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SUMMARY

Arterial ischemic stroke is common in neonates—1 per 2,300–5,000 births—and
therapeutic targets remain insufficiently defined. Sphingosine-1-phosphate re-
ceptor 2 (S1PR2), a major regulator of the CNS and immune systems, is injurious
in adult stroke. Here, we assessed whether S1PR2 contributes to stroke induced
by 3 h transient middle cerebral artery occlusion (tMCAO) in S1PR2 heterozygous
(HET), knockout (KO), and wild type (WT) postnatal day 9 pups. HET and WT of
both sexes displayed functional deficits in Open Field test whereas injured KO
at 24 h reperfusion performed similarly to naives. S1PR2 deficiency protected
neurons, attenuated infiltration of inflammatory monocytes, and altered vessel-
microglia interactions without reducing increased cytokine levels in injured
regions at 72 h. Pharmacologic inhibition of S1PR2 after tMCAO by JTE-013
attenuated injury 72 h after tMCAO. Importantly, the lack of S1PR2 alleviated
anxiety and brain atrophy during chronic injury. Altogether, we identify S1PR2
as a potential new target for mitigating neonatal stroke.

INTRODUCTION

The focus of studies in the adult stroke field has gradually changed from acute neuroprotection to long-

term neurorepair.1,2 Studies of perinatal stroke and hypoxia-ischemia were also predominantly focused

on neuronal survival but the mechanisms of neonatal stroke and therapeutic targets continue to be far

less known. However, there is now ample evidence that the mechanisms of ischemic injury differ greatly

between the immature and adult brain, in part due to the dynamic nature of brain development and asso-

ciated enhanced brain susceptibility to hypoxia and ischemia-related insults during particular postnatal pe-

riods in humans and rodents3–5 and distinct neuro-immune responses in neonates and adults.4 In support

of brain maturation-dependent differences in focal arterial stroke, we demonstrated that blood-brain bar-

rier (BBB) permeability to several classes of molecules is much lower after acute perinatal stroke than after

adult stroke6 and that receptor-mediated signaling can also differentially contribute to stroke in adult and

neonatal mice, as we showed for the scavenger receptor CD36.7 Modifying a crosstalk between microglia

and leukocytes after experimental neonatal arterial ischemic stroke modulates injury.8–10

In an adult stroke model, inhibition of an inducible sphingosine-1-phosphate receptor 2 (S1PR2) was

demonstrated to be neuroprotective,11 in part by modifying the microglia-leucocyte axis. Expression of

S1PR1 and S1PR2 in microglial cells is high12 and S1PR1-5 regulates the function of the peripheral immune

system and cerebral vessels,13,14 making it plausible that protection may occur via modification of the mi-

croglia-leucocytes axis.

Knowing that the contribution of individual receptors to stroke severity can differ between neonates and

adults, in this study, we examined the role of S1PR2 in sub-acute and chronic injury after a transient middle

cerebral artery occlusion (tMCAO) in neonatal S1PR2 heterozygote (HET) mice and mice with global S1PR2

knockout (KO), focusing on functional and histological outcomes and on several features of inflammation,4

including inflammation as manifested by cytokine accumulation, activation of microglia, the main immune

cell type in the brain, and on phenotypes of peripheral myeloid cells. Leukocytes can mediate injury upon

their recruitment to the post-ischemic region and without infiltrating into the brain, by releasing cytokines

while loosely attached to endothelial cells during acute reperfusion after tMCAO or via blood-CSF barrier.9

Using both the genetic approach (KO) and pharmacological approach- by administration of an S1PR2
iScience 26, 106340, April 21, 2023 ª 2023 The Authors.
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inhibitor JTE-013 beginning at reperfusion- we demonstrate reduced infiltration of inflammatory mono-

cytes and improved functional outcome during sub-chronic injury phase as well as improvement in func-

tional outcome, reduced tissue loss, and improved postnatal cortical development in the contralateral

hemisphere 2 weeks after neonatal tMCAO.
RESULTS

Global S1PR2 knockout attenuates functional deficits after sub-chronic tMCAO in neonatal

mice

We previously showed that transient 3 h MCAO in neonatal mice leads to consistent substantial injury that

includes both the cortex and the caudate,7,8 region- exclusively supplied by theMCA. Here we asked if lack

of S1PR2 affects the severity of injury. Volumes of contralateral and ipsilateral hemispheres were similar in

WT, HET, and KO pups 72 h after tMCAO (Figures 1A and 1B). Injury volumes were consistent in WT and

HET groups (Figure 1C). In contrast, two patterns of injury were apparent in the KO group (Figure 1C), a

severe injury that included both the cortex and the caudate was observed in 7/12 pups, whereas milder

injury limited to the caudate was observed in 5/12 pups (Figure 1C). In both subgroups, injury volume

was similar in male and female pups (Figure 1C’).

Next, we investigated if lack of S1PR2 affects functional deficits 24 h after reperfusion. Representative tra-

jectories in Open Field test are shown in Figure 1D, left. Total traveling distance was similar in naive WT,

HET, and KO (Figure 1D, right). Compared to naive HET, total travel distance was significantly reduced

in HET pups subjected to tMCAO. Based on the presence of two injury patterns in KO (Figure 1C), we exam-

ined total distance traveled separately in both subgroups, focusing on severely injured KO. Total distance

traveled by KO with severe injury remained at levels observed in naive KO (Figure 1D) and was significantly

longer than by injured HET. Total distance by KO with mild injury was similar to that in both naive and

severely injured KO (Figure 1D’). No sex differences were apparent (Figure 1D’’).

