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SUMMARY
Epigenetic modifications have emerged as attractive molecular substrates that integrate extrinsic changes into the determination of cell

identity. Since stroke-related brain damage releases micro-environmental cues, we examined the role of a signaling-induced epigenetic

pathway, an atypical protein kinase C (aPKC)-mediated phosphorylation of CREB-binding protein (CBP), in post-stroke neurovascular

remodeling. Using a knockin mouse strain (CbpS436A) where the aPKC-CBP pathway was defective, we show that disruption of the

aPKC-CBP pathway in a murine focal ischemic stroke model increases the reprogramming efficiency of ischemia-activated pericytes

(i-pericytes) to neural precursors. As a consequence of enhanced cellular reprogramming, CbpS436A mice show an increased transient

population of locally derived neural precursors after stroke, while displaying a reduced number of i-pericytes, impaired vascular remod-

eling, and perturbedmotor recovery during the chronic phase of stroke. Together, this study elucidates the role of the aPKC-CBP pathway

in modulating neurovascular remodeling and functional recovery following focal ischemic stroke.
INTRODUCTION

Stroke is amajor public health burdenwith 40%of patients

suffering from permanent neurological disabilities, and

novel post-stroke interventions are urgently needed

(Krueger et al., 2015). Increasing evidence shows that mul-

tipotent neural precursors (NPCs) in the injury site not

only migrate from the lateral ventricle subventricular

zone (SVZ) in adult brain (Jin et al., 2003; Dibajnia and

Morshead, 2013) but are also reprogrammed from local

non-neuronal cells following stroke (Shimada et al., 2012;

Nakagomi et al., 2015). Pericytes thatwrap endothelial cells

in the capillaries have emerged as an attractive cell

resource, which can be reprogrammed to tissue-specific

stem cells following injury (Dellavalle et al., 2011; Tate-

bayashi et al., 2017). In stroke-related brain injury, a

mesenchymal-epithelial transition process is involved in

cellular reprogramming of pericytes to multipotent NPCs

(Nakagomi et al., 2015). In addition to its plasticity in

cellular reprogramming, pericytes are also important for

the vascular remodeling post stroke by stabilizing the

newly generated microvessel walls and maintaining the

blood brain barrier (Liu et al., 2012; Armulik et al., 2010).

We recently identified a signaling-directed epigenetic

pathway, atypical protein kinase C (aPKC)-mediated S436
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phosphorylation in CREB-binding protein (CBP), and its

roles in regulating neuronal differentiation of NPCs in

both the developing and aging brain, where marked

changes in cell-extrinsic signals occur (Wang et al., 2010;

Gouveia et al., 2016). Since stroke-related brain injury

releases a plethora of cytokines and inflammatory and

growth factors (Kalluri and Dempsey, 2008; Doll et al.,

2014), such a pool of enriched extrinsic signals, resembling

what occurs in the developing or aging brain, may act on

the aPKC-CBP pathway to modulate cell fate, including

cellular reprogramming and differentiation. Since CBP is a

key epigenetic switch to regulate the epithelial-mesen-

chymal transition process (Abell et al., 2011), it is intriguing

to examine the role of the aPKC-CBP pathway following

stroke in regulating NPC reprogramming from pericytes.

Here, we identify a transient population of locally

derived NPCs that are reprogrammed from pericytes in

the injury site shortly after stroke. The permanent deletion

of the aPKC-CBP pathway enhances the pericyte reprog-

ramming efficiency to multipotent NPCs, consequently

exhausting proliferative pericytes and compromising

vascular remodeling to impair post-stroke functional recov-

ery. Here, we show that reactivation of the aPKC-CBP

pathway is required for stroke functional recovery in the

chronic phase through neurovascular remodeling.
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Figure 1. CbpS436A Enhances the Reprogramming Efficiency of i-Pericytes to NPCs in Culture
(A) Schematic of experimental flowchart.
(B) Images of i-pericytes cultured for 7 days, showing PDGFRb+ (red)/NG2+ (green)/SOX2� (purple) cells. Scale bar, 25 mm.
(C) A neurosphere reprogrammed from i-pericytes expressed Sox2 (red) after cytospin. Scale bar, 10 mm.
(D) Differentiation of neurospheres that were reprogrammed from i-pericytes into bIII TUBULIN+ neurons (left panel), GFAP+ astrocytes
(middle panel), and O4+ oligodendrocytes (right panel) in the presence of retinoic acid. Arrows denote positive cells for bIII TUBULIN,
GFAP, or O4. Scale bar, 20 mm.

(legend continued on next page)
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RESULTS

Disruption of the aPKC-CBP Pathway Increases NPC

Reprogramming from i-Pericytes in Culture

We used endothelin-1 (ET-1)/L-NAME stereotaxic co-injec-

tions to induce focal ischemic stroke in the sensorimotor

cortex and examined the reprogramming capability of

ischemia-activated pericytes (i-pericytes) to SOX2+ NPCs.

To test this, we dissected the peri-infarct/infarct cortex

tissues 3 days after ET-1/L-NAME injections and selectively

isolated pericytes (PDGFRb+/NG2+/SOX2�) by culturing

single dissociated cells on an uncoated plastic culture

dish. These i-pericytes were reprogrammed into NPCs in

culture by forming neurospheres expressing SOX2 (Figures

1A–1C and S1). These i-neurospheres reprogrammed from

i-pericytes were able to further differentiate into neurons,

astrocytes, and oligodendrocytes (Figure 1D). Interestingly,

i-pericytes from CbpS436A-KI mice produced a greater

number of neurospheres (Figures 1E and 1F). In addition,

compound C, an AMPK inhibitor, showed the same

potency to increase the number of neurospheres that

were reprogrammed from wild-type (WT) i-pericytes (Fig-

ure 1G), while having no effect onCbpS436A-KI i-pericytes.

