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Arango-Lievano et al. follow how status
epilepticus changes the dynamics of
mural cell turnover at the cortical
vasculature, causing vessel damage.
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unit, ameliorates vessel function and
reduces spontaneous epileptiform
activity.
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SUMMARY

Reorganization of the neurovascular unit has been
suggested in the epileptic brain, although the dy-
namics and functional significance remain unclear.
Here, we tracked the in vivo dynamics of perivascular
mural cells as a function of electroencephalogram
(EEG) activity following status epilepticus. We
segmented the cortical vascular bed to provide a
size- and type-specific analysis of mural cell plas-
ticity topologically. We find that mural cells are
added and removed from veins, arterioles, and
capillaries after seizure induction. Loss of mural cells
is proportional to seizure severity and vascular pa-
thology (e.g., rigidity, perfusion, and permeability).
Treatment with platelet-derived growth factor sub-
units BB (PDGF-BB) reduced mural cell loss,
vascular pathology, and epileptiform EEG activity.
We propose that perivascular mural cells play a
pivotal role in seizures and are potential targets for
reducing pathophysiology.

INTRODUCTION

Cerebrovascular dysfunction is a hallmark of diseases of the
CNS, either as a pathophysiological cause or as a consequence
(Friedman, 2011). Disruption of barrier functions at the cerebro-
vasculature provokes a disarray of exchanges between brain pa-
renchyma and blood that can alter the homeostasis of neuronal
networks associated with seizures (van Vliet et al., 2007; Fabene
et al.,, 2008), along with hippocampal or cortical atrophy,
neuronal loss, and behavioral changes (Bell et al., 2010; Hall
et al.,, 2014; Winkler et al., 2012). Studies of cerebrovascular
permeability in seizure disorders have focused on endothelial
cells as cellular culprits, neglecting the multi-cellular nature of
the cerebrovasculature and overlooking intercellular defects
occurring at the perivascular compartment (Gorter et al., 2015;
Attwell et al., 2010). The perivascular mural cells, pericytes,
and vascular smooth muscle cells (VSMCs) establish a functional
network with astrocytes and endothelial cells, contributing to
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neurovascular coupling (Sweeney et al., 2016; Hall et al., 2014;
Hillet al., 2015; Whiteus et al., 2014). Pericyte deficiency is impli-
cated in several CNS disorders featuring barrier disruption (Win-
kler et al., 2011), yet it is mainly overlooked in seizure disorders.
Pericytes, VSMCs, and endothelial cells form a physical and
chemical barrier that controls the passage of fluids, ions, and
molecules between milieu, thereby maintaining the proper envi-
ronment for neural cells and protecting them from toxins and
pathogens (Daneman and Prat, 2015).

We and others have shown changes in pericyte morphology in
human cortex and hippocampus of drug-resistant epileptic pa-
tients affected by temporal lobe epilepsy and focal cortical
dysplasia (Garbelli et al., 2015; Liwnicz et al., 1990). However,
the impact of seizures on the turnover of pericytes has not
been explored. It is unknown whether mural cell remodeling as-
sociates with vascular lesions known to be epileptogenic (Awad
and Jabbour, 2006; Cocito et al., 1982). Arteriovenous lesions
encountered in epilepsy surgery patients can be associated
with calcification, rigidity, and permeability (Pinto et al., 2016).
The latter is relevant for the pericytes, because they contribute
to vessel calcification, tonus defects, and permeability, all previ-
ously linked to loss-of-function mutations in the platelet-derived
growth factor subunits BB (PDGF-BB) pathway (Keller et al.,
2013; Lindahl et al., 1997; Ouyang et al., 2018).

PDGF-BB signaling via platelet-derived growth factor receptor
(PDGFR) B at the interface between the pericytes and the endo-
thelium has been implicated in angiogenesis, vessel stabiliza-
tion, blood flow regulation, barrier functions, tissue repair, and
regeneration (Winkler et al., 2011; Sweeney et al., 2016).
Knockout studies in mice showed that PDGF-BB signaling is
essential for the maintenance of cerebrovascular integrity and
for survival (Armulik et al., 2010; Daneman et al., 2010). Partial
deficit of PDGF-BB in heterozygous mice is sufficient to affect
blood-brain barrier (BBB) permeability (Armulik et al., 2010; Da-
neman et al., 2010), cerebral microcirculation, parenchyma
oxygenation, and neuronal survival (Winkler et al., 2010; Kisler
et al., 2017; Hall et al., 2014). Transient antagonism of PDGFRf
signaling in the retina is also sufficient to breakdown the retina-
blood barrier, associated with pericyte deficiency, microbleeds,
hypoperfusion, and inflammation (Ogura et al., 2017; Park et al.,
2017). In general, these results posit PDGF-BB as a candidate
trophic factor for the mural cells to promote barrier functions.
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We present a longitudinal study of mural cell dynamics in
mouse cortex using in vivo two-photon microscopy, coupled
with time-lapse analyses of blood flow and vessel tonus and
electroencephalogram (EEG) recordings to track cerebrovascu-
lar remodeling, following status epilepticus and after treatment
with PDGF-BB.

RESULTS

Status Epilepticus-Induced Vascular Damage in the

In Vivo Imaging Region of Interest

To investigate the dynamics of mural cells under seizure condi-
tions, we first examined whether the cortex that we intend toimage
presents vascular damage post-status epilepticus. To visualize
microbleeds into the brain parenchyma, we injected mice with
fluorescent tracers, intravenously, before induction of convulsive
status epilepticus with systemic kainate injection (Figure S1A).
Parenchymal leaks of Evans blue (EB) or 10-kDa dextran-Alexa
568 were found in all layers of the cortex (Figures S1B and S1C).
Leakage sites associated with reactive glia and parenchymal cells
were loaded with dextran dye (Figures S1D-S1F).