Considering significantly different locomotion yet similar injury volumes in HET and severely injured KO

mice, we further characterized injury by examining the extent of cleaved caspase3 (Cl.casp3)-dependent

and calpain-dependent fragmentation of the a-spectrin chain (Figures 1E–1H). Consistent with previous re-

ports in WT pups,15–17 tMCAO triggered both casp3-dependent (Figure 1G) and calpain-dependent (Fig-

ure 1H) a-spectrin fragmentation but both types of spectrin degradation were significantly lower in KO than

in HET mice (Figures 1G and 1H), indicating attenuation of both casp3-dependent and independent

neuronal injury in ischemic-reperfused regions. Knowing that S1PR1 can counteract the effects of S1PR2

after stroke,11 we examined S1PR1 expression in the same pups. tMCAO led to marked similar downregu-

lation of S1PR1 in injured regions regardless of whether S1PR2 was present (Figure 1I).
Pharmacological inhibition of S1PR2 protects the neonatal brain from sub-chronic injury after

tMCAO

We then examined the effects of pharmacological inhibition of S1PR2 in WT pups administered S1PR2

antagonist JTE-013 daily beginning 1 h after reperfusion. Compared to vehicle-treated pups, 72 h after

tMCAO injury volume was significantly decreased in pups treated with each of two doses tested, 2.5 mg/

g and 5 mg/g (Figures 2A and 2B). Given a similar magnitude of injury attenuation by both JTE-013 doses,

we limited further testing to a lower dose. Casp3-dependent fragmentation of the a-spectrin chain was

significantly increased in injured regions of vehicle-treated but not in injured regions of JTE-013 treated

pups (Figures 2C and 2D). Calpain-cleaved fragmentation was induced by tMCAO but was similar in

JTE-013- and vehicle-treated groups (Figure 2E). Therefore, each approach, global S1PR2 deletion or phar-

macological inhibition of S1PR2 after tMCAO, attenuated spectrin degradation and thus, injury, during the

sub-chronic injury phase.
Lack of S1PR2 preserves neurons in injured region

Knowing that diminished removal of dying neurons in neonatal ischemic-reperfused brain exacerbates

injury and can lead to a secondary inflammatory response,7 we examined the effects of S1PR2 deletion

on the number of NeuN+ neurons and neuronal phagocytosis by CD68+ microglia/macrophages in four

field-of-view(s) (FOV)s, including regions not directly supplied by the MCA (FOV 1), perifocal region

(FOV 2), and in two FOVs within the ischemic core (Figure 3A), closer to formed astrocytic glial scar (FOV

3) and farther from glial scar (FOV 4) in severely injured mice (Figures 3A–3C), or in same morphologic
2 iScience 26, 106340, April 21, 2023
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Figure 1. Global S1PR2 KO deletion attenuates functional deficits 72 h after tMCAO in neonatal mice

(A–C) (A) Representative images of Nissl-stained coronal brain sections 72 h after tMCAO inWT, HET, and KO. Discolored

area depicts area with massive neuronal death. For KO group, images of both severely injured brain that involve- both the

cortex and the caudate (image second from the bottom) and more mildly injured brain, with injury limited to the caudate

ipsilateral to tMCAO (bottom image). (B) Quantification of hemispheric size (shown as percent of volume of ipsilateral

hemisphere relative to volume of contralateral hemisphere). (C) Quantification of injury volume (shown as percent of injury

volume per volume of ipsilateral hemisphere). The groups were separated based on the injury extent and pattern, severe

(cortical injury) and mild (non-cortical injury) in KO. Insert C0 demonstrates similar injury volume in severely injured KO

males and females (M/F).

(D) Examples of trajectories of total locomotion distance in the Open Field test 24 h after tMCAO (left) and quantification

of total distance over 3 min in naive pups and pups subjected to tMCAO (right). Note that shown are data for pups

designated for both histological outcomes (Figures 1A–1C) and for biochemical outcomes (Figures 1E–1H). D0 total
distance in severe- and mild-injury in KO. D’’ demonstrates that there are no sex differences in the Open Field test

between severely injured KO and HET.

(E–I) Whole brain showing severe injury (yellow arrow) (E). Representative images of Western blot in lysates from injured

and contralateral regions. (F). Quantification of caspase-dependent fragmentation of alfa-spectrin chain. (G). calpain-

dependent fragmentation of alfa-spectrin chain. (H). S1PR1 expression in WT, HET, and KO. (I). Data shown as mean G

SD. Each dot in B–D and G–I represents data from an individual mouse. Two-way ANOVA followed by two-stage step-up

method of Benjamini, Krieger, and Yekutieli was used to compare multiple groups with independent variables (D, G–I),

one-way ANOVA followed by Brown-Forsythe and Welch ANOVA was used for B–C, and t-test (parametric) or Mann

Whitney test (nonparametric) were used to compared two groups (C0, D0 , D00). Statistical values are indicated on individual

panels.
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regions of KO with mild injury and matching contralateral regions. Massive neuronal death was apparent in

both FOV 3 and FOV 4 of HET and in severely injured KO (Figures 3B and 3C). Compared to the density of

NeuN+ cells in injured regions of HET mice, the density of NeuN+ cells was significantly higher in the entire

KO cohort (Figure 3D) and in pups with severe injury (Figure 3D’), while the numbers of Cl.casp3+ cells

(Figures 3E and 3E0) and CD68+ cells (Figures 3F and 3F0) were similar in HET and KO. There were no sex

differences in NeuN+, CD68+, or Cl.casp3+ cells in severely injured KO compared to HET (see
iScience 26, 106340, April 21, 2023 3
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Figure 2. Effect of S1PR2 inhibition on injury 72 h after reperfusion

(A and B) Experimental protocol of tMCAO and intra-peritoneal administration of vehicle/JTE-013 (A) and injury size in

Nissl-stained brains (B).

(C–E) Representative image of aWestern blot (C) and quantification of cleavage of a-chain spectrin by caspase-3 (120 kDa

band, D) and by calpain (150 kDa band, E). Data shown asmeanG SD. Each dot represents data from an individual mouse.

Two-way ANOVA was used to compare multiple groups with independent variables followed by two-stage step-up

method of Benjamini, Krieger, and Yekutieli (D–E), and one-way ANOVA followed by Brown-Forsythe and Welch ANOVA

tests was performed in B. Statistical values are indicated on individual panels.
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Supplemental Figures S1A–S1C). The number of engulfed neurons by CD68+ cells was similar in HET and

KO regardless of injury (Figures 3G and 3G0), whereas the number of non-engulfed neurons was signifi-

cantly higher in the entire KO cohort (Figure 3H) and in severely injured KO (Figure 3H’). KO pups that

did not have injury in the cortex (i.e., mild injury) showed no sign of microglial morphological transforma-

tion. Neuronal density was much higher in those pups than severely injured KO pups or HET pups (see Sup-

plemental Figures S1D–S1E).