Together, these data suggest that disruption of the aPKC-

CBP pathway improves the reprogramming efficiency of

i-pericytes to NPCs.
Disruption of the aPKC-CBP Pathway Increases the

Transient Population of Locally Derived NPCs that Are

Reprogrammed from i-Pericytes in the Post-stroke

Brain

To ask whether i-pericytes can be reprogrammed to NPCs

in vivo, we investigated the locally derived NPCs in our

focal ischemic stroke model. To first confirm if the

SOX2+ NPCs in post-stroke cortex layer I were locally

derived and did not migrate from the SVZ, we used a Nes-

tinCre-ERT2/tdTomatoflx/Stop/flx reporter line to trace SVZ

NPCs by injecting tamoxifen 7 days before stroke surgery

(Figure 2A). We found that tdTomato (TDT)+ cells in the

SVZ were co-labeled with SOX2, and the TDT+SVZ NPCs

did not migrate up to layer I at 7 days after stroke (Fig-

ure 2A). In addition, SOX2+NPCs in post-stroke cortex

layer I were negative for TDT (Figure 2B). Next, to test

whether the SOX2+NPCs in layer I were derived from peri-

cytes following stroke, we performed an in vivo labeling

experiment using the NeuroTrace 500/525 technology to
(E and F) Images (E) and quantitative analysis (F) of the number of n
(WT) and CbpS436A-KI stroke tissues. Scale bar, 150 mm. *p % 0.05,
(G) Quantitative analysis of the number of neurospheres reprogram
C (1 mM). *p % 0.05, n = 4/group.
Error bars in this figure represent the SEM.
label capillary pericytes in the live brain (Damisah et al.,

2017). NeuroTrace 500/525 (300 nL) was injected intra-

cortically just below the pia surface before ET-1/L-NAME

injections. Three days post stroke, NeuroTrace-labeled

pericytes were imaged ex vivo in the stroke-injured live

cortical sections using two-photon microscopy. Sequen-

tially, the same injured cortical sections were fixed and

immunostained for SOX2 and imaged using confocal mi-

croscopy. Using the needle track landmarks to merge the

two images, we were able to detect NeuroTrace+/SOX2+

cells, suggesting the pericyte origin of these SOX2+NPCs

(Figure S2A). Third, we injected 5-bromo-20-deoxyuridine
(BrdU) 24 hr before surgery (Figure S2B) and sacrificed

mice 3 days post-stroke. SOX2+NPCs in the injured cortex

were negative for BrdU (Figure S2B), suggesting that they

were derived from non-cycling cells pre-stroke. In addi-

tion, we used a Sox2-GFP reporter line, together with ethy-

nyl 20 deoxyuridine (EdU) post-stroke injections (Fig-

ure S2C), to show that Sox2-GFP+NPCs presented in

both the SVZ and injured cortex layer I, co-labeling with

EdU that marked proliferating cells. Together, these data

suggest that SOX2+NPCs in injured cortex layer I were

locally derived following stroke, possibly from capillary

pericytes. Since SOX2+ cells from injured cortex were

also NESTIN+ (detected either by a Nestin-GFP reporter

line or Nestin-antibody) and adjacent to CD31+ microves-

sels (Figures 2C, 2D, and S2D), we further examined the

identity of the specific population of NESTIN+ cells that

were adjacent to microvessels and found that these NES-

TIN+ cells were co-labeled with two pericyte markers,

PDGFRb and NG2 (Figure 2E). These data further

confirmed that the locally derived SOX2+NPCs in the

injured cortex are reprogrammed from pericytes following

stroke. We then assessed dynamic changes of NESTIN+/

SOX2+ NPCs that were adjacent to microvessels at 3, 7,

and 14 days post stroke in injured cortex layer I and

observed that the locally derived NESTIN+/SOX2+ cells

peaked 3 days post stroke and gradually diminished

14 days post stroke (Figures 2F, 2G, and S2E). Interestingly,

another population of dorsal committed NPCs expressing

both PAX6 and NESTIN surged to peak 7 days post stroke,

followed by a rise of DCX+ neuroblasts 14 days post stroke

in the same infarct region (Figures 2F and 2G). The

sequential wave of three populations of cells in cortex

layer I infarct implies a developmental process of locally

derived NPCs that were reprogrammed from pericytes

following stroke.
eurospheres reprogrammed from i-pericytes isolated from wild-type
n = 4/group.
med from i-pericytes in the absence and presence of compound
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Figure 2. CbpS436A Increases the Transient Population of Locally Derived NPCs that Are Reprogrammed from Pericytes in the Post-
stroke Brain
(A and B) Expression of SOX2+ (green)/TDT+ (red) NPCs in the SVZ of NestinCre-ERT2/tdTomatoflx/Stop/flx mice, receiving tamoxifen before
stroke, at 3 days (B) and 7 days (A) post stroke, while SOX2+NPCs in injured cortex layer I were negative for TDT 3 days post stroke. Arrows
denote co-labeled cells, while arrowheads denote single-labeled cells with SOX2+. Scale bar, 100 mm (A); 40 mm (B). PM, pia mater; LV,
lateral ventricle; TDT, TdTomato.
(C) Expression of GFP+ (green) and SOX2+ (red) cells in injured cortex of Nestin-GFP mice 3 days post stroke. White boxed image is enlarged
in the bottom panel. Scale bar, 25 mm.