Dynamic Remodeling of Vascular Mural Cells Post-
Status Epilepticus

The mural cell vascular unit (Figure 1A) is visualized over several
hundred square microns (Figure 1B) at various time points post-
status epilepticus with a transcranial technique in transgenic
NG2-tomato mice injected into the circulation with 70-kDa
dextran-fluorescein isothiocyanate (dextran-FITC). Keeping the
skull is important for accurate measures of vascular dynamic sig-
nals, because craniotomy causes inflammation (Lagraoui et al.,
2012), neovascularization (Drew et al., 2010), heartbeat pulsa-
tion-related movement artifacts (Paukert and Bergles, 2012),
improper hemodynamics (Drew et al., 2010), neuroplasticity de-
fects (Xu et al., 2007), and cortical spreading depression (Chang
etal., 2010). Thus, we captured the topology of mural cell changes
on the cortical vasculature through a thin-skull preparation (Fig-
ure 1C). We found that convulsive status epilepticus induced
long-term remodeling of NG2 mural cells at large pial and pene-
trating vessels, as well as capillaries (Figure 1D). In contrast,
mice that did not develop convulsive status epilepticus presented
reversible remodeling of NG2 mural cells on the large and small
vessels (Figure S2). The overall mural cell coverage decreased
merely early post-status epilepticus (Figure 1E) compared to con-
trol mice (Figure 1F), indicating that mural cell topology remodeling
may vary as a function of status epilepticus severity.

Remodeling of Mural Cells Is Proportionate to Status
Epilepticus Severity

Subtypes of mural cells are distinguished in NG2-tomato mice
based on their morphology (Hill et al., 2015), uptake of neuro-
Trace (Damisah et al., 2017), expression of alpha-smooth muscle
actin (z-SMA), and location on endomucin-coated vessels:
the ring-like VSMCs express «-SMA on endomucin-uncoated
arterioles, the transition pericytes on endomucin-uncoated
pre-capillary arterioles, the ensheathing pericytes on endomu-
cin-coated capillaries, and the stellate pericytes on post-capil-
lary endomucin-coated venules (Figure 2A).
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To determine the dynamic rates of remodeling for each mural
cell subtype as a function of status epilepticus severity, we
imaged mural cells (Figures 2B-2E) and recorded EEG activity
in the same mice over time (Figures 2F and 2G). Gains and losses
of pericytes and VSMCs on the vasculature (Figure 2B) were
consistent with co-labeling of NG2-tomato mural cells with
markers of proliferation (antigen recognized by monoclonal anti-
body KI-67 [KI67], 7/2,067 cells on day 14 and 9/2,004 cells on
day 44) and death (cleaved caspase-3 [CC3], 11/2,007 cells on
day 14 and 4/2,011 cells on day 44) (Figure 2C). Most changes
persisted over time and gradually unfolded post-status epilepti-
cus (Figure 2D). For pericytes, gains offset the losses, causing
minimal net changes (Figure S3). For VSMCs, gains and losses
were out of phase, causing net changes of vascular coverage
(Figure S3). The extent of remodeling differed according to the
NG2 cell subtype: a small proportion of arterioles exhibited re-
modeling of VSMCs in large clusters, whereas a large proportion
of capillaries featured small changes of pericytes (Figure 2E).
Overall, the remodeling of mural cells correlated with the severity
of status epilepticus at induction (Figure 2G). For comparison,
control mice showed minimal dynamics of mural cells (Figure 2D;
Figure S3) and none of the NG2-tomato cells co-stained with
KI67 or cleaved caspase-3.

Significance of Mural Cell Turnover

To assess the impact of mural cell remodeling post-status epi-
lepticus, we measured changes of vessel diameter between
time points. Arterioles and capillaries responded almost uni-
formly to mural cell additions by a reduction of vessel diameter
and to mural cell eliminations by an augmentation of vessel
diameter (Figures 3A and 3B). In contrast, venules did not
change diameter after gains and losses of stellate pericytes
(Figure 3C).

Vessel anomalies coincided with gains and losses of mural
cells post-status epilepticus, persisting throughout the imaging
sessions (Figure 3D). Reversible aneurysms associated with re-
growth of NG2 mural cell coverage (Figure 3A, examples 3, 5,
and 6), whereas the persistent aneurysms associated with
persistent losses of VSMCs (Figure 3A, examples 1 and 2). Topo-
logically, vessel anomalies occurred on pre-capillary arterioles
and on capillaries (Figure 3E). Altogether, these results indicate
that vessel anomalies are linked to the remodeling of NG2 mural
cells, and strategies to maintain these cells post-status epilepti-
cus could be beneficial.

PDGF-BB Stimulates Mural Cell Growth Post-Status
Epilepticus

To favor the growth and maintenance of mural cell coverage, we
examined the effect of PDGF-BB in vivo. Intravenous administra-
tion of PDGF-BB promoted the phosphorylation of PDGFRB in
cortex (Figure 4A). Treatment delivery commenced post-status
epilepticus and lasted 2 weeks (Figure 4B) on mice developing
convulsive status epilepticus (2 groups: saline and PDGF-BB)
compared with naive controls. Treatment with PDGF-BB pro-
moted growth of mural cells post-status epilepticus (Figures
4C~4E) and reduced the number of aneurysm-like changes (Fig-
ure 4F) that were not associated with the mere net gains of stel-
late pericytes (Figure S4), at least topologically (Figure 4G).



Figure 1. Seizure-Induced Remodeling of
Vascular Mural Cells in Living Mouse Cortex
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To further determine the effect of

Functional Dynamics of Mural Cells PDGF-BB treatment on vasoregulation, we used a known vaso-
One question remains: whether the cerebrovasculature is dilator (glutamate) (Hall et al., 2014) and vasoconstrictor (ET-1)
healthier after treatment with PDGF-BB compared to saline. To  (Dehouck et al., 1997), because its endothelin receptor type A
address this question, we imaged non-invasively blood flow at  (EDNRA) is enriched in mural cells (He et al., 2016). We used
sites of mural cell remodeling. To this end, we used the thin-skull ~ the cohort of mice described in Figure 5A for time-lapse two-
preparation to spot mural cell remodeling (Figure 5A), which we  photon microscopy of vessel tonus in response to glutamate
imaged with intravenous 70-kDa dextran-Texas red to track (GLU) and ET-1 applied topically through a cranial window, pre-
blood cell velocity (Figure 5B). Vessel categories are easily cisely at sites of mural cell remodeling post-status epilepticus
recognized by the direction of flow: (1) from big to small vessels  (Figure 5E). We found glutamate-evoked dilation of capillaries
in arteries and (2) from small to big vessels in veins. Group data accompanied by glutamate-evoked contraction on pre-capillary
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Figure 2. Remodeling of NG2 Mural Cells Is Proportionate to the Severity of Status Epilepticus at Induction
(A) Characterization of mural cell subtypes at the cortical vasculature of NG2-tomato mice. VSMCs and pericytes subtypes (transition, capillary, and stellate) are
sorted by morphology, uptake of neuroTrace, expression of «-SMA, and localization on endomucin* vessels.