Further characterization of the effects of S1PR2 deficiency on injury by evaluation of reactive astrocytosis

showed similar volumes of GFAP+ coverage (Figure 3J) in both groups. Although vessel coverage was

similar in HET and KO mice in contralateral and ipsilateral regions adjacent to injury (Figures 3K–3L), the

density of vessel-associated microglia/macrophages was significantly higher in KO than in HET pups

(Figures 3K and 3M). Cumulatively, these data suggest that global S1PR2 deficit protects neurons in the

ischemic core and increases microglia/macrophage–vascular associations adjacent to the injury.
tMCAO triggers accumulation of chemokines in injured regions of S1PR2 HET and S1PR2 KO

neonates

tMCAO significantly increased levels of several chemokines (Figure 4A) and cytokines (Figure 4B) in HET

and KO in injured regions compared to respective levels in matching contralateral hemispheres. In
4 iScience 26, 106340, April 21, 2023



Figure 3. Lack of S1PR2 enhances neuronal survival in the ischemic core and affects microglia-vascular

associations in perifocal region 72 h after tMCAO

(A) A diagram that demonstrates areas for image acquisition in B–C, I and K. Note that FOV 1 outlines region outside of

the vascular territory supplied by the MCAO, FOV 2 outlines typical penumbral region and FOV 3/4 corresponds to the

ischemic core in severely injured pups. Scale bar, 400 mm.

(B–H) (B). Immunofluorescence image of NeuN+ (red), CD68+ (green) cells and cells with cleaved caspase 3 (Cl.casp3;

purple) in the ischemic core (FOV 3 and 4; identified by DAPI appearance). Scale bar, 50 mm. (C). Magnified image from B.

Density of NeuN+ neurons (D), Cl.casp3+ neurons (E), CD68+ cells (F), NeuN+ neurons engulfed by CD68+ cells (G), and

ll
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Figure 3. Continued

non-engulfed neurons (H) in FOV 3 and FOV 4 of the entire cohorts of pups that underwent tMCAO. Plots 3D0 , 3E0, 3F0,
3G0 and 3H0 show respective densities in severely injured KO only (see Figure 1C’) and in all injured HET (see

Figure 1C’).

(I and J) (I). Representative image of GFAP+ reactive astrocytes and GLUT1+ vessels. Scale bar, 50 mm. (J). Quantification

of surface area coverage by GFAP+ cells.

(K–M) (K). Representative image of microglia associated with GLUT1+ vessels (white arrow) adjacent to injury. Scale bar,

50 mm. (L). Quantification of Glut1+ surface area. (M). Percent of microglia associated with the vasculature. Data shown as

mean G SD. Each dot represents data from an individual mouse. Two groups were compared by t-test or Mann Whitney

test in D–J and two-way ANOVA was used to compare multiple groups with independent variables followed by two-stage

step-up method of Benjamini, Krieger, and Yekutieli (L, M). Statistical values are indicated on individual panels.
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particular, levels of interleukins IL-1a, IL-6, IL-12 (p40), and G-CSF and chemokines MIP-1b andMIP-1awere

significantly higher in injured regions of HET and KO pups compared to respective contralateral regions,

but the magnitude of increase was similar in two groups. The levels of GM-CSF and TNFa were not signif-

icantly affected by injury, consistent with our previous observations in WT mice.7,16 Lack of S1PR2 reduced

only the level of MIP-1b and MIP-1a (Figure 4A). Considering that MIP-1b and MIP-1a may contribute to

leukocyte recruitment into inflammatory sites, we next investigated infiltration of leukocytes into injured

regions.
A

B

Figure 4. Effects of tMCAO on cytokine and chemokine accumulation in injured HET and KO pups

(A–E) Chemokine/cytokine levels 72 h after tMCAO. The levels of individual chemokines (A) and cytokines (B) in

contralateral and injured cortex in HET and KO. Data shown as mean G SD. Each dot represents data from an individual

mouse. Two-way ANOVA was used to compare multiple groups with independent variables followed by two-stage step-

up method of Benjamini, Krieger, and Yekutieli. (A–B). Statistical values are indicated on individual panels.

6 iScience 26, 106340, April 21, 2023



Figure 5. Effects of S1PR2 deletion on microglial phenotypes and patterns of infiltrated peripheral leukocytes72 h after tMCAO. Top left: A

diagram demonstrates isolation of cells

(A and B) Flow cytometry gating strategy to identify individual subpopulations of leukocytes and microglia in injured (A) and matching contralateral regions

(B). Gates 1–4 were selected based on the patterns of CD11b-APCCy7 and CD45-AF405 staining.

(C–F) Representative plots of cell populations in Gates 1–4 based on the following combinations of specificmarkers: TMEM119-PE/CD68-FITC (C), CD44-PE/

CCR2-FITC (D), CCR2-PE/CX3CR1-FITC (E), and CD8-PE/CD11c-FITC (F). Gates 1–4 are shown as numbers 1–4 in boxes above plots. Color code to individual

FMOs: PE (orange), FITC (green), and all-antibodies (Abs; black). Adjustment histogram is shown in each X-Y axis.

(G–J) Quantification of cell number per single cell population in Gates 1–4. CD45low, CD11bhigh (G, Gate 1), CD45high, CD11bhigh (H, Gate 2), CD45int,

CD11bint (I, Gate 3), and CD45low, CD11bint (J, Gate 4).

(K–L) Representative plots for Ly6C-APC (K) from Gates 1–4 and further gating on Ly6G-AF700 (L) to discriminate monocytes and neutrophils. FMOs: Ly6C-

APC (red) and Ly6G-AF700 (blue), and all-Abs (black). Gate 2 (CD45high, CD11bhigh) separated into negative/positive by Ly6C-APC (K, Left). Gate 3 (CD45int,

CD11bint) separated into three populations (negative, intermediate, and high) in Ly6C-APC(K, second from left). Further, these are gated by Ly6G-AF700 (L).

Adjustment histogram is shown on each plot.

(M–O) Analysis of cell populations. CD11bhighCD45 high Ly6C�Ly6G� non-classical monocytes (M), CD11bhighCD45 high Ly6C+Ly6G� monocytes (N),

CD11bhighCD45 high Ly6C+Ly6G+(O).

(P) Analysis of cell populations CD11bintCD45intLy6C+Ly6G+ neutrophils. Data shown as mean G SD. Each dot represents data from an individual mouse.