(legend continued on next page)
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After identifying the transient population of locally

derived NPCs, we further examined their developmental

process in CbpS436A-KI mice. The quantification analysis

revealed that CbpS436A-KI mice displayed an increase in

the population ofNESTIN+/SOX2+NPCs 3 days post stroke

(Figures 2H and 2I), while showing a reduced number of

PAX6+ dorsal committedNPCs (Figure S2F) andDCX+neu-

roblasts (Figure S2F) in layer I of the infarct cortex. We

further used EdU pulse labeling post stroke (2–5 days post

stroke) and showed that the proportion of PAX6+ dorsal

committed NPCs (Figures 2J and 2K) and the proportion

of DCX+ neuroblasts (Figures 2L and 2M) over total EdU+

cells were decreased in CbpS436A-KI mice 14 days post

stroke.

The aPKC-CBP PathwayRegulates Post-strokeVascular

Remodeling

To further confirm that the increased SOX2+/NESTIN+

NPCs inCbpS436A-KImice indeed originate from increased

reprogramming of i-pericytes, we showed that the propor-

tion of PDGFRb+ pericytes over total EdU+ cells was

decreased in CbpS436A-KI mice (Figures 3A and 3B). The

effect occurred independently of any difference between

WTand CbpS436A-KI in terms of basal number of pericytes

under physiological conditions (Figures S3A and S3B) and

the number of apoptotic i-pericytes following stroke (Fig-

ure S3C). These data suggest that the pool of proliferative

i-pericytes exhausted over time due to increased reprog-

ramming. Since pericytes are known to stabilize newly

formed blood vessels and neurovascular units (Daneman

et al., 2010; Sweeney et al., 2016), we further determined

whether post-stroke vascular remodeling and angiogenesis

were hampered by the increased reprogramming process.

To assess vascular remodeling post stroke, brain sections

collected at 14 days post stroke from both genotypes were

immunostained for CD31 to label endothelial cells. The

density of CD31+ microvessels and the area of vascular

coverage were reduced in the ipsilateral cortex from both
(D) Expression of GFP+ (green)/NESTIN+ (red) co-labeled NPCs that w
Sox2-GFP mice 3 days post stroke. White boxed image is enlarged in th
bar, 25 mm.
(E) NESTIN+ cells within the infarct core are co-labeled with other pe
Arrows denote co-labeled cells. Scale bar, 20 mm.
(F and G) Images (F) and quantification (G) of SOX2 (green)/NESTIN+
NPCs and DCX+ (red, right panel) neuroblasts in injured cortex layer I 3
quantified for (G). Scale bar, 20 mm.
(H and I) Images (H) and quantification (I) of co-labeled SOX2+/NEST
Arrows denote co-labeled cells. Scale bar, 20 mm. *p < 0.05, n = 3–4
(J–M) Images (J and L) and quantification (K and M) of co-labeled PAX
and CbpS436A ipsilateral cortex 14 days post stroke, injected with Ed
panels. Arrows denote co-labeled cells. Scale bar, 25 mm. *p < 0.05;
Error bars in this figure represent the SEM.
genotypes (Figures 3C–3E) relative to contralateral. Impor-

tantly, CbpS436A-KI mice showed a significant decrease in

the number of CD31+ microvessels and vascular coverage

when comparedwithWTmice in the ipsilateral cortex (Fig-

ures 3C–3E). In addition, we performed three-dimensional

(3D) cortical vasculature analysis using brains collected at

25 days post stroke (Figures 3F–3H). Ipsilateral vessel length

and branchpoints from WT mice showed a trend of being

higher than those in the contralateral WTcortex, implying

a sign of vascular remodeling. However, CbpS436A-KI mice

displayed a consistent reduction in the ipsilateral vessel

length and branchpoints when compared with their

contralateral count and with those from WT mice (Figures

3F–3H). To assess post-stroke angiogenesis, we performed

EdU pulse labeling as previously described and examined

brain sections 14 days after stroke by immunohistochem-

istry. The percentage of EdU+/CD31+ newly generated

blood vessels was significantly reduced in CbpS436A-KI

mice (Figures 3I and 3J). Thus, disruption of the aPKC-

CBP pathway increases cellular reprogramming of i-peri-

cytes at the expense of vascular remodeling post stroke.

The aPKC-CBP Pathway Modulates Post-stroke

Functional Recovery without Altering Stroke Volume

To assess outcomes of the altered neurovascular remodel-

ing in CbpS436A-KI mice, we examined stroke volume

and performed behavioral analysis. There was no signifi-

cant difference in infarct volume between WT and

CbpS436A-KI mice at 3 and 14 days post stroke (Figures

4A and 4B). To assess post-stroke functional recovery,

both genotypes ofmice were tested on two sensitive behav-

ioral tests that measure motor deficits: the horizontal

ladder run and cylinder tasks. On the horizontal ladder

task, WT and CbpS436A-KI mice showed a comparable

baseline pre-stroke and a similar increase in step error

7 days post stroke in both the contralateral and ipsilateral

forelimbs (Figure 4C). By 14 days post stroke, CbpS436A-

KI mice had significantly more deficits compared with
ere adjacent to CD31+ (white) endothelial cells in injured cortex of
e right panels. Arrows denote co-labeled GFP+/NESTIN+ cells. Scale

ricyte markers, NG2 (red, left panel) and PDGFRb (red, right panel).

