be BBB disruption, which is relatively unex-
plored. Cultured pericytes have recently been shown to produce
matrix metalloproteinases (MMPs; Thanabalasundaram et al.,
2011; Takahashi et al., 2014), which are key mediators of BBB
disruption during stroke (Yang et al., 2007; Barr et al., 2010) and
during small-vessel disease in dementia (Weekman and Wilcock,
2015). In particular, various inflammatory signaling cascades can
induce pericyte MMP-9 expression in vitro (Takata et al., 2011;
Machida et al.,, 2015) and in vivo (Gurney et al., 2006; Bell et al.,
2012). This suggests that, unlike their supportive roles during
normal brain function, pericytes may open a route for vascular
leakage by enhancing MMP activity during ischemia.

Here, we used in vivo two-photon microscopy to study the
relationship among pericytes, MMP activity, and BBB leakage
during ischemia within the cortical capillary bed (Shih et al.,
2013; Taylor et al., 2016). We occluded a small region of the
capillary bed by photothrombosis to better preserve imaging
quality. We further imaged transgenic mouse lines expressing
fluorescent reporters specifically in pericytes to unambiguously
identify these structurally elaborate cells and their ovoid-shaped
somata (Hartmann et al., 2015). Finally, we used a fluorescein
isothiocyanate (FITC)-conjugated gelatin probe to detect gelati-
nase activity (MMP-2/9) in vivo with high spatiotemporal reso-
lution. Our findings show that ischemia results in rapid (tens of
minutes) and localized activation of MMP-9 and plasma leakage,
preferentially where pericyte somata adjoin the capillary wall.
These results provide strong evidence that pericytes are contrib-
utors to early BBB degradation during ischemia.

Materials and Methods

Mice. tdTomato reporter mice (Ail4) on a C57BL/6 background were
purchased from The Jackson Laboratory (stock #007914; Madisen et
al., 2010). These mice were bred with the following two different Cre
driver lines to achieve transgene expression in pericytes: PDGFRS-
Cre mice (a gift from Volkhard Lindner, Maine Medical Center Re-
search Institute, Portland, Maine; Cuttler et al., 2011) and neural/glial
antigen 2 (NG2)-CreER mice (stock #008538, The Jackson Labora-
tory; Zhu et al., 2011). Mice were maintained in standard cages on a
12 hlight/dark cycle, and housed five or fewer per cage. Following any
surgical procedure, mice were housed singly. Both male and female
mice were used, and all mice used were between 2 and 5 months of
age. To induce transgene expression in NG2-CreER mice, tamoxifen
dissolved in corn oil/ethanol (9:1) was injected intraperitoneally at a
dose of 100 mg/kg, every 24 h for 5 consecutive days (Madisen et al.,
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2010). These mice were then imaged within 2 weeks after the final
tamoxifen injection.

Surgery. Polished and reinforced thinned-skull windows (Shih et al.,
2012) or skull-removed, dura-intact craniotomies (Mostany and
Portera-Cailliau, 2008) were generated over the sensorimotor cortex to
achieve optical access for two-photon imaging. When intracortical injec-
tions of FITC-gelatin and other drugs were required (see below), craniot-
omies were generated, and animals were imaged immediately after
sealing the craniotomy with a coverslip. Otherwise, imaging was con-
ducted the day after polished and reinforced thinned-skull window gen-
eration. Anesthesia was induced with isoflurane (Patterson Veterinary)
at 3% mean alveolar concentration in 100% oxygen (AirGas) and main-
tained at 1-2% during surgery. Body temperature was maintained at
37°C with a feedback-regulated heat pad. All animals were administered
buprenorphine for analgesia before surgery at a concentration of 0.025
mg/kg. These procedures were approved by the Institutional Animal
Care and Use Committee at the Medical University of South Carolina.

In vivo two-photon microscopy. Two-photon imaging was performed
with a Sutter Moveable Objective Microscope and a Coherent Ultra II
Ti:Sapphire laser source. Excitation was 975 nm for imaging FITC-
dextran and tdTomato. Excitation was 800 nm for experiments involving
FITC-gelatin and Texas red-dextran. In the latter case, excitation was
tuned to 975 nm to capture tdTomato fluorescence at the start of each
experiment. Green and red emission was simultaneously collected using
ET525/70m and ET605/70m filter sets, respectively (Chroma). Through-
out the duration of imaging, mice were maintained under light isoflurane
(0.75%) supplied in medical air (20-22% oxygen and 78% nitrogen,
moisturized by bubbling through water; AirGas). Pulse oximetry
(MouseOx, Starr Life Sciences) was used to monitor blood oxygen satu-
ration and heart rate to ensure that cardiovascular function was normal
during imaging.