(legend continued on next page)
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(Figure 5G). ET-1 uniformly caused contraction of all vessels,
except capillaries and post-capillary venules (Figure 5F), with a
longer-lasting effect if vessels were covered with NG2 cells
rather than uncovered (t test, t = 23 min versus t = 37 min for
NG2 covered, p = 0.0016, and for NG2 uncovered, p = 0.65) (Fig-
ure 5G). There was no difference in tonus regardless of whether
vessels were always covered with NG2 cells or gained coverage
post-status epilepticus (Figure 5F). Likewise, there was no differ-
ence in tonus regardless of whether vessels were never covered
with NG2 cells or lost coverage post-status epilepticus
(Figure 5F).

Vessel tonus to glutamate and ET-1 was reduced and delayed
post-status epilepticus, an effect that was partially corrected by
treatment with PDGF-BB (Figure 5G; Figures S4C and S4D).
Altogether, we conclude that treatment with PDGF-BB restored
vasomodulatory functions.

Venular Tropism of PDGF-BB Effects Post-Status
Epilepticus

One question that remains unanswered is why the post-capillary
venules overgrow stellate pericytes upon PDGF-BB treatment.
First, we looked at whether the response of PDGF-BB receptor
changes as a function of vessel subtypes and caliber. Phos-
phorylation of PDGFR is prominent on penetrating arterioles
and capillaries (harboring a-SMA* cells) and to a lesser extent
on ascending veins and post-capillary venules (endomucin®
segments) in control mice and post-status epilepticus
(Figure 6A). In contrast, treatment with PDGF-BB post-status ep-
ilepticus increased the proportion of venules harboring phos-
phorylated PDGFRp (p-PDGFRp) compared to the saline group
(Figure 6B). This could result from the upregulation of PDGFRp
expression post-status epilepticus. Instead, we found a downre-
gulation in the mural cells at venules compared to arterioles after
PDGF-BB treatment (Figure 6C; Figures S5A-S5C), indicating
that phosphorylation of PDGFRp did not correspond with excess
PDGFRp expression.

This prompted us to examine the impact of PDGF-BB on cere-
brovascular permeability. Using the fluorescent tracer approach
(Figure S1), we found fewer extravasation spots on capillaries
and post-capillary venules (endomucin®/a-SMA~ vessels) of
mice treated with PDGF-BB compared to saline controls (Fig-
ure 6D), indicative of a topographic reorganization of leaks at

the cortical vasculature (Figure 6E). Overall, PDGF-BB treatment
associated with a reduction of microbleeds in terms of the sur-
face of leakage spots (Figure 6F), the number of parenchymal
cells with dye (Figure 6G), and reactive microglia (Figures S5C
and S5D). These data indicate that PDGF-BB treatment post-
status epilepticus reduced cortical vascular damage with a
tropism for capillaries and post-capillary venules.

Effect of PDGF-BB Treatment on EEG Activity

Finally, we explored the impact of PDGF-BB on EEG activity (Fig-
ures 7A-7C). There was a marked reduction of spontaneous EEG
epileptiform activity in the PDGF-BB group compared to the saline
group at 2 weeks post-status epilepticus despite similar EEG ac-
tivity between groups at induction. To assess whether treatment
modified the relationship between mural cell remodeling and
EEG activity, we correlated the net change of mural cells with
seizures (Figure 7D), spikes (Figure 7E), and epileptiform events
(Figure 7F). At 2 weeks post-status epilepticus, spontaneous
EEG activity correlated with mural cell loss on arterioles and cap-
illaries except in mice treated with PDGF-BB. At 6 weeks post-sta-
tus epilepticus, spontaneous EEG epileptiform activity declined to
almost zero in both groups and no longer correlated with mural cell
remodeling (Table S6). This suggests that PDGF-BB modified the
course of neuropathology during treatment.

DISCUSSION

Here, we tracked the functional in vivo dynamics of mural cells as
a function of EEG activity following convulsive status epilepticus
as an initial insult. We report that intravenous PDGF-BB acti-
vated PDGFRB in mural cells, ameliorating vessel coverage
with mural cells, vessel functions, and reducing spontaneous
EEG epileptiform activity.

Topology of Mural Cell Plasticity and Cerebrovascular
Dysfunction in Epilepsy

Although the literature dealing with vascular mechanisms of ep-
ilepsy focused on capillary BBB, our results point to a patho-
physiological role of all cerebrovascular segments. We report
several principles of plasticity governing mural cell dynamics in
the living cortex under resting and seizure conditions: (1) mural
cells are continuously added and removed from the cortical

(B) 3D reconstruction of the pericyte network remodeled in cortex post-status epilepticus compared to healthy controls. Sites of pericyte remodeling (net change
of vessel coverage in microns) are accompanied by changes of vessel perfusion with dextran-FITC. Scale bar, 20 pm.

(C) Representative NG2-tomato mural cell subtypes post-status epilepticus co-labeled with markers of apoptotic cell death (cleaved caspase-3) or cell prolif-
eration (KI67).

(D) Vessel coverage with NG2-tomato mural cells (mural cell length on its vessel/total length of vessel segment) expressed as gains and losses compared to the
firstimaging session on day —2 (157 vessels harboring VSMCs and 346 vessels harboring pericytes). Means + SEM of n = 25 status epilepticus mice and 8 control
mice (unpaired t test comparing time points post-status epilepticus with day —2, *p < 0.03, and paired t test comparing day +1 with consecutive time points post-
status epilepticus, #p < 0.04). See Figure S3.

(E) Proportion of mural cell subtypes rearranged after induction of convulsive status epilepticus at 157 vessels harboring VSMCs and 346 vessels harboring
pericytes. Means + SEM of n = 25 status epilepticus mice and 8 healthy controls (unpaired t test comparing dynamics of VSMCs versus pericytes on day 1, #p <
0.0001, and on day 14, §p < 0.0001; post-status epilepticus on day 14, §p = 0.0033; and in controls on day 44, §p < 0.0001).

(F) Kainic acid-induced electrographic status epilepticus recorded by EEG, and convulsive as monitored by video tracking. The number of status epilepticus was
monitored within 3 hr post-induction in 25 status epilepticus mice and 8 healthy controls.