(red, left panel) NPCs, PAX6 (green)/NESTIN+ (red, middle panel)
, 7, and 14 days post stroke. Arrows represent positive cells that were

IN+ NPCs in WT and CbpS436A ipsilateral cortex 3 days post stroke.
/group.
6+/EdU+ NPCs (J and K) and DCX+/EdU+ neuroblasts (L and M) in WT
U days 2–5 post stroke. White boxed image is enlarged in the right
**p < 0.01, n = 3–4/group.
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(legend continued on next page)
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Figure 4. CbpS436A Modulates Post-
stroke Functional Recovery without
Altering Stroke Volume
(A and B) Images (A) and quantification
(B) of infarct volumes at 3 and 14 days post
stroke from WT and CbpS436A-KI mice.
Scale bars, 50 mm (n = 6/group for 3 days;
n = 9/group for 14 days).
(C) The percentage of forelimb error step at
7 and 14 days post stroke in WT and
CbpS436A mice, analyzed by two-way
ANOVA (Time 3 Genotype with forelimbs
F(6,168) = 0.76, p = 0.7587, n = 17 for WT,
n = 13 for KI), with Tukey’s post hoc test,
*p < 0.05 compared with WT, n = 13–17/
group.
(D) The ipsilateral preference in the cylin-
der test at 7 and 14 days post stroke in WT
and CbpS436A-KI mice, analyzed by two-
way ANOVA (Time 3 Genotype F(2,42) =
2.395, p = 0.1035, n = 17 for WT, n = 13 for
KI) with Tukey’s post hoc test, *p < 0.05
compared with WT, n = 13–17/group.
Error bars in this figure represent the SEM.
WT mice on both limbs. A very similar pattern was shown

in the cylinder test. Both WT and CbpS436A-KI mice

displayed no preference in using forepaws to touch the cyl-

inder wall pre-stroke and a similar preference to use the

ipsilateral forepaw 7 days post stroke (Figure 4D), while at

14 days post stroke CbpS436A-KI mice had a significantly

higher ipsilateral preference, implicating less recovery in

CbpS436A-KI mice. Thus, the aPKC-CBP pathway modu-

lates post-stroke functional recovery without altering

stroke volume.
DISCUSSION

The current study identifies a transient population of

locally derived NPCs following focal ischemic stroke, re-

programmed from i-pericytes. We further demonstrate

that phosphomutant CbpS436A enhances the reprogram-
(D and E) Quantification of total blood vessel counts (D) and the per
cortex of WT and CbpS436A mice as shown in (C), normalized to the a
two-way ANOVA(Genotype3 Hemisphere interaction F(1,24) = 1.116,
for total blood vessel counts; Genotype 3 Hemisphere interaction
n = 4/per group for vascular coverage), with Tukey’s post hoc test, *
(F) Confocal images of cortex of WT and CbpS436A mice 25 days post
(G and H) Quantitative analysis of vessel length (G) and branchpoin
Hemisphere interaction F(1,12) = 4.317, p = 0.3022 for vessel length;
branchpoints) (n = 5 for WT, n = 3 for KI), with Tukey’s post hoc test
(I and J) Images (I) and quantification (J) of co-labeled CD31+/EdU+
stroke. Arrows denote co-labeled cells. Scale bar, 20 mm. *p < 0.05, n
Error bars in this figure represent the SEM.
ming efficiency of i-pericytes to NPCs both in culture

and in vivo. As a consequence, permanent deletion of

the aPKC-CBP pathway reduces the population of prolifer-

ating pericytes following stroke, leading to perturbed

vascular remodeling and stroke motor functional recovery

deficits.

Increasing evidence suggested that pericytes have the

capability to be reprogrammed into multipotent NPCs or

mature neurons both in vitro and in vivo (Nakagomi et al.,

2015; Tatebayashi et al., 2017; Karow et al., 2012). Here,

we demonstrate that i-pericytes following focal ischemic

stroke can be reprogrammed to SOX2+NPCs, transiently

arising shortly after stroke (3 days) followed by another

wave of PAX6+ dorsal committedNPCs peaking 7 days after

stroke. More importantly, we found that a single S436

phosphorylation mutation in CBP significantly increases

the reprogramming efficiency of i-pericytes to SOX2+

NPCs, while arresting the reprogrammed NPCs at the early
centage of vascular coverage (E) from ipsilateral and contralateral
verage counts of the WT contralateral group. Data were analyzed by
p = 0.3022, Genotype F(1,24) = 18.52, p = 0.0003, n = 7/per group
F(1,12) = 0.225, p = 0.649, Genotype F(1,12) = 0.58 p = 0.0001,
p < 0.05, n = 4–7/group.
stroke, stained for CD31 (green). Scale bar, 100 mm.
ts (H), normalized as fold change over contralateral (Genotype 3
Genotype3 Hemisphere interaction F(1,12) = 5.372, p = 0.0389 for
, *p < 0.05, n = 3–5/group.
endothelial cells in WT and CbpS436A ipsilateral cortex 14 days post
= 3/group.
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stage without progressing into PAX6+ dorsal committed

NPCs. This is a very interesting observation. Previously,

we showed that CbpS436A led to differentiation deficits

in the hippocampal subgranular zone (SGZ) SOX2+NPCs,

arrested at an early stage without progressing to mature

neurons (Gouveia et al., 2016). This suggests that

CbpS436A has two roles in regulating NPC reprogramming

and differentiation: facilitating NPC reprogramming from

i-pericytes while simultaneously preventing their further

differentiation. Another possible explanation for the

reduction of PAX6+ dorsal committed NPCs is due to fate

changes of SOX2+ multipotent stem cells. SOX2 is not

only considered as a marker for neural precursors but also

as a marker for pluripotency. A previous study has shown

that pluripotent-like stem cells were detected in the injured

cortex following transientmiddle cerebral artery occlusion,

labeled with pluripotent markers, SOX2, KL4, and c-MYC

(Nakagomi et al., 2015). In addition, IBA1+ microglia

have been shown to be reprogrammed from i-pericytes

(Sakuma et al., 2016). To assess the possibility that the

reduced number of PAX6+ cells in CbpS436A-KI is due to

an increased number of Iba1+ microglia, possibly gener-

ated from SOX2+ pluripotent/multipotent stem cells, we

examined the proportion of IBA1+ microglia in the total

EdU+ cells 14 days post stroke. Indeed, the proportion of

IBA1+ microglia was increased in CbpS436A-KI compared

with their WT littermates (Figures S3D and S3E). These

findings suggest that there could be a change in fate

between PAX6+ NPCs and IBA1+ microglial cells, which

remains to be confirmed in future studies utilizing lineage

tracing experiments.