Two-way ANOVA was used to compare multiple groups with independent variables followed by two-stage step-up method of Benjamini, Krieger, and

Yekutieli (G–J, M�P). Statistical values are indicated on individual panels.
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The number of infiltrated monocytes is decreased in S1PR2 KO neonates 72 h after tMCAO

To further examine the effects of S1PR2 deletion on neuroinflammation after neonatal stroke, we charac-

terized microglial activation and leukocyte infiltration by flow cytometry 72 h after tMCAO in HET and

KO pups with severe injury, gating on CD11b+/CD45+ cells (Figures 5A and 5B). There were three

CD11bint-high cell populations in the injured cortex (Gates 1–3, Figure 5A) and one CD11bint population

in the contralateral cortex (Gate 4, Figure 5B). To identify cell types in these populations, cells were stained

with several cell surface markers and the FMO approach was used to define the cutoff in each channel.18

Table 1 summarizes individual cell populations. Cells in Gate 1 and Gate 4 were positive for specific micro-

glial marker TMEM119, whereas only cells in Gate 1 were positive for a lysosomal marker CD68, suggesting

that cells in Gate 1 were activated microglia/macrophages, whereas cells in Gate 4 were resting microglia
iScience 26, 106340, April 21, 2023 7



Table 1. Summarized individual cell populations in flow cytometry gates 1-4

Cell surface marker Gate 1 Gate 2 Gate 3 Gate 4

CD45 Low High Int Low

CD11b High Int High Int

CD68 + �/+ – –

TMEM119 + – – +

CD44 Low High High –

CX3CR1 + + – +

CCR2 + �/+ �/+ –

CD11c Low – �/+ Low

CD8 – – – –

Ly6C – �/+ -/Int/High –

Ly6G �/+ �/+
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(Figure 5C). Cells in Gate 2 and Gate 3 were negative for TMEM119 (Figure 5C) but had high CD44 expres-

sion (CD44high, Figure 5D), suggesting infiltrated leukocytes as origin. Cells in Gate 2 were CX3CR1+, sug-

gesting monocyte lineage as origin (Figure 5E). In the contralateral cortex, cells were CD45low/CD11bint/

TMEM119+/CD68-, consistent with the appearance of resting microglia (Figures 5B and 5J). In the injured

cortex, the number of activated microglia/macrophages defined as CD45low/CD11bhigh/TMEM119+/

CD68+ cells (Gate 1, Figures 5A and 5G), was significantly higher in HET and KO. The number of

CD45high/CD11bint/TMEM119-/CD68-/CD44high/CX3CR1+ cells (Gate 2, Figures 5A and 5H) and CD45int/

CD11bhigh/TMEM119-/CD68-/CD44high/CX3CR1- (Gate 3, Figures 5A and 5I) was also significantly higher

in injured regions of both HET and KO mice.

Subdivision of CD45+/CD11b+ cells based on the expression of Ly6C (Figure 5K) and Ly6G (Figure 5L)

showed a significantly lower number of Ly6C+/Ly6G� inflammatory monocytes in the injured region of

KO compared to HET mice (Figure 5N), whereas the number of non-classical Ly6G�Ly6C� monocytes (Fig-

ure 5M), Ly6G+Ly6C+ neutrophils (Figure 5O) and Ly6G+Ly6C� cells (Figure 5P) was unaffected. These data

suggest that multiple subtypes of peripheral leukocytes are recruited to injured regions of HET and KO

mice, while recruitment of only inflammatory monocytes is reduced in injured KO mice.
Lack of S1PR2 attenuates anxiety and tissue loss 2 weeks after tMCAO

Given the beneficial effects of S1PR2 deletion on functional outcomes and changes in immune signaling

early after tMCAO, we then investigated effects on longer-term behavioral outcomes. Open Field test per-

formed 2 weeks after tMCAO showed long-lasting behavioral deficits in injured HETmice, as manifested by

significantly reduced relative time spent within center quadrants compared to that in naive HET mice and

KO after tMCAO (Figure 6B). Total distance traveled by injured HET remained unchanged compared to

naive HET (Figure 6C). In contrast, percent distance in the center and total distance travelled remained un-

changed in injured KO mice compared to naive KO (Figures 6B and 6C). The grooming and rearing

behavior remained unchanged in both HET and KO groups (Figures 6D and 6E). Based on the shorter dis-

tance traveled in the center, anxiety was increased in injured HET but not KO.

Tissue loss was apparent in both groups (Figure 6F) but volume of remaining tissue was significantly larger

in injured KO than in HET (Figure 6G). The size of the contralateral hemisphere was also significantly larger

in KO pups (Figure 6G). Cortical thickness in secondary motor cortex (MOs) was also larger in contralateral

KO compared to HET (Figure 6H). Based on morphological evaluation, Iba1+ cells were resting microglial

cells in peri-infarct area (Figures 7B and 7C). Density of Iba1+ cells was higher in injured KO than in injured

HET mice (Figure 7D), but proliferation of microglia (BrdU+/Iba1+ cells) was similar (Figure 7E). Density of

microglia associated with vessels was significantly higher in injured KO than in injured HETmice (Figure 7F).

Vessel volume and endothelial proliferation were unaffected by lack of S1PR2 (Figures 7G and 7H), and no

signs of direct effects on neurogenesis were apparent based on density of DCX+/BrdU+ cells (Figure 7J and

7K) in the ipsilateral SVZ. These data suggest that S1PR2 deficiency affects microglia-vessel crosstalk in

injured pups but does not have direct effects on neurogenesis.
8 iScience 26, 106340, April 21, 2023
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Figure 6. Global S1PR2 deletion contributes to long-term recovery after tMCAO in neonatal mice

(A–E) Effects of S1PR2 deletion on behavior in Open Field test in P21 HET and KO. (A) Examples of traveling trajectory and

distance 2 weeks after tMCAO by HET and KO (red line). (B) Total distance, (C) percent of traveling distance in the center

per total distance, (D) self-grooming time, and I total time for forelimb contact to the wall over first 2–3 min.