(G) Pearson correlation between the remodeling of NG2-tomato mural cells (sum of gains and losses) and the severity of status epilepticus at induction expressed
as duration (percentage of recorded time). Among the 25 status epilepticus mice and 8 controls, all were analyzed longitudinally on day +1, 11 status epilepticus
mice and 7 controls were analyzed on day +14, and 12 status epilepticus mice and 7 controls were analyzed on day +44.

See Table S1.
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Figure 3. Impact of Mural Cell Remodeling on the Cortical Vasculature

(A) Effect of mural cell loss on vessel diameter at cross-section lines 3, 5, and 6 show aneurysm-like abnormalities where VSMCs disappeared, which reverted
with VSMC growth. (A’) Effect of mural cell gain on vessel diameter. Lines 8 and 10, vasospasm-like abnormalities; line 9, vessel occlusion.

(B) Vessel diameters at sites of mural cell remodeling at 322 vessels in 19 mice between day —2 and day +1.

(C) Proportion of vessels changing diameter above the 10% cutoff after the gain or loss of NG2-tomato mural cells at 101 arterioles, 93 capillaries, and 129 venules
sorted as a function of vessel caliber: terminal vessels (25-50 um), pre- or post-capillaries (8-25 pm), and capillaries (4—8 um) in 19 mice.

(D) Persistence of abnormalities at 52 vessels after induction of convulsive status epilepticus. Means + SEM of n = 11 mice (unpaired t test comparing day —2 and
day +1, *p < 0.0001; day —2 and day +44, *p = 0.0032; and day +1 and day +44, #p = 0.042).

(E) Vessel abnormalities associated with NG2-tomato mural cell remodeling sorted as a function of vessel caliber. n = 322 vessels.

See Table S2.
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Figure 4. Promoting Growth of NG2 Mural Cells with PDGF-BB

(A) Activation of PDGFRp (Y740-P and pan-Y-P) on immunoprecipitates of PDGFRp in mouse cortical lysates collected after a single intravenous injection of
100 ng of PDGF-BB compared to saline-injected controls. Means + SEM of n = 4 mice (unpaired t test for Y740-P, *p = 0.018; for pan-Y-P, *p = 0.0016; and for
PDGFRB; *p = 0.015).

(B) Timeline of treatment: once a week for 3 consecutive weeks starting after the 2"® imaging session on day +1.

(C) Remodeling of vessel coverage with NG2-tomato mural cells post-status epilepticus in mouse cortex before and after treatment with saline. Arrows indicate
gains (yellow) and losses (red) of mural cells. Cross-section lines 3 and 4, aneurysm-like; line 6, vasospasm-like abnormalities. Changes of mural cells in 322
vessels of 11 mice are sorted as a function of caliber: terminal vessels (25-50 um), pre- or post-capillaries (8-25 pm), and capillaries (4-8 um). See Figure S4A.

(legend continued on next page)
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vasculature, (2) venules and arterioles are capable of mural cell
plasticity, (3) turnover rates are different among mural cell sub-
types, and (4) mural cell addition or removal is associated with
changes in resting diameter at arteriolar and capillary vessels.

Pericytes are heterogeneous mural cells sorted as transitional,
ensheathing, and stellate subtypes according to morphology
and distribution on the vasculature (Kisler et al., 2017). Specific
markers are lacking to investigate molecular mechanisms in
each subtype. Mural cells in brain have both mesoderm and neu-
roectoderm origins (Winkler et al., 2011). Our study specifically
investigated the NG2 mural cells derived from the mesoderm
progenitor cells (Armulik et al., 2011).

Persistent remodeling of mural cell vascular coverage is
consistent with the proliferation and death of NG2 cells post-sta-
tus epilepticus in contrast to the reversible remodeling of mural
cells in mice that experienced EEG seizures but no status epilep-
ticus. Death of pericytes was previously associated with neuro-
vascular uncoupling in retina and cortex (Attwell et al., 2010;
Hill et al., 2015). We found an acceleration of blood flow in
NG2-covered capillaries 2 weeks post-status epilepticus that
could result from neurovascular uncoupling. The latter is relevant
to seizure activity, in which changes of neurovascular coupling
reflect ictal to inter-ictal transitions, associated to differential
perfusion and bold magnetic resonance (MR) signals (Hall
et al., 2014). But we also report capillary occlusions post-status
epilepticus in which pericytes rearranged, as previously
described in ischemic vessels with no reflow linked to pericyte
death (Hall et al., 2014).

The functional topology of the mural cell network at the cortical
vasculature is characterized by (1) the subtype of mural cell
involved and (2) the caliber of vessel involved. Remodeling of
VSMCs on penetrating arterioles that source the neocortical
microvasculature could affect the robustness of the perfusion
domain (Blinder et al., 2010). Remodeling of the ensheathing
pericytes on the capillary bed that sustains the bulk exchange
of metabolites and gases between blood and brain could affect
neuronal homeostasis and survival (Whiteus et al., 2014). Re-
modeling of the stellate pericytes on the ascending veins could
affect the clearance of parenchymal wastes and perturb tissue
homeostasis.

We report that topical application of glutamate to the cortex
evoked a dilation of capillaries and a contraction of arterioles

that could optimize blood perfusion regionally. Communication
between mural cell subtypes on capillaries and upstream
arterioles via Ca®* waves has been previously involved in neuro-
vascular coupling (Peppiatt et al., 2006). Responses of
arterioles and capillaries to glutamate and ET-1, whose receptor
is mainly expressed in mural cells (He et al., 2016), were
hampered post-status epilepticus, rendering vessels stiffer
upon treatments with vasoregulating drugs. This could explain
the vascular insufficiency associated with seizure disorders
(Farrell et al., 2017).

Deciphering Arterial versus Venule Cell Changes
Consequent to Status Epilepticus

The differential impact of seizure activity on cortical arterial and
venular vessels has been overlooked. On arterioles, net changes
of vascular coverage shortly after status epilepticus extended
over tens of microns on the pial and penetrating vessels where
VSMCs were added or removed in clusters. On capillaries, re-
modeling of pericytes was frequent but never in clusters, extend-
ing over a few microns and resulting in minimal impact on vessel
coverage. On venules, the eliminations of pericytes were more
frequent at the pial surface and ascending vessels, where hun-
dreds of microns of endothelium lost pericyte coverage post-
status epilepticus.