Histone acetyltransferases such as CBP are well known to

regulate cell-fate changes (Krishnakumar and Blelloch,

2013; Murao et al., 2016). Increasing studies have targeted

either bromodomain or histone deacetylase activity to in-

crease the reprogramming efficiency of nonneruonal cells

to NPCs and mature neurons (Li et al., 2015; Pfisterer

et al., 2016; Gao et al., 2017). Despite this, a direct signal

that modulates histone acetyltransferase (HAT) activity to

alter cell fate remains largely unknown. We previously

showed that the aPKC-CBP pathway can be activated by

metformin to enhance the neuronal differentiation of

NPCs (Wang et al., 2012). Our current finding, instead,

revealed that inactivation of the aPKC-CBP pathway

enhances NPC reprogramming from i-pericytes. Thus, the

aPKC-mediated single phosphorylation of CBP serves as a

signaling sensor to fine-tune cell-fate decisions through

reprogramming or differentiation processes. This phos-

phorylation in CBP may directly alter either the histone

acetyltransferase activities or their chromatin-binding pro-

files. Identification of downstream targets of the aPKC-CBP

pathway at both genomic and epigenomic levels will be

further explored.
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EXPERIMENTAL PROCEDURES

Animals
All animal use was approved by the Animal Care Committees of

theUniversity ofOttawa in accordancewith theCanadianCouncil

of Animal Care policies. Transgenic mouse lines, CbpS436A, Sox2-

GFP, Nestin-GFP, and NestinCre-ERT2/tdTomatoflx/Stop/flx mice were

maintained on a 12 hr light/12 hr dark cycle with access to food

and water ad libitum.

Detailed information is described in Supplemental Experimental

Procedures.

ET-1/L-NAME Surgery
Mice (2–4months) were anesthetized using 4%–5% isoflurane and

1.5% oxygen and mounted on a stereotaxic frame for ET-1/

L-NAME injections, detailed in Supplemental Experimental

Procedures.

Pericyte Culture and Sphere Formation
Three days following ET-1 surgery,micewere killed and their brains

were dissected out. Pericyte culture isolated from injured cortex is

detailed in Supplemental Experimental Procedures.

Drug Treatment
To label dividing cells or SVZ NPCs, mice received an intraperito-

neal injection (i.p.) with EdU, BrdU, or tamoxifen, detailed in

Supplemental Experimental Procedures.

Immunohistochemistry, Microscopy, and

Quantification
Immunostaining of brain sections was performed as described pre-

viously (Gouveia et al., 2016), detailed in Supplemental Experi-

mental Procedures. Detailed image acquisition and quantification

is also described in Supplemental Experimental Procedures.

EdU Click-iT Chemistry Labeling
EdU was visualized using Click-iT chemical reaction kits from

Cell Signaling (C10338) according to the manufacturer’s

instructions.

Three-Dimensional Blood Vessel Staining, Imaging,

and Quantification
Mice were killed at 25 days post surgery, and the cortices were

dissected, flattened between two layers of glass, and immersed in

4% paraformaldehyde overnight at 4�C. The detailed procedure

is described in Supplemental Experimental Procedures.

Two-Photon Ex Vivo Imaging
Coronal slices were generated as described previously. Detailed im-

aging procedures are described in Supplemental Experimental

Procedures.

Horizontal Ladder Test and Cylinder Test
The two tests were performed at the Behavioral Core at the

University of Ottawa, detailed in Supplemental Experimental

Procedures.



Cresyl Violet Staining and Infarct Volume

Measurement
Slides containing serially collected sections were dried at 37�C for

15 min and stained with cresyl violet solution (Sigma-Aldrich,

C5402), detailed in Supplemental Experimental Procedures.
Statistical Analysis
Data analysis was performed using GraphPad Prism 6 (Graphpad

Software, La Jolla, CA). Behavioral analysis was performed using

two-way ANOVA with Tukey’s post hoc test. Single comparisons

were performed using two-tailed Student’s t test. n in the figure

legends refers to individual mice.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures and three figures and can be found with this article

online at https://doi.org/10.1016/j.stemcr.2017.10.021.
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Figure S1. Reprogramming of i-pericytes to neural precursors.  Ischemia-activated pericytes 

were cultured as a monolayer of cells under pericyte conditioned medium (PCM, left panel), 

while neurospheres were formed in the culture dish when PCM were switched to neural 

conditioned medium (NCM, right panel). Scale Bar=200μm  
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Figure S2. Locally-derived neural precursor cell lineage in cortex layer I following ischemic 

stroke injury. (A) Merged images from live two-photon imaging for NeuroTrace and confocal 

imaging for SOX2+NPCs. Scale bar=10μm. (B) Representative micrographs of the ipsilateral 

cortex and SVZ of mice who received stroke surgery 2 days prior and BrdU (i.p. 60mg/kg, 4 

2 
 



times every 3-hour) injections 24 h pre-surgery, stained for SOX2 (red) and BrdU (green). 

Arrows denote co-labelled cells, while arrow heads denote single-labeled cells with SOX2+.  