Procedures for blood flow imaging and analysis have been described
previously (Shih et al., 2012). Briefly, the blood serum was labeled by an
infraorbital vein injection of 0.025 ml of FITC-dextran (2 MDa; FD2000S
Sigma-Aldrich) or Texas red-dextran (70 kDa; D-1830, Life Technolo-
gies) prepared at a concentration of 5% (w/v) in sterile saline. A 4%, 0.13
numerical aperture (NA) air-objective lens (UPLFLN 4 X, Olympus) was
used to generate vascular maps of the entire window for navigational
purposes. High-resolution imaging was performed using a water-
immersion 20X, 1.0 NA objective lens (XLUMPLFLN 20XW, Olympus).
Tissue volumes sampled at high resolution were 211 X 211 X 150 um in
the x-, y-, and z-planes, respectively. Lateral sampling (x, y) was 0.41
pm/pixel, and axial sampling (z) was 1 wm/pixel.

Photothrombotic occlusions. For restricted photothrombotic occlusion
of capillaries, a focused green laser (1 mW, 20 wm diameter at the focal
plane) was applied directly to the superficial capillary bed (avoiding peri-
cyte somata), immediately following a retro-orbital vein injection of
~25-50 ul of Rose Bengal, prepared at 1.25% (w/v) in sterile saline. This
led to diffuse irradiation of surrounding capillaries, resulting in the loss
of capillary flow and gradual BBB leakage. We titrated the extent of
capillary occlusion by modifying the duration of irradiation while keep-
ing intravenous Rose Bengal dose fixed. The experiments in this study
involved a 25 s green laser irradiation. On rare occlusions (2 of 56 occlu-
sions), the photothrombosis led to immediate BBB damage (<5 min
postocclusion), likely due to damage of a larger venule or arteriole. These
data were omitted from the analyses.

Quantification of capillary leakage sites. Vascular leakage was quan-
tified from 3D renderings of the FITC-dextran-labeled green channel
using Imaris 7.7 software (Bitplane), and also confirmed in two-
dimensional images by scrolling through two-photon image stacks
with Fiji software. Leakage events were defined as the localized per-
meation of FITC-dextran from the intravascular space into the sur-
rounding parenchyma. Leakage sites typically possessed an intensely
fluorescent focus surrounded by a more diffuse cloud of fluorescence.
The position of the leakage focus was first established by visual in-
spection, and then the second, tdTomato-positive imaging channel
was used to determine its position relative to a pericyte soma. To be
counted as a soma-specific event, the focus of the leakage site needed
to be within 3 wm from the edge of a pericyte soma at its first obser-
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Induction of capillary ischemia during two-photon imaging. a, Schematic demonstrating the imaged tissue volume. Focal photothrombotic irradiations were directed at the capillary

bed to generate restricted regions of capillary ischemia. b, Experimental time course forimaging of vascular leakage after photothrombosis. ¢, Progression of capillary intravenous dye (FITC-dextran)
leakage following photothrombosis. The focal point of the green photothrombosis laser is marked with a yellow circle. White arrows correspond to leakage sites. d, Schematized vascular map from
cto show capillaries with red blood cell flow (black) or without flow (red). Regions of intravenous dye leakage are shown in green. e, Mean number of nonflowing capillary segments over the
experimental time course. The zero time point is collected immediately following occlusion. f, Mean number of leakage sites occurring within the imaging field over the experimental time course.
N = 18 occlusion sites over 10 mice for both e and . The number of capillary segments or leakage sites is counted within the sampled tissue volume, 0.007 mm 3. Data are shown as the mean =+ SEM.

vation following photothrombosis. This offered a ~5% error margin
on either side of a pericyte soma, considering that the median length
of capillary segments in cortex is 50 um (Blinder et al., 2013). At each
imaging time point, leakage sites associated with a pericyte soma
(pericyte) or not associated with one (nonpericyte) were counted to
obtain a cumulative tally over time for each site of photothrombotic
irradiation. The rate of leakage site formation was then determined
for pericyte soma and nonpericyte groups by performing a linear
regression of the time course data and calculating the slope of
the fit.

In a subset of leakage events, we quantified the spatial extent of capil-
laryleakage plumes. These analyses were performed on 3-D renderings of
the FITC-dextran-labeled channel (see Fig. 2. A string of 16 regions of
interest (ROIs; with dimensions 8 X 8 X 16 um in the x-, y-, and
z-planes, respectively) were placed along the capillary of interest, and the
volume of FITC in each ROI was measured before and after ischemia.
Regardless of the position of pericyte somata, the ROI with the highest
FITC-dextran volume after occlusion was centered at ROI 8. If a
tdTomato-positive pericyte soma partially resided within the central
ROIs (ROIs 7-9), the leakage site was categorized as a pericyte soma-

specific leakage event. All other cases were categorized as nonpericyte
soma events.