Time-lapse imaging of the same mural cells over time revealed
that eliminations of VSMCs preceded growth on the same vessel
or neighboring vessel, suggesting that mechanisms of additions
and eliminations are temporally dissociated. Additions of new
VSMCs could be compensatory for adjusting vasoregulation in
the surrounding tissue. Consistently, arteriolar tonus and blood
flow are impaired 2 weeks post-status epilepticus when there is
net loss of VSMCs. Because they express a-SMA, VSMCs are pri-
mary candidates for assuming the role of vasoconstriction on arte-
rioles and change perfusion rate pertaining to the neurovascular
coupling (Hill et al., 2015). The roles of the a-SMA™ mural cells,
distributed on capillaries and veins, remain elusive (Damisah
et al., 2017). Stellate pericytes have been attributed vascular bar-
rier functions (Hartmann et al., 2015). The distribution of vascular
leakage post-status epilepticus equally associated with endomu-
cin* and «-SMA" vessels argues against a functional tropism.
However, endomucin™ post-capillary venules are primary sites of
leukocyte infiltration across the BBB (Proebstl et al., 2012), and

(D) Remodeling of vessel coverage with NG2-tomato mural cells post-status epilepticus before and after treatment with PDGF-BB. Arrows indicate gains (yellow)
and losses (red) of mural cells. Cross-section line 11 indicates vascular occlusion. Changes of mural cells in 279 vessels of 8 mice are sorted as a function of
caliber: terminal vessels (25-50 pm), pre- or post-capillaries (8-25 um), and capillaries (4-8 pm). See Figure S4A.

(E) Gains and losses of NG2-tomato mural cells in the same cortical volume between day +1 and day +44. Means + SEM of n = 8 controls, 11 status epilepticus +
saline mice, and 8 status epilepticus + PDGF-BB mice. Effects of status epilepticus + saline compared to controls (unpaired t test for gains on arterioles,
*p = 0.002; capillaries, *p = 0.0038; and veins, *p = 0.0016, and for losses on arterioles, “p = 0.038; capillaries, “p = 0.0086; and veins, *p = 0.0005). Effects of status
epilepticus + PDGF-BB compared to controls (unpaired t test for gains on arterioles, *p = 0.0031; capillaries, *p = 0.0032; and veins, *p < 0.0001, and for losses on
arterioles, “p = 0.002; capillaries, *p = 0.046; and veins, *p < 0.0001). Effect of PDGF-BB compared to saline (unpaired t test for gains on veins, #p < 0.0001). Effect
of PDGF-BB on the net changes of pericytes on veins post-status epilepticus (unpaired t test, #p < 0.0001). See Figure S4B.

(F) Effect of PDGF-BB treatment on the number of aneurysms and vasospasms post-status epilepticus at 84 vessels (52 status epilepticus + saline mice and 32
status epilepticus + PDGF-BB mice) between day +1 and day +44. Means + SEM of n = 8 controls, 11 status epilepticus + saline mice, and 8 status epilepticus +
PDGF-BB mice (unpaired t test comparing controls with the saline group for aneurysms, *p = 0.026, and vasospasms, *p = 0.0002, and comparing controls with
the PDGF-BB group for aneurysms, *p = 0.5, and vasospasms, *p = 0.044).

(G) Vessel abnormalities at 322 vessels of 11 status epilepticus + saline mice and at 279 vessels of 8 status epilepticus + PDGF-BB mice sorted as a function of
caliber: terminal vessels (25-50 pm), pre- or post-capillaries (8-25 pm), and capillaries (4-8 um).

See Table S3.
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downregulation of endomucin facilitates leukocyte adhesion in the
inflamed tissues (Zahr et al., 2016).

Disease Modifying Effect of PDGF-BB Treatment
Constitutive activation of PDGFRB in transgenic mice facilitated
mural cell growth, increasing pericyte coverage mostly on veins
and capillaries in brain and peripheral organs (Olson and Sor-
iano, 2011). PDGF-BB is a protein that does not cross the
healthy BBB (Kastin et al., 2003). The latter does not
represent an issue, because post-status epilepticus, (1)
vessel permeability is compromised, (2) leakage sites expose
abluminal PDGFRB targets, and (3) impermeability of BBB to
PDGF-BB upon vessel repair limits unwanted side effects. We
report that a single intravenous injection of PDGF-BB at the
time of status epilepticus increased significantly p-PDGFRp
on cortical veins and arterioles equally. Growth of mural cells
was more prominent on veins where the microbleeds were
less abundant. This is consistent with PDGF-BB treatment
that increased the number of endomucin®* vessels in bone (Xie
et al., 2014). Blockade of PDGF-BB signaling in the context of
inflammation increased leakiness of post-capillary venules
(Fuxe et al., 2011), where downregulation of endomucin facili-
tates leukocyte adhesion previously linked to epileptogenesis
(Fabene et al., 2008).

Mechanistically, exogenous PDGF-BB should activate PDGFRf
signaling prominently in stellate pericytes where PDGFR is abun-
dant, at least more than in VSMCs (Li et al., 2011). PDGF-BB
ameliorated vessel health and reduced spontaneous EEG epilep-
tiform activity during treatment in a mouse model that did not
generate permanent seizures (Ben-Ari, 2012). This extends a pre-
vious study reporting anticonvulsive effects of PDGF-BB at 24 hr
and up to 1 week after one injection in a genetic mouse model
with permanent seizures (Masuda et al., 1996). Yet benefits of
PDGF-BB administration are mitigated by the oncogenic nature
of tyrosine kinase receptor overactivation, and possible off-target
effects via PDGFRa that can lead to fibrosis (Olson and Soriano,
2009; Andrae et al., 2008).

In conclusion, we introduce mural cells as cellular players in
experimental seizures and PDGFRp as a potential pharmacolog-
ical entry point to limit cerebrovascular dysfunction in epilepsy.

EXPERIMENTAL PROCEDURES

Animals

Animal experiments were carried out in accordance with the directive by the
Council of the European Communities (86/609/EEC) and approved protocols
(00846.01 and 00651.01) following institutional guidelines for the care and
use of laboratory animals. Tg(Cspg4-cre)1Akik/J (stock 008533), Ai27(RCL-
hChR2(H134R)/tdT)-D (stock 012567), and wild-type mice in a C57BL/6 back-
ground (Jackson Laboratory, Bar Harbor, MA, USA) were housed undera 12 hr
light/dark cycle with unrestricted access to food and water. All efforts were
made to minimize animal suffering and to reduce the number of mice used
in each experiment.