(F–I) (F) Representative images of Nissl-stained coronal sections 2 weeks after tMCAO. Red dash lines outline remaining

tissue in hemisphere ipsilateral to the occlusion. (G) Quantification of cortical thickness in MOs (H). Data shown asmeanG

SD. Each dot represents data from an individual mouse. Two-way ANOVA was used to compare multiple groups with

independent variables followed by two-stage step-up method of Benjamini, Krieger, and Yekutieli (B-E, G-H).
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Finally, we examined whether S1PR2 deletion affects myelination of neurofilaments and cortico-cortical

projection neurons in proximity to perifocal region and the matching contralateral regions. Neurofilament

enwrapment by myelin (area of co-localized MBP+/NF+) was smaller in contralateral regions of HET than in

contralateral regions of KO (Figure 7M) or naive HET pups (Figure 7M), also coverage of pan-NF (Figure 7N)

and MBP+ (Figure 7O) was smaller in contralateral region of HET and KO pups. Callosal projection neurons

were shown to extend axons bilaterally in the motor cortex (MO) throughout development, with dual pro-

jections occurring at P8 and refining until around P21 in mice.19,20 At 2 weeks after tMCAO, FOXP2/NeuN

immunolabeling showed a trend in higher percentage of FoxP2+ projection neurons per NeuN+ population

in secondary motor cortex between genotypes (p = 0.1; FOV1, MOs), whereas no difference was observed

in the primary motor cortex (FOV2, MOp) in the ipsilateral cortex. These data suggest that neonatal stroke

affects cortical development in the region not directly affected by the tMCAO (Figure 7Q). Taken together,

S1PR2 deficiency attenuated anxiety and tissue loss as well as improved postnatal cortical development in

the remaining tissue at 2 weeks after neonatal tMCAO.

DISCUSSION

We show that S1PR2, a receptor that plays a key role in mediating vascular inflammation, contributes to

injury after neonatal stroke, as both global deletion of S1PR2 and its pharmacologic inhibition improve

functional outcomes during sub-chronic and chronic injury phases. Protection occurs in part by attenuating

infiltration of inflammatory monocytes into ischemic-reperfused region and altered vessel-microglia inter-

actions in the injured cortex, but, interestingly, without major attenuation of cytokine and chemokine accu-

mulation in injured regions. We also demonstrate that pharmacologic inhibition of S1PR2 after tMCAO at-

tenuates sub-chronic injury.
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Figure 7. Effects of S1PR2 deficiency on microglial-vascular associations and axonal myelination 2 weeks after tMCAO

(A–H) Microglial and endothelial proliferation 2 weeks following tMCAO. (A) BrdU administration protocol (top) and lowmagnification images outlining FOV

for image acquisition. Scale bar, 800 mm. (B–C) Immunofluorescence images in peri-infarct region (B) and magnified image of microglia associated with

vasculature (C, white arrow). Scale bar, 50 mm. Quantification of (D) density of BrdU+/Iba1+ cells, (E) Iba1+/DAPI+ cells, (F) density of microglia associated

with the vasculature, (G) volume of the vasculature and (H) BrdU+/Glut1+ cells.

(I–K) Accumulation of DCX+ cells in the SVZ. (I) Image and (J) volume occupied by DCX+ cells and (K) density of BrdU+ in SVZ.

(L–O) (L) Representative images of NF+, MBP+, NeuN+ cells. Quantification of volume of (M) MBP+/NF+, (N) NF + cells and (O) MBP+ per FOV.

(P–Q) (P) Representative low magnification image of areas for FoxP2+, MBP+ NeuN+, DAPI+ image acquisition (left, Scale bar, 300 mm) and higher

magnification images (right, Scale bar, 50 mm). (Q) Quantification of FoxP2+/NeuN+ cells. Data shown as mean G SD. Each dot represents data from an

individual mouse. Two-way ANOVA was used to compare multiple groups with independent variables followed by two-stage step-up method of Benjamini,

Krieger, and Yekutieli (D-H, M-O, Q). Mann Whitney test was performed to compare two groups (J-K).
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Bioactive sphingolipids and their synthetizing/metabolizing enzymes mediate many physiological pro-

cesses. An imbalance within sphingolipid ‘‘rheostat’’ serves as a prerequisite to developing pathological

states,14 including stroke.21 S1P regulates intracellular metabolism and neurovascular and immune systems

by acting via its G-protein coupled receptors S1PR1-5.14,22 S1PR1 and S1PR3 act as major regulators of
10 iScience 26, 106340, April 21, 2023
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T cell and B cell trafficking, whereas S1PR2 plays a key role in mediating vascular inflammation,22 disrupting

cerebrovascular integrity and limiting angiogenesis in stroke.11

Our data demonstrate severe consistent histological outcome 72 h after tMCAO in HET andWT pups in this

study, consistent with our previous findings in WT pups on the same genetic background.7,8,16 In contrast,

histological analysis revealed two subgroups within the KO group, one subgroup with severe injury and

associated marked microglia activation (58% KO) and another with injury limited to the caudate and

lack/minor signs of microglial activation (42% KO). We did not lump the two KO subgroups together

and focused only on severely injured KO subgroup as a translationally relevant approach, as studies in hu-

man neonates with hypoxic-ischemic encephalopathy (HIE) and arterial stroke demonstrate that the

severity of initial injury critically affects responsiveness to therapeutic approaches,23 justifying the need

to study infants with severe and moderate injury separately. We demonstrate long-lasting improved func-

tional outcome in KO pups with severe injury. Although stroke is more common in male than in female ne-

onates,24,25 mechanisms of neuronal death are sex-dependent in (hypoxia-ischemia) H-I26,27 and responses

to anti-inflammatory therapies after perinatal brain injury can be sex-dependent,28,29 we did not observe

sex differences in behavior outcome or injury volume. There were also no sex differences in the number

of surviving neurons or density of CD68+ microglia/macrophages following sub-acute injury.

Studies in adult stroke11 and germinal matrix in premature infants30 reported injurious effects of S1PR2 to

occur via inducing vascular inflammation without affecting immune cell trafficking,22 but the role of

microglial/macrophage interactions has been largely overlooked. Yet, such interactions may offer new per-

spectives for treatment of neurodegenerative diseases.31 Our previous study revealed that the presence of

microglial cells prevents hemorrhagic transformation and BBB leakage after tMCAO in neonates,8 suggest-

ing the critical role of microglia in supporting vessel integrity after neonatal stroke. It was recently reported

that there is a higher percentage of microglia associated with the vasculature in healthy postnatal brains

compared to adult brains and restriction of microglial migration along vessels when development of astro-

cyte endfeet surrounding vessels is complete,32 which may also play a role in the BBB function in neonates.

Findings in this study demonstrate that improved functional outcomes in KO are associated with increased

vessel interaction with cells of the monocyte lineage are consistent with the latter notion.