In vivo gelatin zymography. An FITC-gelatin probe (Bozdagi et al.,
2007; DQ-Gelatin, D12054, Life Technologies), diluted to a concentra-
tion of 1 mg/ml in sterile PBS, was pressure injected into the cortex using
a pulled glass pipette (10—20 wm tip diameter). The pipette tip was
lowered 250 wm into the cortex with a Sutter MP-285 manipulator fol-
lowing the removal of a circular portion of skull (~2 mm) over the
somatosensory area. A small excision was made in the dura mater using a
26 gauge syringe needle tip for entry of the glass pipette. FITC-gelatin was
injected over 5 min using a Picospritzer (1020 ms pulses, 5-15 psi, 0.5-2
Hz pulse frequency) until 200 nl was delivered. The injection pipette was
then left in place for 10 min before removal from the cortex. The crani-
otomy was then overlaid with 1.5% agarose followed by a circular cover-
slip. The coverslip was fixed in position with dental cement before
two-photon imaging.

FITC-gelatin-labeled cells were quantified in image stacks using Fiji
software. Cell bodies that were positive for FITC-gelatin were defined as
cells with 35% greater fluorescence intensity than the surrounding neu-
ropil. Cells that colocalized with pericyte somata (tdTomato) were
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Spatial profile of capillary leakage at pericyte soma and nonsoma locations. a, Schematic showing leakage site occurring at a pericyte soma and 16 ROIs used for the quantification in

¢. ROl dimensions were 8 X 8 X 16 wm in the x-, y-, and z-planes. The ROl of greatest leakage volume was placed at the central ROI (ROI 8). b, Representative 3-D renderings of intravenous dye
extravasation ata pericyte soma (red arrow). ROIs (purple, showing actual volume occupied by intravenous dye) were strung along the capillary segment to quantify the volume of dye at preocclusion
and 30 min postocclusion. The site of plasma leakage is shown with a white arrow. ¢, Mean intravenous dye volume per ROI for five pericyte soma leakage sites (over three mice). The location of the
pericyte somata, from the tdTomato channel, corresponds with the ROIs with the greatest volume of extravasated dye. The green trace is data from the specific leakage site shown in b. *p << 0.05
and **p < 0.01 denote a significant volume increase from preocclusion values for the same ROI; multiple paired ¢ tests. ROI 3, p = 0.033; R0I 6, p = 0.012;R0I 7,p = 0.003; R0I 8, p = 0.012; ROI
9,p = 0.019;R0I 10, p = 0.035. Data are shown as the mean == SEM. d—f, Equivalent analyses shown in panels (a- c) for five leakage sites (over three mice) occurring in the absence of a pericyte
soma. In f, pericyte somata for four of five cases were present in the sampled regions, but the positions of these somata were not correlated with the peak leakage volume. *p << 0.05 and **p <
0.01 denote a significant volume increase from preocclusion values for the same ROI; multiple paired ¢ tests. ROl 1, p = 0.031; R0 7, p = 0.015;R0I 8, p = 0.001; ROI 9, p = 0.042. Data shown as

the mean = SEM.

counted as FITC-gelatin-positive pericytes. Areas of heightened FITC
fluorescence that did not colocalize with pericyte somata, but exhibited
some cellular morphology, were counted as FITC-gelatin-positive non-
pericytes (see Figs. 5, 6). For studies using MMP-9 knock-out mice (stock
#007084, The Jackson Laboratory) and C57BL/6 controls (stock
#000664, The Jackson Laboratory), two-photon image stacks covering a
7 pwm thickness ~75 um below the pia were maximally projected. The
fluorescence intensity across the entire image field was quantified using
Fiji software with no discrimination for specific cell types.

Matrix metalloproteinase inhibition: systemic administration. GM6001
and SB-3CT were administered intraperitoneally at concentrations of
100 mg/kg (Lee et al., 2006) and 25 mg/kg (Gu et al., 2005), respectively.
Both compounds were first dissolved in pure dimethylsulfoxide
(DMSO), and then polyethylene glycol (PEG) and PBS were added to
complete the vehicle (38% DMSO, 31% PEG, 31% PBS). Since a high
level of DMSO was required to completely dissolve the compounds, we
also included a vehicle-only injection group.

Intracortical injections. Isoform-specific inhibitors of gelatinases were
coinjected with FITC-gelatin since their ability to pass the BBB has not
been studied in detail. These included the MMP-2 inhibitor oleoyl-N-
hydroxylamide (catalog #444244, EMD Millipore; MMP-2, inhibitory
constant (K;) = 1.07 um; MMP-9, K; > 50 uMm,), and MMP-9 inhibitor
C,,H33N;0,S (catalog #444278, EMD Millipore; MMP-9, K; = 5 nwm;
MMP-1, K; = 1.05 mm; and MMP-13, K; = 113 nm; Smith et al., 2014).
Both compounds were first dissolved in pure DMSO and then diluted to
working concentrations in 1 mg/ml FITC-gelatin in PBS. A total of 5

pmol MMP-2 inhibitor or 0.02 pmol MMP-9 inhibitor was injected per
animal. These amounts were calculated to be ~20 times above the K; for
the target isoform, to account for dilution once injected into the cortex,
but were well below brain concentrations that could nonspecifically af-
fect other MMP isoforms. All imaging studies were performed within the
first 2-3 h following drug injection. A vehicle injection group was not
included for intracortical injection experiments because the final DMSO
concentration was negligible (0.24% v/v). No animals died as a result of
drug administration in these studies. While no randomization of animals
was used during data collection, the analyses were performed with the
rater blinded to treatment groups.