Electrode Implantation and Seizure Induction

Male and female mice were implanted with surface electrodes atop the fronto-
parietal cortex at 2 months of age to monitor EEG activity (Pinnacle, Sarasota,
FL, USA). Mice were allowed 2 weeks of recovery from surgery before induc-
tion of status epilepticus using an intraperitoneal injection of 25 mg/kg kainic
acid (KA) (Sigma-Aldrich, Saint-Quentin, France) in PBS. Racine’s scale (Ra-
cine, 1972) and EEG were used to monitor the number of status epilepticus,
the duration of epileptiform events, and the number of spikes at induction
(Ben-Ari, 2012). All mice presented in the study experienced generalized sei-
zures with at least one status epilepticus at induction, with the exception of
controls and mice with stage Il or IV non-generalized seizures.

Encephalography

EEG activity was monitored for >100 hr distributed in 4 epochs (pre- and post-
status epilepticus, 1-2 weeks, and 5-6 weeks). Mice were monitored (behavior +
EEG) for at least 3 hr after injection of KA or saline and subsequently sorted into 2
groups: (1) generalized seizures characterized by at least 1 status epilepticus and
convulsions and (2) non-generalized seizures without status epilepticus. EEG
signals were acquired at 200 Hz, stored, and analyzed using Sirenia (Pinnacle,
Sarasota, FL, USA). Dual video-EEG inspection permitted the exclusion of arti-
facts associated with sniffing, scratching, eating, drinking, chewing, self-groom-
ing, and sleep. To identify spontaneous epileptiform activities, we used criteria
previously described (Fisher et al., 2014): (1) a spontaneous epileptiform event
has a typical EEG pattern associated with sudden behavioral arrest, (2) a spon-
taneous spike wave has a typical EEG pattern associated with involuntary jerking
movements, and (3) a spontaneous seizure has a typical EEG pattern associated
with or without convulsive behavioral responses.

Intravenous Injections

Mice were lightly sedated with isoflurane, and a drop of ophthalmic anesthetic
was applied topically before retro-orbital sinus injection of the fluorescent
dyes (100 mg/kg of 70-kDa dextran-FITC and 70-kDa dextran-Texas red,
Sigma-Aldrich, Saint-Quentin, France; 150 mg/kg of 10-kDa dextran-Alexa

(B) Example of transcranial epifluorescence dual imaging of the pial cerebrovasculature (with 70-kDa dextran-Texas red) and mural cells (with NG2-tomato)
2 weeks post-status epilepticus. Images were taken at 800 Hz for arterioles and between 100 and 400 Hz for capillaries and venules to calculate the average blood
flow (in millimeters per second) at locations on vessels where mural cells are remodeled post-status epilepticus. See Video S1.

(C) Blood flow velocity during a period of 10 s in vessels covered and not covered with NG2-tomato. n = 110 vessels in 3 control mice, n = 92 vessels in 3 status
epilepticus + saline mice, and n = 127 vessels in 4 status epilepticus + PDGF-BB mice.

(D) Average velocity sorted by vessel subtype categories. Two-way ANOVA for the effect of status epilepticus and PDGF-BB F, 311y = 12.18, p < 0.0001; effect of vessel
category Fs 311y = 23.74, p <0.0001; and interaction F 10,311y = 3.58, p = 0.0002. Post hoc t test comparing controls and status epilepticus + saline groups, *p=0.011;
comparing saline and PDGF-BB groups, °p < 0.0001; and comparing controls and status epilepticus + PDGF-BB groups, ##p < 0.0001 and #p = 0.016. See Table S4.
(E) Time-lapse two-photon microscopy of a cortical subfield of (A) with mural cell remodeling, imaged through a craniotomy, permitting topical drug application.
Images were taken for 5 min during baseline, for 15 min during stimulation with glutamate (100 uM), and for 15 min during stimulation with ET-1 (10 nM). Yellow
lines indicate where vessel diameter was analyzed corresponding to sites of mural cell remodeling. See Videos S2 and S3.

(F) Changes of vessel diameter plotted as a function of time. Representative effects of glutamate and ET-1 at vessels covered (pre-existing or gain) or not covered
(pre-existing or loss) with NG2-tomato mural cells.

(G) Group data (means + SEM expressed as a percentage of baseline) sorted by vessel categories and by mural cell coverage. Two-way ANOVA for the effect of
ET-1 at vessel subtypes Fs5 61g) = 168.9, p < 0.0001, and its interaction with status epilepticus and PDGF-BB F 5 18 = 40.64, p < 0.0001. n = 73 vessels in 3 control
mice, n = 32 vessels in 3 status epilepticus + saline mice, and n = 39 vessels in 4 status epilepticus + PDGF-BB mice for vessels not covered with NG2-tomato. n =
68 vessels in 3 control mice, n = 20 vessels in 3 status epilepticus + saline mice, and n = 37 vessels in 4 status epilepticus + PDGF-BB mice for vessels covered
with NG2-tomato.

Post hoc t test for the effect of ET-1, *p < 0.001, and for the effect of glutamate, #p < 0.05. See Figures S4C and S4D for statistical comparisons.
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Figure 6. Venular Tropism of PDGF-BB Activity on PDGFRp and Vessel Permeability Post-Status Epilepticus

(A) P-PDGFRB (Y740-P) on vessel segments of cortical layers I-Ill labeled with endomucin (veins and capillaries) or «-SMA (arterioles).

(B) Proportion of endomucin-covered vessels or a-SMA-harboring vessels with p-PDGFRB (Y740-P) in n = 4 controls, 5 status epilepticus + saline mice, and 6
status epilepticus + PDGF-BB mice.

(C) Proportion of endomucin-covered vessels or a-SMA-harboring vessels with PDGFRB. Means + SEM of n = 4 controls, 5 status epilepticus + saline mice, and 6
status epilepticus + PDGF-BB mice (unpaired t test comparing endomucin-covered vessels with a-SMA-harboring vessels in the status epilepticus + PDGF-BB
group, #p = 0.0012). See Figures S5A-S5C.

(D) Extravasation of 10-kDa dextran injected into blood circulation at endomucin® and SMA* vessel segments in parietal cortex post-status epilepticus. Stars
indicate parenchymal cells loaded with dextran.