Since traditional markers Iba1 and CD68 do not reveal cell identity within the monocyte lineage, microglial

cells vs. infiltratedmonocytes, and infiltratedmonocytes can comprise toxic and beneficial phenotypes, and

be of distinct origins,33 we used multiple markers and flow cytometry to distinguish microglia from mono-

cytes and characterize phenotypes of monocyte-derived macrophages. While the patterns of activation

of TMEM119+ microglia were similar in injured regions of HET and KO pups, accumulation of toxic

CD11bhigh/CD45high/Ly6C+/Ly6G� monocytes was attenuated in KO. We report that S1PR2 signaling con-

tributes to monocyte infiltration after neonatal stroke. Attenuation of inflammatory cascades induced by

toxic monocytes can be important for neuronal preservation and reorganization of neuronal circuits during

postnatal brain development. Based on data on enhancing microglial activation and exacerbation of adult

stroke by blood-derivedmonocytes that have infiltrated into ischemic area,34 it is also plausible to speculate

that reduced infiltration of toxic monocytes contributed to protection in our study. The intriguing observa-

tion in our study is that despite reduced infiltration of toxic monocytes, the magnitude of tMCAO-induced

cytokine and chemokine accumulation in injured regions was essentially unaffected in KO, with exception of

significantly reduced MIP-1b and MIP-1a levels. MIP-1 a/b are major drivers of monocytes to injured brain,

thus likely contributing to reduced inflammatory monocyte infiltration in KO, but it remains unknown

whether the overall unaffected levels of other cytokines and chemokines in injured regions are due to unsyn-

chronized cell-type specific cytokine/chemokine release or particular time of examination.

We used pharmacological S1PR2 inhibition as a more translational strategy in conjunction with the experi-

ments we performed in S1PR2 KO mice. The overall number of reports on effects of selective S1PR2 inhibitor

JTE-013 in brain injury is sparse. JTE-013 was shown to attenuate endothelial activation and protect adult

mouse from stroke in part by blocking binding of endothelial- or serum-derived S1P to S1PR2 and inhibiting

endothelial cell activation,11 by reducing NfkB activation and attenuating cytokine accumulation during acute

stroke.35 Although JTE-013 is selective for S1PR2, in higher doses it can affect a broad array of mechanisms of

sphingolipid metabolism36 and other signaling pathways implicated in the pathophysiology of stroke, as was

shown by its effects in adult S1PR2 KO mice.37 We show that JTE-013 administration beginning 1 h after re-

perfusion reduces injury and attenuates caspase-3 mediated neuronal death, the notion supporting beneficial
iScience 26, 106340, April 21, 2023 11
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effects of genetic S1PR2 disruption on outcomes of neonatal stroke. Examination of several mechanisms

showed that S1PR2 deletion does not have direct effects on vascular coverage, microglial proliferation, myeli-

nation, or neurogenesis after tMCAO in neonates, but our data do not allow us to delineate whichmembers of

the S1P signaling pathways and which cell types contribute to the observed protection. In adults, sphingosine

kinases (Sphk)½, enzymes that produce S1P and decrease levels of ceramide and sphingosine, are critical for

the maintenance of physiological sphingolipid balance and likely have opposite roles in stroke. Sphk1 was

shown to contribute to brain inflammation,38 regulate transport in endothelial cells39 and NfkB activation in

macrophages,40 while lack/insufficiency of SphK1/S1P signaling can also produce iron overload at the extra-

cellular milieu and lead to lipid peroxidation and neuronal cell death following stroke.41 Magnitude and par-

ticulars of effects of S1PR2 KOwere shown to depend onmouse strain with KO on 129/SvEvTacfBR3C57BL/6

with the seventh backcross onto C57BL/6N exhibiting severe early-onset neurological manifestations,

including high frequency of spontaneous seizures that occur between P25 and P45 and highmortality levels.42

Seizures were not apparent in P9-P24 HET and KOmice in this study. Processes mediated by S1PR2 in individ-

ual cell types in the injured brainmay not be coordinated in time and it is unknown how cell-type specific S1PR2

signaling affects brain injury and repair after neonatal stroke.

Another insufficiently understood aspect is whether observed effects on injury are solelymediated via S1PR2or

whether it is the relative expression of S1PR1 and S1PR2 that determines the outcome. Administration of an

S1PR1 agonist FTY720 (fingolimod) effectively attenuated injury in an EAEmodel, an animal model of multiple

sclerosis,43 predominantly by acting on T cells.13,44,45 FTY720 was also shown to reduce inflammatory cytokine

production and increase neurotrophic factor expression in platedmicroglia.46 In stroke, FTY720 decreased the

number of microglia/macrophages,47 induced microglial protective phenotypes,48 attenuated hemorrhagic

transformation,49 andattenuatedmemory impairment.50 In contrast, in neonatal H-I, FTY720 exacerbatedbrain

injury,51 but prevented injury when LPS was administered before H-I,12 indicating that beneficial effects of

FTY720 on brain injury in neonates require inflammatory priming, including pre-activation of microglia. Endo-

thelial-specific lossof S1PR1was shown to increase vascular permeability in the lungs52whereasS1PR1agonism

attenuated lung ischemia-reperfusion injury.53 In the current study, we observed a marked reduction in S1PR1

expression in injured regions, but themagnitudeof reductionwas similar inWT,HET, andKO,making it unlikely

that S1PR1 loss or changed S1PR1/S1PR2 balance accounts for the observed effects.

Examination of axonal extension of callosal projection neurons under physiological conditions occurs

around P8 and continues to refine until around P21 in mice.19,20 In our study, the development of cor-

tico-cortical projections, especially in the secondary motor cortex near the infarction area, is affected by

both tMCAO and S1PR2 deficiency, as evident from decreased neurofilament myelination in the contralat-

eral cortex, and decreased percent of FoxP2+ projection neurons in the ipsilateral cortex.