Statistics. All statistical analyses were performed using custom code
written with MATLAB or SPSS software. Statistical details are provided
in the legend of each figure. Our sample size is similar to those of previ-
ously reported studies using related techniques (Shih et al., 2013; Taylor
etal., 2016). The normality of datasets was examined using the Lilliefors
test to decide upon the use of parametric or nonparametric analyses.

Results

Induction of capillary ischemia in mouse cortex using
targeted photothrombosis

We established a highly reproducible model of capillary ischemia
by inducing photothrombotic occlusion of superficial cortical
capillaries in vivo (Fig. 1a). A high-molecular weight fluorescent
dye (2 MDa FITC-dextran) was first intravenously injected to
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Capillary leakage sites occur preferentially at pericyte somata. a, b, Representative high-resolution examples of capillary leakage occurring at the pericyte soma. Leakage is observed

with both PDGFR3-tdTomato (a) and NG2-tdTomato (b) mice. The locations of pericyte somata are marked with red arrows, while the first observation of local intravenous dye leakage is marked
with white arrows. Images are maximal projections over ~15 wm of tissue. ¢, d, Mean number of leakage sites occurring at the pericyte soma, versus regions with no pericyte soma, plotted as a
function of time. p << 0.001 (main effect), £, g7 34 45) = 18.553 for PDGFR 3-tdTomato (n = 7 occlusion sites over four mice), and p < 0.001 (main effect), £, 35 37,66 = 9.343 for NG2-tdTomato
(n = 11 occlusion sites over six mice); two-way ANOVA with repeated-measures with Greenehouse—Geisser correction. Data are shown as the mean == SEM.

label the blood plasma for imaging. Following a subsequent in-
travenous injection of the photosensitizing agent Rose Bengal,
the cortical surface was briefly irradiated with a focused green
laser. The evolution of capillary flow and leakage was then
tracked with two-photon microscopy over a period of 3 h (Fig.
1b,c). The irradiation led to the immediate cessation of flow in a
subset of capillaries within the imaging field (~10 nonflowing
capillary segments in a 0.007 mm? imaging volume containing
~20 total capillary segments, where “segment” is defined as a
capillary region between two branch points), and the majority of
these capillaries remained nonflowing for the duration of imag-
ing (Fig. 1d,e, red lines). Within 30 min postonset, we observed
deterioration of the BBB, which manifested as extravasation of
the fluorescent intravenous dye (Fig. 1¢,d,f). We noted that leak-
age was heightened in small regions along the capillary, spanning
10—40 wm in length, despite the loss of flow through entire cap-
illary segments that were typically 50—100 wm in length. Leakage
occurred only in capillaries experiencing complete cessation of
blood flow (0% of 56 flowing segments, and 60% of 39 nonflow-
ing segments within the same imaged tissue volume). This sug-
gested that localized BBB leakage was an effect of capillary
ischemia, rather than nonspecific actions of phototoxicity or ox-
idative injury, which would have similarly affected flowing capil-
laries (Fig. 1d, black lines). We performed initial studies with a
high-molecular weight dextran (2 MDa), which diffused more
slowly and allowed the initial sites of extravasation to be better
discerned (Chen et al., 2009). However, subsequent studies
showed similar leakage with a 70 kDa Texas red-dextran, indicat-
ing extravasation of smaller blood components as well.

Plasma leakage emerges preferentially at pericyte somata
We examined the spatial relationship between localized capillary
leakage and the position of pericyte somata, which were visible in

a second channel when imaging PDGFRB-tdTomato mice (Fig.
2). The leakage sites typically possessed an intensely fluorescent
focus surrounded by a more diffuse cloud of fluorescence. We
observed leakage sites closely associated with pericyte somata as
well as sites away from pericyte somata. These events were cate-
gorized as pericyte specific or non-pericyte specific, based on the
localization of the somata to the focus of the plasma leakage
plume (see Materials and Methods). To confirm that our visual
inspection truly captured this dichotomy, we used a series of
adjacent ROIs strung along a subset of capillaries to measure the
volume of extravasated intravenous dye relative to the pericyte
soma (Fig. 2a,b). These data confirmed that, in many cases, the
ROI with the greatest dye extravasation volume overlapped di-
rectly with the location of the pericyte soma (Fig. 2a—c). At
leakage sites not associated with pericyte somata, the dye extrav-
asation profile was similar to pericyte soma leakage sites (Fig.
2d—f).