(E) Percentage of extravasations sites sorted as a function of vessel markers and caliber: terminal vessels (25-50 um), pre- or post-capillary vessels (8-25 um),
and capillaries (4-8 um). n = 226 extravasation sites in the status epilepticus + saline group of 5 mice compared to n = 132 extravasation sites in the status
epilepticus + PDGF-BB group of 6 mice.

(F) PDGF-BB reduces the surface of 10-kDa dextran extravasation sites in mouse cortex post-status epilepticus. Means + SEM of n = 50 leaks/group (unpaired t
test, *p = 0.01).

(G) PDGF-BB reduces the number of parenchymal cells loaded with 10-kDa dextran injected into blood circulation. Means + SEM of n = 50 leaks/group (unpaired
t test, *p < 0.0001). See Figures S5D and S5E.

See Table S5.

568, Applied Biosystems, Carlsbad, CA, USA; and 0.5% EB, Sigma-Aldrich, Transcranial Two-Photon Microscopy

Saint-Quentin, France) or PDGF-BB (100 png in saline, Sigma-Aldrich, Saint-  Thin-skull preparation for transcranial in vivo imaging was performed as
Quentin, France). Volume of injection was always 50 pL. After 2 hr, the  previously described (Arango-Lievano et al.,, 2016). All images were
remaining circulating tracers were rinsed out of the circulation with PBS by  acquired with a Zeiss LSM710 two-photon microscope coupled to a
transcardiac perfusion. Ti:sapphire laser (Spectra-Physics, Santa Clara, CA, USA) and a water
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Figure 7. Reduction of Spontaneous EEG Activity with PDGF-BB Treatment
(A) Number of EEG seizures associated with convulsive behavior at induction (on day 0) and spontaneous after treatment with PDGF-BB or saline (in week 2).

Means + SEM of n = 10 mice/group (unpaired t test, *p = 0.036).

(B) Spikes presented as number per hour at induction and spontaneous in week 2. Means + SEM of n = 9 status epilepticus + saline mice and 8 status epi-

lepticus + PDGF-BB mice (unpaired t test, *p = 0.0012).

(C) Epileptiform events associated with behavioral arrest presented as a percentage of time recorded at induction and spontaneous in week 2. Means + SEM of
n = 9 status epilepticus + saline mice and 8 status epilepticus + PDGF-BB mice (unpaired t test, *p = 0.0218). See Table S6.

(D-F) Pearson correlation between the remodeling of NG2 mural cells (net gains and losses/square millimeter of cortex) and the number of spontaneous seizures
(D), the number of spontaneous spikes (E), and the duration of epileptiform events (F). n = 9 status epilepticus + saline mice and 8 status epilepticus + PDGF-BB

mice.
See Table S6.

immersion 20x objective (numerical aperture [NA] 1.0, Apochromat, Carl
Zeiss, lena, Germany) for optimal fluorophore excitation and emission sep-
aration. Excitation wavelengths avoided two-photon excitation wavelengths
(880-920 nm) for channelrhodopsin-2 (ChR2) stimulation (Andrasfalvy et al.,
2010) but were optimal for Tomato and dextran-FITC excitation (1040 and
780 nm, respectively). ChR2-dTomato could not be activated at these
excitation wavelengths (Andrasfalvy et al., 2010). Laser power kept below
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10 mW is not compatible with ChR2 stimulation but is necessary for
non-damaging longitudinal studies. Images were taken at each image
session for each mouse using a 1 um step with a scanning dwell time of
2.55 ps/pixel. 1 puL of NeuroTrace 500/525 (Thermo Fisher Scientific,
Waltham, MA, USA) was injected into parietal cortex layer 3, close to the
region of interest, with a Hamilton syringe 24 hr before imaging as
described (Damisah et al., 2017).



Reimaging of the Same Field of View in the Same Mice over Time

A detailed map of the pial vasculature was taken for subsequent relocation.
Bone regrowth between imaging sessions is thinned using disposable
ophthalmic surgical blades (Surgistar, USA). Skull is further thinned between
imaging sessions down to 18-20 pum, allowing no more than 4 consecutive
sessions to avoid cracking the skull (Arango-Lievano et al., 2016). Scalp is
sutured and topped with topical antibiotic cream.

Transcranial Epifluorescence Microscopy of Blood Flow

Pial cerebrovascular blood flow is imaged through a thinned skull preparation
with an epifluorescence Discovery V12 microscope (Carl Zeiss, lena,
Germany) equipped with 20x and 63x water objectives (Carl Zeiss, lena
Germany) and a digital camera (C11440 Orca-Flash 4.0, Hamamatsu,
Barcelona, Spain) capturing images at 100 to 800 Hz. Dextran-Texas red
(Sigma-Aldrich, Saint-Quentin, France), injected retro-orbitally, filled microcir-
culation but did not penetrate blood cells, permitting identification of their cir-
culation. Imaging zones were defined by two-photon microscopy in which
vessel coverage with NG2-tomato mural cells changed between sessions.

Time-Lapse Cerebrovascular Angiography

Two-photon microscopy was performed in terminal imaging sessions at open
skull preparations to facilitate access of drugs to the pial surface of parietal
cortex after surgical removal of meninges. Baseline vessel dynamics were
captured in HEPES buffer (120 mM NaCl, 3.5 mM KCI, 0.4 mM KH2PO4,
15 mM glucose, 1.2 mM CaCl2, 5 mM NaHCOS3, 1.2 mM Na2S04, 20 mM
HEPES [pH 7.4]) for 5 min before addition of 100 pM glutamate (Sigma,
USA) for 15 min and subsequently 10 nM endothelin-1 (ET-1, Sigma, USA)
for 15 min.

Image Analysis

Imaris 8.0 (Bitplane, Zurich, Switzerland) was used for 3D reconstruction of the
field of view (volume = 500 x 500 x 250 um) from a series of z stack images.
Digital zoom values of 0.7 and 2.5 are necessary for reconstruction and future
relocation. Mural cell skeletons were traced using the filaments tracer module
of Imaris, which calculated the surface of vessels covered by NG2 mural cells.
Sets of coordinates of the 3 imaging sessions are extracted with the Edlund
method to align the coordinates with a stable reference point and further
point-by-point analysis using MATLAB (MathWorks, Natick, MA, USA). Gains
and losses of mural cells on vessel walls are measured by subtraction of signal
between consecutive images. Specification among veins, capillaries, and ar-
teries was performed based on NG2 mural cell morphology molecular markers
endomucin (dela Paz and D’Amore, 2009) and «-SMA (Hill et al., 2015).
Numbers of aneurysms, vasospasms, leakage spots, mural cell additions, or
eliminations counted in fields of view were expressed as density per surface
or volume as indicated. All images obtained from time-lapse imaging sessions
were realigned with the Imaged plugin RegStack to minimize artifacts of heart-
beat pulsations. Images were stitched together using ImageJ. Vessel diame-
ters were calculated at cross sections using the ImagedJ plugin plot profile.
Visualization of vessel diameter elasticity over time was obtained using the
dynamic reslice plugin. Blood flow was analyzed from 10,000 images per field
using an in-house MATLAB routine as described (Kim et al., 2012).