Scale bar= 40μm; PM: pia mater, LV: lateral ventricle. A flowchart of this experiment is on the 

left panel. (C) Representative micrographs of the ipsilateral cortex and SVZ of Sox2-GFP mice 

who received stroke surgery 3 days prior and EdU injections (i.p. 50mg/kg, daily) post stroke 

day 2-3, stained for GFP (green) and EdU (red). Arrows denote co-labelled cells. Scale bar= 

40μm. A flowchart of this experiment is on the left panel. (D) Representative micrographs of the 

ipsilateral cortex 3 days post-stroke show that locally-derived SOX2 (white) + NPCs are adjacent 

to CD31 (red)+ endothelial cells, colabelled with NESTIN (green). Scale bar=20μm. (E) 

Representative images of the infarct cortex at days3, 7, 14 post-stroke, stained with SOX2 

(green, top), PAX6 (green, middle), and DCX (red, bottom). Scale bar=20μm. (F) Quantitative 

analysis of PAX6 (left) and DCX (right) positive cells in WT and CbpS436A ipsilateral cortex 

layer I  below the pia surface, 14 days post-stroke,  *p<0.05, n=3 per group. 
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Figure S3. (A-C) Basal number of pericytes and apoptotic i-pericytes remain the same 

between WT and CbpS436A-KI. (A) Representative micrographs of the cortex from both WT 

and CbpS436A-KI mice under physiological conditions, stained for PDGFRβ (red), 

counterstained with Hoechst (blue). Scale bar= 40μm (B) Quantitative analysis of PDGFRβ + 

pericytes in the WT and CbpS436A cerebral cortex as shown in (A) under physiological 

condtions. n=3/group.  (C) Representative micrographs of ipsilateral cortex from WT mice at 3 
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days and 7 days following stroke surgery, stained for TUNEL (green), PDGFRβ (grey), NESTIN 

(red), counterstained for Hoechst (blue). Scale bar= 40μm. (D-E) CbpS436A-KI mice show an 

increase in the population of Iba1+microglia in injured cortex layer I following stroke. 

Representative images (D) and quantitative analysis (E) of co-labelled IBA1+/EdU+ cells in WT 

and CbpS436A ipsilateral cortex 14 days post-stroke, injected with EdU (i.p. 50mg/kg) at post-

stroke days 2-5. Scale bar= 25μm. *p<0.05, n=3-4/group.  
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Supplemental Experimental Procedures: 

Animals  

Only wild type (WT) and homozygous (CbpS436A-KI) mice (Zhou, et al., 2004) were used as 

experimental mice and heterozygous of CbpS436A were used for breeding. The Sox2-GFP 

reporter transgenic line was provided by Dr. Ruth Slack. The Nestin-GFP reporter transgenic line 

(Yamaguchi, et al., 2000) and NestinCre-ERT2 (Lagace, et al., 2007)/tdTomatoflx/Stop/flx  

transgenic line were provided by Dr. Diane Lagace. 

 

ET-1/L-NAME Surgery 

Injections were performed using a Hamilton 10uL gastight syringe with a 0.49mm diameter 

needle (Hamilton Robotics, Reno NV, 7653-01). Injections of saline, or ET-1 (Abcam, 

Cambridge, UK, AB120471) (2 µg/ µl) + L-NG-Nitroarginine methyl ester (L-NAME) (Sigma-

Aldrich, St. Louis MS, N5751) (2.7 µg/ µl) were performed at +0.0mm anterior-posterior (AP), -

2.0mm Medial-Lateral (ML), -1.6mm Dorsal-Ventral (DV); +0.2AP, -2.0ML, -1.4DV; and 

+0.4AP, -2.0ML, -1.3DV. ET-1 and L-NAME were dissolved in PBS and sonicated in a 4oC 

water bath for 15 minutes before use. The injection was performed at 0.2 µL/minute for 5 

minutes per site for a total of 1µL/injection. Upon needle insertion, 1 minute waiting time was 

used to allow for settling of tissue. Following injection, a 3-minute waiting time before needle 

removal was used to reduce back-flow. Body temperatures were continually monitored and 

maintained at 37oC during surgery using a heating pad and anal thermometer. Local Bupivacaine 

and subcutaneous buprenorphine were administered post-surgery and 4 hours later.  All animals 

that received strokes were included in the study since Cresyl Violet histological staining (method 

below) confirmed strokes were produced in all mice and there was no lethality post stroke.  
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Pericyte Culture and Sphere Formation 

The infarct/periinfarct cortical tissue was removed and digested in HBSS for 30 minutes using 

papain (Worthington Biochemicals, LS003126) and  100 units DNAse (Sigma-Aldrich, D5025-

15KU) at 37oC. The samples were then triturated through 18- and 23- gauge needles. Single 

dissociated  cells were plated at 600,000 cells/mL in an uncoated plastic dish with high glucose 

DMEM/F-12 containing 5µg/mL EGF (VWR, CACB354052), 5µg/mL FGF (Peprotech, 100-

18B), 1% N2 supplement (Thermo Fisher, 17502048), and 2% FBS (Life Technologies, 

12484010). Full media changes were performed on days 1 and 2 post-plating and half media 

changes every other day following that. 

After 1 week, ischemia-activated pericytes (i-pericyte) were selectively grown, showing 

100% population of cells expressing pericyte markers, PDGFRβ and NG2.  These i-pericytes 

were exposed to neural conditioned medium (NCM): DMEM/F-12 media containing 5µg/ml 

FGF, 5µg/ml EGF, 10µg/mL leukemia inhibitory factor (LIF) (Peprotech, 250-02), and 1% N2 

for 2-4 weeks. 100µL of media was added once a week to account for evaporation. After 3 

weeks, the total spheres in each well were counted before single spheres were collected onto 

glass slides using a Cytospin (Thermo Fisher). 

Single spheres were also picked and placed into a dish coated with matrigel in neural 

basal media containing retinoic acid (RA, 200nM) for differentiation. After 1 week cells were 

stained for βIII TUBULIN, GFAP and O4. 
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Drug treatment  

To label dividing cells, mice received an intraperitoneal injection (i.p.) with 50mg/kg 5 ethynyl 

2’ deoxyuridine (EdU) (Cedarlane, Burlington, ON, AB16186) prepared in sterile PBS. 