We next quantified the relative abundance of leakage sites
occurring at pericyte soma versus nonsoma locations (Fig. 3).
Over a 3 h postocclusion period, pericyte soma leakage sites de-
veloped at approximately three times the rate of nonsoma leakage
sites (i.e., ~80% of all leakage sites observed; Fig. 3a,c). A similar
effect was observed in another pericyte-labeled mouse line,
NG2-tdTomato (Fig. 3b,d). Using cortical vascular reconstruc-
tions from PDGFR3-tdTomato mice (Hartmann et al., 2015), we
determined that only 7.1 = 0.4% (mean = SD) of the total cap-
illary length was in contact with pericyte somata, while the re-
mainder was covered by the extensive pericyte processes (105
mm of total capillary length examined from n = 3 mice). Thus, a
disproportionate number of leakage sites were occurring in a
restricted fraction of the capillary bed where pericyte somata were
located.
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Figure4. Systemicadministration of MMP inhibitors attenuates leakage occurring at pericyte somata. a, b, Representative examples of capillaries before and 90 min following photothrombosis
with various treatment groups. These studies were performed with NG2-tdTomato mice. Mice were intraperitoneally injected with a broad-spectrum MMP inhibitor, GM6001, or an MMP 2/9-specific
inhibitor, SB-3CT, and compared with vehicle-treated or nontreated controls. Data for the control group are equivalent to those of the NG2-tdTomato data shown in Figure 3d. The locations of
pericyte somata are marked with red arrows. The first observation of leakage sites is marked with a white arrow. ¢, Summary for rate of leakage site formation in various treatment groups occurring
at pericyte somata. p << 0.001 (main effect); ***p << 0.001 (vehicle vs GM6001); ***p << 0.001 (vehicle vs SB-3CT); **p << 0.01 (control vs GM6001); ***p << 0.001 (control vs SB-3CT); p = 0.22
(vehicle vs control); p = 0.67 (GM6001 vs SB-3CT); F; ¢ = 12.993; one-way ANOVA with Tukey’s HSD post hoc test (n = 7 occlusion sites over four mice for vehicle; n = 11 occlusion sites over six
mice for control; n = 7 occlusion sites over five mice for GM6001; and n = 12 occlusion sites over four mice for SB-3CT). Data are shown as the mean == SEM. d, Summary for the rate of leakage events
occurring at nonpericyte soma locations. p << 0.001 (main effect); **p << 0.01 (vehicle vs GM60071); *p << 0.05 (vehicle vs SB-3CT); p = 1.00 (control vs GM6001); p = 1.00 (control vs SB-3CT); *p <
0.05 (vehicle vs control); p = 0.41(GM6001 vs SB-3CT); F; 5, = 12.993; one-way ANOVA with Tukey’s HSD post hoc test. Data are shown as the mean == SEM. e, The average number of nonflowing
capillary segments generated by photothrombosis, examined at 120 min postocclusion, was not different between treatment groups. p = 0.61; one-way ANOVA. Data are shown as the

mean = SEM.

Pericyte soma-specific capillary leakage is dependent on
gelatinase activity

To determine whether MMP activity was involved in capillary
leakage at pericyte somata, we administered small-molecule in-
hibitors of MMPs intraperitoneally 30 min before photothrom-
bosis. We used GM6001 (Lee et al., 2006) to block MMPs broadly
or SB-3CT (Gu et al., 2005) to inhibit the gelatinase isoforms
MMP-9 and MMP-2 (Fig. 4). Both inhibitors effectively attenu-
ated the formation of leakage events at pericyte somata compared
with untreated controls (Fig. 4a—c). MMP inhibitors did not sig-
nificantly affect the number of leakage sites occurring in the ab-
sence of a pericyte soma (Fig. 4d). We also treated animals with
vehicle only (DMSO, PBS, and PEG) to control for the effects of
DMSO, which was necessary to dissolve the inhibitors. Dim-
ethylsulfoxide has been reported to exacerbate BBB leakage
(Broadwell et al., 1982), and, consistent with this, the rate at
which leakage events formed increased slightly or trended toward
increase at both pericyte soma and nonsoma locations compared
with untreated controls (Fig. 4¢,d). Nevertheless, the MMP inhib-
itors were able to overcome leakage at pericyte somata induced by
both ischemia and the vehicle. Critically, MMP inhibitors had no
impact on the blockade of capillary flow by photothrombosis
(Fig. 4e).

In vivo high-resolution two-photon imaging of

gelatinase activity

To better understand the relationship between gelatinase ac-
tivity and pericyte-specific leakage, we next performed in vivo
gelatin zymography in PDGFRB-tdTomato mice using two-
photon microscopy (Bozdagi et al., 2007; Garcia-Alloza et al.,
2009; Bell et al., 2012). To observe FITC-gelatin activation in
the capillary bed, we pressure injected a FITC-gelatin probe
into the cortex before sealing the cranial window (Fig. 5a,b).
On proteolytic cleavage by either MMP-2 or MMP-9, the
FITC-gelatin fragments increase in fluorescence, allowing the
detection of gelatinase activity with high spatiotemporal pre-
cision. Consistent with its sensitivity to gelatinase activity in
vivo, basal FITC-gelatin fluorescence throughout the imaging
field was reduced by 43 = 9% in MMP-9 knock-out mice,
compared with C57BL/6 controls (n = 3 for both MMP-9
knock-out and C57BL/6 groups; p < 0.05, t test).