Immunohistochemistry

Mice were anesthetized with pentobarbital (50 mg/kg intraperitoneal [i.p.]
injection, Ceva santé Animale, Libourne, France) and perfused at a rate of
3 mL/min through the ascending aorta with 30 mL of ice-cold 0.9% NaCl before
decapitation. Brain hemisections were fixed with 4% ice-cold paraformalde-
hyde for 2 hr and equilibrated in 30% sucrose. Free-floating coronal sections
rinsed in PBS were blocked in 5% normal goat or donkey serum, PBS, and
0.1% Triton X-100 for 2 hr at 25°C. Primary antibodies (1:500 Collagen IV,
ab6586, Abcam, Cambridge, UK; 1:100 PDGFRB, ab32570, Abcam,
Cambridge, UK; 1:200 PDGFRp [Y740-P], ab81301, Abcam, Cambridge, UK;
1:1,000 IBA1, ab5076, Abcam, Cambridge, UK; 1:1,000 GFAP, Z0334, Dako,
Santa Clara, CA, USA; 1:500 endomucin, V5C7, Santa Cruz Biotechnology,
Dallas, TX, USA; 1:500 a-SMA, clone 1A4, Sigma-Aldrich, Saint-Quentin,
France; 1:100 cleaved caspase-3, Cell Signaling Technologies, USA; 1:500
KlI67, ab15580, Abcam, Cambridge, UK) were incubated overnight. Alexa

Fluor-conjugated secondary antibodies (1:2,000, Thermo Fisher Scientific,
Waltham, MA, USA) were incubated for 2 hr at 25°C. Images were acquired
with a LSM780 confocal microscope (Carl Zeiss, lena, Germany) and a 20x
water immersion objective. Excitation and acquisition parameters were un-
changed during the acquisition of all images. Images were all taken in the
parietal cortex underneath the two-photon imaging zone.

Brain Tissue Lysate Processing

Mice were anesthetized with pentobarbital (50 mg/kg intraperitoneal injection,
Ceva santé Animale, Libourne, France) and perfused at a rate of 3 mL/min
through the ascending aorta with 30 mL of 0.9% NaCl before decapitation.
Parietal cortex from brain hemisections was obtained from 200-um-thick sec-
tions dissected with a tissue punch (Stoelting, Wood Dale, IL, USA) and frozen
in liquid nitrogen. Tissue was lysed in 10 mM Tris-HCI (pH 8.0), 150 mM NaCl,
1 mM EDTA, 10% glycerol, 1% nonidet P40 (NP40), 0.1% SDS, 0.1% Triton
X-100 complemented with protease inhibitors, 1 mM NagVO,4, 10 mM NaF,
and 10 nM calyculin A and was cleared from debris by centrifugation
(14,000 rpm for 15 min) as described (Arango-Lievano et al., 2015).

Western Blot

Protein concentrations were measured with Bradford assay against BSA
standards. Polyclonal antibodies against PDGFRf (1:100, ab32570, Abcam,
Cambridge, UK) were used for immunoprecipitation with protein A-conjugated
magnetic beads (Life Technologies, Waltham, MA, USA) and western blot for
detecting PDGFRp [Y740-P] (1:200, ab81301, Abcam, Cambridge, UK) and
pan-tyrosine-phosphorylation (pan-Y-P) (Santa Cruz Biotechnology, Dallas,
TX, USA) by enhanced chemiluminescence (ECL) (Amersham). Densitometric
analysis of grayscale images was performed with ImageJ.

Statistics

Parameters used to quantify imaging data include (1) vessel length covered by
NG2 cells, (2) number of NG2 cells, (3) optical density in region of interest (ROI),
(4) number of vessel anomalies, (5) vessel diameter, and (6) number or surface
of vessel leaks that all were further sorted as a function of vessel caliber, mural
cell subtype, and gains and losses over time. Parameters used to quantify EEG
data include (1) number of seizures, (2) number of spikes, and (3) duration of
epileptiform events that were all further sorted as induced or spontaneous.
Representation of N for each figure is indicated in supplemental tables. All
data collected in animals were from littermate controls and averaged per
experimental groups. We used Student’s t test to compare 2 groups or time
points, Pearson correlation for linear associations between datasets with
Prism 6.0 (GraphPad, La Jolla, CA, USA). The R? value determined the best
linear fit of data. We used a factorial ANOVA to compare multiple groups, using
status epilepticus, PDGF-BB, and vessel subtypes as independent factors,
followed by post hoc pairwise comparison with multiple t tests (Holm-Sidak
method for corrections). All data are shown as means + SEM unless indicated
otherwise. Significance level is set at o < 0.05. No data were removed from
analyses including statistical outliers. Estimates of sample size were calcu-
lated by power analysis based on preliminary data. Sample size was chosen
to ensure 80% power to detect the pre-specified effect size. But N may vary
among time points, because longitudinal in vivo imaging of the same cortical
volume is challenging, presenting unexpected issues: (1) angle of imaging vol-
ume, (2) imperfection of surgical thinned skull windows, (3) mice that scratched
off the EEG electrodes, and (4) inappropriate injection of the retro-orbital fluo-
rescent dye. Pre-established criteria for stopping data collection included (1)
mice that scratched off the EEG electrodes, (2) mice reaching ethical endpoint
limits, (3) unexpected mortality (e.g., several mice died due to anesthesia,
because of seizure intensity, or immediately after KA injections), (4) crack of
the thin-skull preparation that would cause unwanted inflammation, and (5)
brains badly perfused and unusable for histology.

SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures, six tables, and three videos

and can be found with this article online at https://doi.org/10.1016/j.celrep.
2018.03.110.
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