Injections were given daily for day 2-5 post-stroke for CbpS436A strain, and day 2-3 post-stroke 

for Sox2-GFP mice. A separate cohort of mice received i.p. injections with 60mg/kg 5 bromo2’ 

deoxyuridine (BrdU) (Sigma-Aldrich, B9285) prepared in sterile PBS.  Injections were 

performed beginning 24 hours before surgery and were repeated 4 times, once every 3 hours. To 

trace SVZ NPCs using Nestin-CreERT2/tdtomato floxed transgenic line, tamoxifen (180mg/kg, 

i.p. daily for 5 days) were injected for 5 days beginning at 12 days before ET-1/L-NAME stroke 

surgery.  

 

Immunohistochemistry, microscopy, and quantification 

At 3 or 14 days post-surgery, mice were anesthetized and transcardially perfused with 4% 

Paraformaldehyde (PFA) (Sigma-Aldrich, 1518127) in PBS. Then brains were removed and 

sectioned in a CRYOSTAT (Leica Biosystems, Buffalo Grove IL, CM1850) at 20 µm. Serial 

sections were mounted on 10 glass slides.  Brain sections that were stained for CD31 or PDGFR-

β were perfused with PBS, followed by immediate dissection and snap freezing in 100% ethanol 

cooled with dry ice. The sections were fixed with acetone at room temperature immediately after 

sectioning. The slides were dried and then were stored at -80oC until needed. 

For PFA perfused sections, Two 5-minute washes with PBS were performed before 15-

minute fixation with 4oC 4% PFA. For acetone fixed sections; the sections were directly fixed 

with -20oC acetone for 15 min and dehydrated with -20oC 100% ethanol. Three 5-minute washes 
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with PBS were performed on all slides sections before proceeding to the permeabilization 

/blocking step. 

Sections were blocked and permeabilized with 10% goat serum (Jackson Immuno-

research, West Grove PA, 008-000-121) (horse serum if primary antibody was produced in a 

goat) and 0.3% Triton-X, and then were incubated with primary antibodies at 4ºC overnight, with 

secondary antibodies at room temperature for 1 hour, counterstained with Hoechst 33343 

(1:2000, Sigma-Aldrich) and mounted using GelTol (Fisher). For BrdU colabelling with SOX2, 

sections were incubated in 1 N HCl at 60°C for 30 min, rinsed in PBS, incubated in rat anti-

BrdU antibody at 4°C overnight, in Alexa 488 donkey anti-rat antibody for 1 hour and then 

sequentially immunostained for anti-Sox2 followed by  Alexa Fluor-conjugated  secondary 

antibodies.  

 Primary antibodies used were: rat anti-CD31 (1:200) (BD Pharminogen, Franklin Lake, 

NJ, 550274), rat anti-BrdU (1:200) (AbD Serotec, Oxford UK, OBTOO30G), rabbit anti-SOX2 

(1:200) (Millipore, Billiereca MA, 49005), goat anti-DCX (1:200) (Santa Cruz Biotechnologies, 

Dallas TX, sc-8066), rabbit anti-PDGFR-β (1:100) (Santa Cruz Biotechnologies, sc-1627),  

Rabbit anti-PAX 6 (1:200)(Biolegend, 901301), chicken anti-NESTIN (1:1000) (Aves labs, 

NES), Chicken anti-GFP(1:1000)(Abcam, ab13970), rabbit anti-NG2(1:1000)(Milipore, 

AB5320), rabbit anti-IBA1(1:1000)(Wako Chemicals, 019-19741), rabbit anti-DSRED (1:1000)( 

Living Colors, 632496), mouse β III TUBULIN (1:1000) (Covance, MMS-435P), rabbit GFAP 

(1:1000) (Abcam, ab7260), mouse O4 IgM (1:400) (Millipore, MAB345). 

Digital image acquisition was performed using either a Zeiss Axioplan 2 fluorescent 

microscope with Zeiss Axiovision software that contains z-axis capability, or a Zeiss LSM 510 

confocal microscope using Zeiss Zen Pro software V2.0 (Oberkochen, Germany). 10-15 images 
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were captured in the Z-axis per section at a maximum of 1µm apart and processed as an optical 

stack of 10-15 scanned slices for quantification.  

For quantification, positive cells in the desired region were quantified using imageJ 

software (National Institute of Health, Bethesda MD). Images were obtained at 20x 

magnification. Three images per section for 6-10 sections were quantified, dependent on the 

extent of the stroke.  

Particle analysis for vascular coverage was performed using ImageJ. The auto threshold 

function was used in conjunction with particle analysis for area coverage. Particles below 5 

pixels were excluded from analysis for area coverage. 

 

Three Dimensional (3-D) Blood Vessel Staining, Imaging and Quantification 

The cortices were removed from between the glass and washed with PBS, then embedded in 2% 

agarose in PBS. The cortices were cut tangentially into 120µm sections using a vibratome (Leica 

WT1000S). Sections were blocked with 10% horse serum, permeabilized with 0.2% tritonX100 

and 0.5% fish gelatin followed by overnight incubation with rat anti-CD31 (BD Pharminogen 

550274, 1:200). The sections were then rinsed in PBS and incubated for two hours in anti-rat 

Alexa fluor 488 conjugated antibodies (Jackson Immunoresearch, 1:300). Slides were mounted 

with fluoromount G and visualized using fluorescent confocal microscopy 

(LSM510/Axioimager.M1, Zeiss). Z-Stacks between 60-80µm were obtained.  

Two images per hemisphere per section for three sections were analyzed for vessel length 

and branch points as previously described (Lacoste et al., 2014). Briefly, first, the images were 

smoothed, followed by application of an adaptive thresholding procedure (Gonzalez & Woods, 

2007).  The obtained arteries had their medial axes extracted by using a thinning algorithm 
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(Palàgyi & Kuba, 1998), giving rise to a network (Viana et al., 2009; Rafelski et al., 

2012).  Bifurcations in such structures were detected as corresponding to pixels with three or 

more neighbors, while pixels with a single neighbor were understood as terminal nodes.  The 

arc-length of the segments between the bifurcations were then estimated (Cesar Jr. & Costa, 

1999).  The number of branch points was also obtained. 