We next examined FITC-gelatin fluorescence changes at the
cellular level in PDGFRB-tdTomato mice. Since FITC-gelatin
cleavage was irreversible, we could observe an accumulation of
fluorescence at cell bodies with heightened MMP-2/9 activity.
FITC-gelatin-labeled cell bodies were categorized as either pericytes
(tdTomato-positive) or nonpericytes (tdTomato-negative). We
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Representative two-photon images demonstrating pericyte location (c) and the change in FITC-gelatin fluorescence (d) following sham irradiation. White arrowheads show examples of bright
puncta that may correspond to synaptic gelatinase activity. The red circle indicates an FITC-gelatin-positive pericyte soma, which colocalizes with tdTomato signal. The green arrows indicate the
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present these results by first describing the evolution of FITC-
gelatin activation following control sham irradiation (Fig. 5) and
photothrombotically induced capillary ischemia (Fig. 6). We
then describe the relationship between FITC-gelatin activation
and plasma leakage occurring at pericyte somata (Fig. 7) and
away from pericyte somata (Fig. 8).

Before sham irradiation, the cortex emitted a homogeneous
fluorescence from the neuropil. Scattered throughout the neuro-
pil were brightly labeled puncta (1-2 wm in diameter) that likely
represented remodeling synapses or dendrites, as previously re-
ported (Bozdagi et al., 2007; Fig. 5¢,d, white arrowheads). Over a
period of 60 min after sham irradiation, we observed a modest
but significant increase in FITC-gelatin labeled pericytes (Fig.
5d,e, red circle, g). We further detected an increase in the number
of nonpericyte cells in the neuropil, which possessed glial-like
morphology (Fig. 5d,f, green arrow, g).

Following the induction of capillary ischemia, we observed
a robust increase in FITC-gelatin activation (Fig. 6a). The
number of both FITC-gelatin-labeled pericytes and nonperi-
cyte cells was threefold greater than that seen following sham
irradiation, over a similar 60 min period of imaging (Fig. 6b).
SB-3CT is a potent blocker of both MMP-2 and MMP-9. To
better understand the isoform-specific contributions in our
model, we examined the effect of an MMP-9-specific inhibitor
(C,,H33N;05S) or an MMP-2-specific inhibitor (oleoyl-N-

hydroxylamide). These inhibitors were coinjected into the
brain along with FITC-gelatin since their ability to pass the
BBB was unclear. When the MMP-9 inhibitor was coinjected,
the number of labeled pericyte somata was significantly re-
duced (Fig. 6¢). In contrast, coinjection of the MMP-2 inhib-
itor had no effect on labeled pericyte somata. Nonpericyte
cells exhibited the reverse outcome with inhibitors, where the
number of labeled cells was reduced with the MMP-2 inhibi-
tor, but not with the MMP-9 inhibitor (Fig. 6d).

Preferential MMP-9 activity and capillary leakage at
pericyte somata
We next examined how these changes in gelatinase activity
related to capillary leakage. Capillary flow and leakage in these
experiments were observed with an intravenously injected 70
kDa Texas red-dextran dye, which was imaged concurrent
with FITC-gelatin at 800 nm two-photon excitation using
two-channel detection. tdTomato-positive pericytes, which
shared an emission spectrum similar to that of Texas red-
dextran, were distinguished by imaging at a longer two-
photon excitation wavelength of 975 nm at the beginning of
each experiment.

Consistent with increased MMP-9 activity causing capil-
lary wall damage, leakage co-occurred with FITC-gelatin acti-
vation at pericyte somata (Fig. 7). When multiple pericytes
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with representative examples of FITC-gelatin activation at various time points following photothrombotic occlusion of capillaries. Red circles indicate FITC-gelatin-positive pericyte
somata, while green arrows indicate the location of FITC-gelatin-positive cells that were not colocalized with tdTomato (nonpericytes). b, Mean number of FITC-gelatin-positive pericytes
(red) and nonpericyte cells (green) before and 60 min after photothrombosis. Paired-samples ¢ tests. ***p << 0.001 (n = 9 occlusion sites over four mice). ¢, Mean number of
FITC-gelatin-positive pericyte soma over the experimental time course. p << 0.001 (main effect). *p << 0.05, **p << 0.01, compared with the No-Inhibitor group; two-way ANOVA with
repeated measures and Greenehouse—Geisser correction. Significance between individual time points was determined by Bonferroni post hoc analysis. MMP-9i, n = 6 occlusion sites over
three mice; MMP-2i, n = 6 occlusion sites over three mice; Control, n = 9 occlusion sites over 4 mice. d, Mean number of FITC-gelatin-positive nonpericyte cells over the experimental
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Significance between individual time points was determined by Bonferroni post hoc analysis. Data are shown as the mean = SEM.