In summary, this study adds to the knowledge of the inflammatory response as a hallmark of neonatal

ischemic brain injury and demonstrates that the features of the immune response mediated by peripheral

cells and by microglial cells differ from those in adult stroke. In particular, the findings that elimination of

S1PR2 signaling and, as such, modification of lipid and metabolic signaling, improves functional outcome

after neonatal stroke is the first step in filling the gap in understanding the interplay within the microglia-

leukocyte axis in relation to S1PR-dependent neuroprotection and brain repair.
Limitations of the study

In this study on the role of S1PR2 in brain injury after stroke in neonates, we focused on effects within

2 weeks. It would be important to extend window to young adulthood to identify the long-term effects

of S1PR2 deletion. Considering that neurogenesis is not directly affected by S1PR2 deficiency, it would

be important to enhance knowledge of cell-type specific S1PR2-mediated effects to appropriately guide

the development of therapy for neonatal stroke.
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APC anti-mouse Ly-6C Biolegend 128016
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FITC anti-mouse CD192 (CCR2) Antibody Biolegend 150608
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GFAP Antibody (PA1-10004) in IHC Invitrogen PA1 10004
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Anti Iba1, Rabbit (for Immunocytochemistry) Wako 019-19741
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Anti-Neurofilament 200 antibody produced in rabbit Sigma N4142

Anti-Myelin Basic Protein antibody Abcam ab134018

Anti-Spectrin alpha chain (nonerythroid) Antibody Sigma MAB1622
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Thermo A11039
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Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 568

Thermo A11031

Goat anti-Chicken IgY (H+L) Secondary

Antibody, Alexa Fluor� 568

Thermo A11041
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Secondary Antibody, Alexa Fluor� 647

Thermo A21245

Goat Anti-Rat IgG H&L (Alexa Fluor� 647) Abcam ab150167

Chemicals, peptides, and recombinant proteins

JTE-013 Cayman 10009458

Antigen Unmasking Solution, Citrate-Based Vector H-3300

M.O.M.� (Mouse on Mouse) Blocking Reagent Vector MKB-2213

CollagenaseD Roche 11088866001

TrueBlack Lipofuscin Autofluorescence Quencher Biotium 23007

PefablocSC Roche 11429868001

NuPAGE� Sample Reducing Agent Invitrogen NP0009

cOmplete� ULTRA Tablets, Protease Inhibitor Cocktail Roche 5892970001

4–12% SDS-polyacrylamide gels Invitrogen NW04125

Western Blot Stripping Buffer Thermo 46430

2-Hpbc Cayman 16169

Bio-Plex Pro Mouse Cytokine 23-plex Assay Bio-Rad M60009RDPD

Cell Lysis Buffer (10X) Cell Signaling 9803

Percoll Sigma P1644

Fetal Bovine Serum, qualified Gibco 16140071

EDTA (0.5 M), pH 8.0, RNase-free Invitrogen AM9260G

RPMI Medium Gibco 11875085

Pierce� BCA Protein Assay Kit Thermo Scientific 23227

TruStain FcX� (anti-mouse CD16/32) FcBlock Biolegend 101320

ProLong� Gold Antifade Mountant Thermo P36930

Pierce ECL western blotting substrate Thermo 32106

Experimental models: Organisms/strains

S1PR2 KO (129/SvEvTacfBR 3 C57BL/6) N/A MGI: 3620009

Software and algorithms

Carl Zeiss Axiovert 100 equipped with Volocity Software Improvision/PerkinElmer N/A

LSR Fortessa. BD N/A

FlowJo software Tree Star N/A

Kinovia Kinovia N/A

StatLIA software Brendan Scientific N/A

ImageJ NIH N/A

Prism 9 GraphPad N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Zinaida Vexler (Zena.Vexler@ucsf.edu).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

d Data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All research conducted on animals was approved by the University of California San Francisco Institutional

Animal Care and Use Committee and in accordance with the Guide for the care and use of laboratory an-

imals (U.S. Department of Health and Human Services). Animals were given ad libitum access to food and

water, housed with nesting material and shelters, and kept in rooms with temperature control and light/

dark cycles. The data are in compliance with STAR and ARRIVE guidelines (Animal Research: Reporting

in Vivo Experiments). Block litter design and randomization within individual litters were used. Blinded

data analysis was used where possible.

Model of ischemia-reperfusion in neonatal mice

A 3h tMCAOwas performed on postnatal day 9 (P9)-P10 male and femaleWT (n = 32), HET (n = 105) and KO

(n = 71) pups, all on C57Bl/6 background, as we previously described.7 Briefly, a midline cervical incision

was made under isoflurane anesthesia, the common carotid artery and internal carotid artery exposed, sin-

gle threads from a 7-0 silk suture used to temporary tie a knot below the origin of the internal carotid artery

to prevent retrograde bleeding from the arteriotomy. A coated 7-0 nylon suture was advanced 4–5 mm and

removed 3h later. Mortality rates were 5.71% (HET) and 4.23% (KO). Mice from the same litter were ran-

domized to receive tMCAO or sham surgery. In sham-operated pups, suture was inserted but not

advanced. During surgical procedure and post-surgery temperature was maintained with temperature-

controlled pad.

Histology and immunofluorescence

Animals were perfused and brains postfixed with 4% PFA, post-fixed, cryoprotected, and flash-frozen

brains were sectioned on a cryostat (12-mm-thick serial sections, 360mm apart) and volume of hemi-

spheres ipsilateral and contralateral to tMCAO to assess brain edema and volumes of injured regions

determined in 8 coronal Nissl-stained sections were measured in blinded manner. Immunofluorescence

was performed on adjacent sections permeabilized with 0.3% Triton-X100 for 1h followed by quenching

with TrueBlack Lipofuscin Autofluorescence Quencher (Biotium, #23007) to reduce autofluorescence in

injured regions and blocked in 20% normal goat sera and M.O.M blocking reagent (Vector, MKB-

2213-1) in PBS. Slides were incubated overnight in 5% NGS in PBS with primary antibodies; rabbit

anti-Iba1(1:200, Wako), mouse anti-Glut1 (1:300, Abcam), rabbit anti-cleaved caspase 3 (1:100 Cell

signaling), rat anti-CD68 (1:200, Biorad), mouse anti-NeuN (1:200), rabbit anti-NF(1:400), chicken anti

MBP (1:500), rat anti-BrdU (1:200, Abcam) and chicken anti GFAP (1:1000, Invitrogen), followed by appro-

priate secondary antibodies (Invitrogen), incubation with DAPI, and mounting using coverslips with

ProLong Gold (Invitrogen).

BrdU (5 ml/g weight of 10 mg/mL solution) was injected 3 times (twice per day, i.p.), starting at P22. For BrdU

staining, slides were incubated in sodium citrate (95�C, 1 min), 2N HCl (37�C, 30 min), and 0.1M boric acid

(10 min, RT) before blocking. Z stacks of 8 images were captured at 1.0 mm intervals (253/1003 oil objec-

tives, Carl Zeiss Axiovert 100 equipped with Volocity Software, Improvision/PerkinElmer) and analysis per-

formed in perifocal injury region and in two fields-of-view (FOV) in the ischemic core (FOV3 and FOV4) and

in matching contralateral regions using automated protocols for signal intensity threshold, which was set

>2SD background in each channel.