 

Two-photon ex vivo imaging.    Briefly, 3 days following NeuroTrace 500/525 and ET-1/L-

NAME injections, mice were deeply anesthetized with isofluorane (Baxter Corporation, 

Canada), and transcardially perfused with ice-cold, oxygenated choline-based artificial 

cerebrospinal fluid (choline-aCSF), containing the following (in mM): 119 Choline-Cl, 2.5 KCl, 

4.3 MgSO4, 1.0 NaH2PO4, 1.0 CaCl2, 11 Glucose, and 26.2 NaHCO3 (pH 7.2-4, 295-310 

mOsm/L).  Mice were then decapitated and the brain was quickly removed.  Coronal slices (300 

µm) containing the full extent of the ET-1-induced infarct were generated using a Leica VT1000 

S vibratome blade microtome (Leica Microsystems).  Brain sections were then transferred to an 

incubation chamber, and allowed to recover for at least one hour in oxygenated artificial 

cerebrospinal fluid (aCSF), containing the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 

1.0 NaH2PO4, 2.5 CaCl2, 11 Glucose, and 26.2 NaHCO3 (pH = 7.2-4, 295-310 mOsm/L) initially 

maintained at 30oC, then recovered at room temperature.  Slices were transferred to a perfusion 

chamber and immersed in oxygenated aCSF (2 mL/minute) at room temperature.  Bright-field 

imaging of cells within Layer 1-2 of the peri-infarct cortex was conducted using an AxioCam 

ICm1 CCD camera (Zeiss), coupled to a Zeiss LSM710 multiphoton microscope with a 20x (1.0 

NA) objective.  Bright-field acquisition allowed the aligning of 2-photon imaging, performed 

using a Ti:Sapphire pulsed laser tuned to 1000 nm (MaiTai-DeepSee, Spectra Physics), similar to 
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previously reports in vivo (Damisah et al., 2017).  Once imaging was complete, slices were post-

fixed in 4% paraformaldehyde for 1-3 hours, and then placed in 30% sucrose (in 1x PBS) at 4oC. 

Slices were permeabilized in PBS with 0.3% triton for 24 hours at 4oC. The primary 

antibody against SOX2 was then added for 24 hours at 4oC in 10% normal goat serum. Three 

PBS washes were performed for 10 minutes and secondary antibody was added overnight at 4oC. 

The section were mounted and imaged by fluorescent confocal microscopy 

(LSM510/Axioimager.M1, Zeiss) for the first 30μm of depth.  The two-photon and confocal 

images were compared and landmarked in order to align physical features and cells. Once 

aligned, the images were merged. All land marking and merging was performed using ImageJ. 

 

TUNEL staining  

Mice were sacrificed either 3 or 7 days post-stroke and stained for nicked DNA, a hallmark of 

apoptosis, using R&D systems Tacs in situ fluorescence TUNEL kit (#4812-60-K). Following 

TUNEL staining the tissue was stained for NESTIN and PDGFRβ as described above. The 

ipsilateral cortex was analyzed for the presence of TUNEL+/NESTIN+/PDGFRβ+ cells.  

 

Horizontal Ladder Test 

Mice were placed at the beginning of a horizontal ladder consisting of two plexiglass walls and 

irregularly placed metal bars across from their home cage. The home cage was placed at the end 

of the ladder. The mice were videotaped crossing the bar from slightly below in order to have 

full view of all four limbs. Five trials per day were videotaped and only trials in which mice 

made clear, uninterrupted movement across the ladder were later analyzed. The mice were given 

one day of pre-training and one day of baseline measurements prior to surgery. Mice were re-
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tested at 7 and 14 days post-stroke. The videos were later analyzed in a blinded fashion using 

VLC media player at a reduced speed. Steps in which the mice slipped on or missed a bar, or the 

use of the wall to support their weight, were counted as an error. The percentage of steps 

containing an error was reported.  

 

Cylinder Test 

Mice were placed in a clear plastic cylinder under red light and were videotaped from above for 

the time it took for the mice to perform 20 rears. One pre-surgery baseline value was obtained 

and the mice were re-tested at 7 and 14 days post-stroke. The videos were later analyzed frame-

by-frame in VLC media player (Version 2.2.3). The total number of ipsilateral, contralateral, and 

double paw touches against the cylinder wall was counted. The percentage ipsilateral preference 

was calculated as:  

(total ipsilateral forepaw touches – contralateral forepaw touches) *100) / total forepaw touches 

 

Cresyl Violet Staining and Infarct Volume Measurement 

Slides containing serially collected sections were dried at 37oC for 15 minutes. The slides were 

then submerged in cresyl violet solution (Sigma-Aldrich, C5402) (0.2% cresyl violet dissolved in 

0.5% acetic acid solution, pH = 3.5) for 20 minutes. Sequential washes in 70%, 95% and 100% 

ethanol were performed before clearance with citrosolv (Fisher, 22-143-975) clearing agent. The 

slides were mounted with permount solution and placed on a 37oC slide warmer to dry overnight.  

Cresyl violet images were captured using an Aperio digital pathology slide scanner (Leica 

Biosystems) and analyzed using Image J.  Infarct volume was calculated based on the previously 

published paper (Huang, et al., 2013). 
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Statistical Analysis 

Data analysis was performed using GraphPad Prism 6 (Graphpad Software, La Jolla CA). 

Behavioural analysis was performed using two-way ANOVA with Tukey’s post-hoc test. Single 

comparisons were performed using two-tailed Student’s T-test.  
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