were visible within a single imaging field, FITC-gelatin activa-
tion concentrated around pericyte somata, while intervening
regions covered by thin pericyte processes remained compar-
atively unlabeled (Fig. 7a,b). Upon closer inspection, a clear
colocalization could be observed between pericyte somata and
FITC-gelatin activation within the first 30 min of ischemia
(Fig. 7c—e). In some cases, the proximal processes emerging
from the pericyte soma were labeled (Fig. 7, white arrowheads:
¢, 10 min, d, 30 min). In most cases, FITC-gelatin activation at
the pericyte soma was followed by extravasation of the intra-
venous dye (Fig. 7white arrow: ¢, 60 min, e, 30 min), as was
seen in earlier experiments. Within 60 min postocclusion, gel-
atinolytic activity would then spread outward from the peri-
cyte soma into the parenchyma or intraluminal space, possibly
due to the release of active MMP-9. Consistent with the reduc-
tion of FITC-gelatin labeled pericytes (Fig. 6¢), coinjection of
the MMP-9 inhibitor, but not the MMP-2 inhibitor, signifi-
cantly reduced the number of leakage sites occurring at peri-
cyte somata (Fig. 7f). Collectively, these data indicate that
pericyte somata are a locus of rapid, MMP-9-dependent cap-
illary wall damage during ischemia.

FITC-gelatin activation was observed at all leakage sites exam-
ined, regardless of the presence of a pericyte soma (100% of 61
leakage sites over five mice). FITC-gelatin activation at sites with-
out a pericyte soma involved either capillary contact by the pro-
cesses of a FITC-gelatin-labeled glial-like cell (Fig. 8a, white
arrowhead), or localized perivascular FITC-gelatin activation

(Fig. 8b). However, the number of nonpericyte leakage sites was
not reduced by MMP-9 or MMP-2 inhibitors (Fig. 8¢). This find-
ing indicates that there are multiple cellular sources of gelatinase
activity induced during capillary ischemia, and that these varied
sources may respond to different inhibitor concentrations than
that effective for mitigating pericyte-specific MMP-9 activity and
leakage.

Discussion

A major goal in stroke research is to understand and control
processes that lead to BBB disruption (Sandoval and Witt, 2008).
In this study, we have used an in vivo two-photon imaging ap-
proach with a novel capillary ischemia model to demonstrate that
pericyte somata are a previously undefined locus of heightened
BBB disruption. We find that FITC-gelatin activation precedes
leakage at pericyte somata and can be blocked by MMP-9 inhibi-
tion, but not MMP-2 inhibition (Fig. 9a—c). Further, leakage
occurs only after the complete cessation of flow in the adjoining
capillary (Fig. 9d). Our results indicate that pericyte somata are
found along only 7% of the cortical capillary network, yet ac-
count for ~80% of the sites for localized plasma leakage. Al-
though pericyte-specific leakage occurs within a small fraction of
the total capillary network, blood-borne molecules that enter the
brain through this route may diffuse and affect brain function
distant to the site of leakage. Developing strategies to reduce cap-
illary leakage at pericyte somata may help to protect the brain
during stroke, and possibly other neurological diseases involving



Underly et al. @ Pericytes as Inducers of Blood—Brain Barrier Leakage

Pre-occlusion

J. Neurosci., January 4, 2017 - 37(1):129-140 « 137

a
/ tdTomato
@ Pericyte Pericyte
somata . soma
‘\@/:’ B
: 3 Post (10 min)
Post-occlusion (30 min) .
No flow Post (20 min)
@, <
Post (60 min)
S %
Leakage site X
d e
tdTomato tdTomato f
y Pericyte
-
2 . ‘ ~  soma Leakage sites occurring at
Pericyt i
10 pm :;'gae 10 um pericyte somata
No flow Post (15 min) No flow Post (15 min) **
5 o
C @)
5
o
T 2
No flow Post (30 min) No flow Post (30 min) e é
@~
£5
=3
&) O : o 2 1
Leakage g &
site K]
5
No flow No flow Post (60 min) 0
No Inh. MMP-9i  MMP-2i
@) E
Figure 7.  Invivo imaging of FITC-gelatin reveals rapid MMP-9 activation at pericyte somata before capillary leakage. a, b, Representative wide-field images showing the location of

pericyte somata (white circles, tdTomato), capillaries (intravenous dye) and FITC-gelatin activation before (a) and 30 min following (b) photothrombosis. c—e, Representative
high-magnificationimages showing the precise location of pericyte soma (white, circles) on capillaries (red) and FITC-gelatin activation (green) over the experimental time course. White
arrowheads refer to FITC-gelatin activation on proximal processes of pericytes. White arrows indicate the first observation of capillary leakage. The example in d shows FITC-gelatin
activation at the pericyte soma, but no obvious leakage over the imaging time course. f, Mean number of leakage sites occurring at pericyte somata with and without coinjection of
isoform-specific inhibitors of MMP-9 (MMP-9i) and MMP-2 (MMP-2i). **p << 0.01; one-way ANOVA. MMP-9i, n = 6 occlusion sites over four mice; MMP-2i, n = 6 occlusion sites over
three mice; Control, n = 9 occlusion sites over four mice. Data are shown as the mean == SEM.

capillary flow impairment such as traumatic brain injury (Sword
et al., 2013; Ostergaard et al., 2014) and dementia (Farkas and
Luiten, 2001; Ostergaard et al., 2016).