Flow cytometry

Mice deeply anesthetized with isoflurane were transcardially perfused with cold PBS, brain tissue removed,

minced with razor blades, washed with RPMI, and incubated in 1 mg/mL collagenase D for 45 min at 37�C
with shaking. 5 mMEDTAwas added to inhibit enzymatic reaction during last 5 min. Cells were washed with

RPMI, resuspended in 70% Percoll, and overlaid with 30% Percoll, and centrifuged at 2500 rpm for 30 min at
18 iScience 26, 106340, April 21, 2023
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4�C without brake. Pellet between layers was collected and washed twice with FACS buffer (2% FBS, 1 mM

EDTA, in PBS, Mg2+ Ca2+ Free). Resuspended cells were incubated with Fc Blocking (Biolegend#101320)

for 20min followed by staining for 1h on ice with the following antibodies: CD45-Pacific Blue (Biolegend),

CD11b-APC-Cy7 (Biolegend), Ly6g (IA8)-AF700 (Biolegend), Ly6c (Hk1.4)- APC (Biolegend), Tmem119-PE

(eBioscience), CD68-FITC, CD44-PE (Biolegend), CCR2-FITC (Biolegend), CCR2-PE (Biolegend), CX3CR1-

FITC (Biolegend), CD8a-PE (Biolegend) and CD11c-FITC (Biolegend), 1:200 or 1:100. Fluorescence Minus

One (FMO) samples were applied, which is a commonly used strategy to prevent false-positive results

through overlap of fluorophores.18 Cells were washed 2 times in FACS buffer and evaluated using BD

LSR Fortessa. Data analysis was performed using FlowJo software (Tree Star).

Western blot analysis

Whole cortical lysates from contralateral and injured cortical regions were obtained from mice perfused

intracardially with 5 ml of cold PBS followed by rapid tissue dissection and snap-freezing. Tissue was ho-

mogenized in lysis buffer (Cell Signaling Technology, #9803) and NuPAGE� Sample Reducing Agent (In-

vitrogen, #NP0009) supplemented with protease inhibitor cocktail (Roche, #5892970001) and 1 mM

PefablocSC (Roche, #11429868001). Proteins were separated on 4–12% SDS-polyacrylamide gels (Invitro-

gen, # NW04125). The membranes were blocked for 1 h in 5% nonfat dry milk in TBST (20 mM Tris-HCl,

150 mM NaCl, 0.1% Tween 20), incubated overnight at 4 �C with the following primary antibodies: spectrin

(1:1000, Sigma #MAB1622), beta-actin (1:4000, Sigma #A5441), S1PR1 (1:500, Proteintech, #55133) and,

subsequently, with secondary antibodies, mouse anti-rabbit IgG-HRP (#sc-2357), m-IgGk BP-HRP (#sc-

516102) for 1 h at RT, following washes in TBST. The bound antibodies were removed from membranes

with stripping buffer (Thermo, #46430).

Multiplex cytokine assay

Whole cortical lysates from contralateral and injured cortical regions were obtained from mice perfused

intracardially with 5 ml of cold PBS followed by rapid tissue dissection and snap-freezing. Tissue was ho-

mogenized in Lysis buffer (20 mM Tris, 150 mM NaCl, 0.05% Tween20 in PBS) supplemented with protease

inhibitor cocktail (Roche, #5892970001) and PefablocSC (Roche, #11429868001). Measurements were per-

formed using Bio-Plex Pro Mouse Cytokine 23-plex Assay (Bio-Rad, #M60009RDPD) and StatLIA software

(Brendan Scientific) with a 5-parameter logistic curve fitting. The data were normalized to protein concen-

tration in the same brain homogenate sample.

JTE-013 solution preparation and administration

JTE-013 (Cayman, #10009458) was dissolved in 30 mg/ml of 2-Hpbc (2-Hydroxypropyl-b-cyclodextrin

(Cayman, cat #16169) containing 10% ethanol immediately before injections and warm solution ad-

ministered to avoid precipitation. Two doses were tested, 2.5 mg/g and 5 mg/g (i.p., beginning at 1h

of reperfusion followed by single daily injections, volume of respective 1.25 mg/ml and 2.5 mg/ml

solution was adjusted per animal weight). Vehicle solution contained 30 mg/ml of 2-Hpbc containing

10% ethanol.

Open field test

Open Field test was used to measure locomotor activity and anxious behavior. The mice were placed in the

center of the cage (30 cm x 40 cm, 8 x 8 grid pattern) and trajectory was video recorded from the top for

3 min for P10 and 5 min for P21. Mouse movement was video-tracked using Kinovia, total traveling distance

and percentage of distance in the center area (4 x 4 in grid pattern) was measured by ImageJ (NIH)

following noise removal. Self-grooming time and number of rearings (stands on its hind legs) were counted

during same time duration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Block litter design was used to avoid litter-to-litter variability and randomization of pups for tMCAO/naive

was used where possible. Injury analysis was performed in a blindedmanner. Mice from the same litter were

randomized to receive tMCAO surgery and were either sacrificed for biochemical measurements at 72h or

for histological outcomes at two time points, 72h or 2 weeks. Most of WT and KOmice underwent behavior

testing 24h after reperfusion. Assignment of mice to ‘‘Severe Injury’’ group and ‘‘Mild Injury’’ groups was

done based on the pattern observed at the time of sacrifice, i.e., the presence of gross injury in the cortex.

Each dot on all graphs represents an individual mouse. Results are shown as mean G SD. Outliers were
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identified based on 2SD criteria. Normality of data distribution was tested with the Shapiro-Wilk test.

One-way ANOVA followed by Brown-Forsythe and Welch ANOVA was used to compare multiple groups,

two-way ANOVA was used to compare multiple groups with independent variables followed by two-stage

step-upmethod of Benjamini, Krieger and Yekutieli, and t-test (parametric) or MannWhitney test (nonpara-

metric) analysis was used to compared two groups. Particular tests used are described in legends to indi-

vidual figures. GraphPad Prism 9 software was used to generate statistical data.
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