These findings support and build on our current understand-
ing of the acute pericyte response to ischemia/injury. Recent
studies by Hall et al. (2014) revealed a specific vulnerability of
pericytes during simulated ischemia in brain slices and in vivo
following middle cerebral artery occlusion. While the loss of peri-
cyte viability was suspected to cause BBB leakage, the underlying
mechanism of vascular damage, the timing of injury processes,
and the relation to capillary flow remained unclear. We show that
one mechanism is the rapid mobilization of MMP-9 from peri-
cyte somata (within tens of minutes) during capillary ischemia.
We suggest that pericytes themselves are the source of MMP-9,

based on the marked colocalization between FITC-gelatin and
tdTomato-positive pericytes during early stages of MMP-9 acti-
vation (Fig. 7). Since the soma is the largest subcellular compart-
ment of the pericyte, and likely harbors the most MMP-9 protein,
it is reasonable to expect the most potent FITC-gelatin activation
and leakage at the soma. Other studies also support the idea that
pericytes are sources of MMP-9. In culture, human pericytes in-
duce MMP-9 activity, but not MMP-2 (Takahashi et al., 2014).
Cultured rat pericytes release more MMP-9 than either endothe-
lial cells or astrocytes following thrombin treatment (Machida et
al.,, 2015). Further, cerebral pericytes in Apoe-deficient and
APOE4 transgenic mice express higher MMP-9 levels through a
cyclophilin—nuclear factor-«B pathway (Bell et al., 2012). Given
the rapid nature of FITC-gelatin unquenching in the current in
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but exhibit increased endothelial caveolae
(Krueger et al., 2013; Nahirney et al,
2016). If so, there may be conditions un-
der which both transcellular and paracel-
lular leakage routes coexist along the same
capillary segments. In a typical middle ce-
rebral artery stroke, leakage at pericyte somata might occur
within, and just beyond, the ischemic core, where some capil-
laries are expected to be completely blocked (Srinivasan et al.,
2013). Indeed, similar plumes of leakage have been observed
with electron microscopy during middle cerebral artery stroke
(Ohtake et al., 2004). Unexpectedly, past imaging studies have
shown that leaked blood components do not significantly af-
fect neuron structure or function in the acute time frame of
hours (Zhang and Murphy, 2007; Cianchetti et al., 2013).

sites occurring at pericyte somata (red line) and the number of FITC-gelatin-positive pericyte somata over 1h ofimaging. Coinjec-
tion of an MMP-9 inhibitor reduces both FITC-gelatin activation and capillary leakage at pericyte somata, while an MMP-2 inhibitor
has comparatively no effect. Data are shown as the mean == SEM. d, Nonflowing capillaries (no red blood cells) in the imaged
region will experience BBB disruption at pericyte somata, while closely neighboring capillaries with flow remain intact. Rapid
activation and release of MMP-9 at the pericyte soma damages the capillary wall in a focal manner.

However, the impact of the delayed inflammatory responses to
capillary leakage, which occur over days to weeks following
injury, remains to be examined.

We showed overlap between FITC-gelatin probe activation
and pericyte somata, providing evidence that pericytes may be a
source of MMP-9 in vivo (Fig. 7). However, we have not modu-
lated pericytes in a cell-specific manner to confirm this idea. The
barrier to such an experiment is that the manipulation of pericyte
signaling or migration would itself compromise the BBB (Armu-
lik et al., 2010; Bell et al., 2010; Daneman et al., 2010), altering
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basal MMP-9 expression/activity profiles in pericytes and other
cell types. Thus, it remains possible that pericytes interact closely
with neighboring endothelial cells (Zozulya et al., 2008) or leu-
kocytes (Stark et al., 2013) to activate MMP-9 during ischemia.
While numerous cellular sources of MMP-9 have been demon-
strated in stroke models, including neutrophils, microglia, astro-
cytes, or endothelial cells (Justicia et al., 2003; Gidday et al., 2005;
Rosell et al., 2006; Zhao et al., 2006; del Zoppo et al., 2012), the
key finding of the current study is the striking enrichment of
MMP-9 activity at pericyte somata and the speed of its activation,
warranting further investigation of this phenomenon in other
models of stroke and cerebrovascular disease. Future studies are
needed to better understand the mechanisms that control rapid
MMP-9 activation at pericyte somata, and how pericytes contrib-
ute to overall BBB disruption in different disease states. Further,
it will also be important to determine whether pericytes die (Hall
etal., 2014) or use MMP-9 to actively migrate from the endothe-
lium (Dore-Duffy et al., 2000), as their long-term fate may also be
important for tissue revascularization and recovery.
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