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Abstract

Objective—Fluid shear stress intimately regulates vasculogenesis and endothelial homeostasis.

The canonical Wnt/β-catenin signaling pathways play an important role in differentiation and

proliferation. In this study, we investigated whether shear stress activated Angiopoietin-2 (Ang-2)

via the canonical Wnt signaling pathway with an implication in vascular endothelial repair.

Approach and Results—Oscillatory shear stress(OSS) up-regulated both TOPflash Wnt

reporter activities and the expression of Ang-2 RNA and protein in human aortic endothelial cells

(HAEC) accompanied by an increase in nuclear β-catenin intensity. OSS-induced Ang-2 and

Axin-2 mRNA expression was down-regulated in the presence of a Wnt inhibitor, IWR-1, but was

up-regulated in the presence of a Wnt agonist, LiCl. Ang-2 expression was further down-regulated

in response to a Wnt signaling inhibitor, DKK-1, but was up-regulated by Wnt agonist Wnt3a.

Both DKK-1 and Ang-2 siRNA inhibited endothelial cell migration and tube formation, which

were rescued by human recombinant Ang-2. Both Ang-2 and Axin-2 mRNA down-regulation was

recapitulated in the heat-shock inducible transgenic Tg (hsp70l:dkk1-GFP) zebrafish embryos at

72 hours post fertilization (hpf). Ang-2 morpholino injection of Tg (kdrl:GFP) fish impaired

subintestinal vessel (SIV) formation at 72hpf, which was rescued by zebrafish Ang-2 mRNA

(zAng-2) co-injection. Inhibition of Wnt signaling with IWR-1 also down-regulated Ang-2 and
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Axin-2 expression, and impaired vascular repair after tail amputation, which was rescued by

zAng-2 injection.

Conclusion—Shear stress activated Ang-2 via canonical Wnt signaling in vascular endothelial

cells, and Wnt-Ang-2 signaling is recapitulated in zebrafish embryos with a translational

implication in vascular development and repair.

Keywords

Angiopoietin-2; Wnt signaling; endothelial repairs; human aortic endothelial cells; zebrafish;
DKK-1/Dickkopfs-1; vasculogenesis

Introduction

Mechanotransduction is implicated in differentiation of embryonic stem cells to vascular

endothelial cells 1–3. Hemodynamics; namely, fluid shear stress, is intimately involved in

stem cell 4, 5 and mesenchymal progenitors6 differentiation to vascular endothelial cells.

While the roles of angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) during vascular

development have been extensively investigated, shear stress-mediated Ang-2 in mature

vascular endothelium was recently reported to play a role in tubulogenesis 7 and to confer

atheroprotection 8.

While Ang-1 is constitutively released by the perivascular cells, Ang-2 is released from the

Weibel-Palade bodies in endothelial cells 9, 10. Ang-2 binds to endothelial specific receptor

tyrosine kinase 2 (TIE-2), and acts as a negative regulator of Ang-1/TIE-2 signaling during

angiogenesis 11. Earlier studies demonstrated that Ang-2 release from Weibel-Palade bodies

is induced by endothelial stretch, which occurs during hypertension12. However, the

mechanisms underlying reactivation of developmental genes such as Ang-2 in endothelial

cells remain elusive.

Hemodynamic forces are complex regulators of endothelial homeostasis 13. Disturbed flow,

including oscillatory shear stress (OSS), is a bidirectional flow associated with a net-zero

forward flow that develops in the curvatures or branching points of the vasculature 14–17.

OSS-induced Ang-2 promotes tubular formation and migration of cultured endothelial

cells 7. While stretching isolated arterial endothelial cells further promotes the paracrine

effect of Ang-2 release, Ang-1 release inhibits these effects 12. Ang-2 stimulates

arteriogenesis in an C57Bl/6J mice with a ligated femoral artery 18, and confers

atheroprotection in apoE-null mice. In contrast, over-expression of Ang-1 induces smooth

muscle cell migration and monocyte chemotaxis 8. However, there remains a paucity of

literature in shear stress-activated developmental genes, and the mechanisms underlying

OSS-induced Ang-2 expression remain to be elucidated.

Canonical Wnt/β-catenin signaling pathway regulates development, cell proliferation and

migration19. In this study, we investigated whether shear stress activated Ang-2 via

canonical Wnt signaling pathway. Both endothelial Ang-2 expression and Wnt TOPflash

reporter activity were up-regulated in response to OSS. While Wnt agonist, Wnt3a,

promoted Ang-2 mRNA expression, Dkk-1 treatment or Ang-2 siRNA inhibited endothelial
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cell migration and tube formation. Wnt-Ang-2 signaling was further recapitulated in the

zebrafish embryos, in which mRNA of Angiopoietin 2b homolog was down-regulated in

heat-shock inducible DKK-1 transgenic Tg (hsp70l:Dkk1-GFP) fish (For the zebrafish

related studies, zebrafish Angiopoietin 2b homolog is denoted as Ang-2). Ang-2 morpholino

micro-injection further impaired development of subintestinal vessels (SIV) at 72 hours post

fertilization (hpf). Thus, we provide new insights into shear stress-activated Wnt-Ang-2

signaling with a translational implication in vascular development and repair.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement

Results

Oscillatory shear stress activated Ang-2 expression via Wnt signaling

In a dynamic flow system20, oscillatory shear stress (OSS) up-regulated Wnt signaling

activity in HAEC. TOPflash reporter assay demonstrated a 2.3-fold-increase in Wnt

signaling activity in response to OSS, and a 2.8-fold increase in response to LiCl, a positive

control (p <0.05, n=3) (Fig. 1A). In parallel, OSS increased nuclear β-catenin content by

1.33-fold compared to static condition (p < 0.05, n=4) (Fig. 1B). Wnt signaling inhibitor

Ionomycin inhibited nuclear β-catenin translocation (Supplemental Fig V). Furthermore,

OSS up-regulated Axin-2 mRNA, a well-known Wnt target gene, by 2.3-fold (p < 0.05,

n=4), which was attenuated by a Wnt inhibitor, IWR-1 (Fig. 1C). OSS also up-regulated

Ang-2 mRNA expression by 2-fold (p <0.05, n=4), which was attenuated by IWR-1 (Fig.

1D). OSS further up-regulated Ang-2 mRNA to a greater extent than did pulsatile shear

stress (PSS), and OSS also up-regulated Ang-2 protein expression (p < 0.05, n=4) (Figs. 1E

and 1F). Thus, OSS induced Ang-2 expression via cannonical Wnt signaling in HAEC.7.

Ang-2 is a Wnt target gene for endothelial repair

Ang-2 knock-down with siRNA (siAng-2) significantly reduced both Ang-2 mRNA and

protein expression (Figs. 2A and 2B). Transfecting HAEC with siAng-2 impaired tube

formation at 8 hours (Fig. 2C), and cell migration at both 4 and 8 hours (Fig. 2D). siAng-2

studies were further validated with a second set of independently designed Ang-2 siRNA

sequences (Fig. 2A–2D).

To assess Ang-2 as one of the Wnt target genes, we demonstrated that human recombinant

DKK-1 treatment down-regulated Ang-2 mRNA expression in a dose- and time-dependent

manner (normalized to GAPDH, p < 0.05 vs. Control, n=3) (Fig. 3A), whereas recombinant

Wnt3a treatment up-regulated Ang-2 in a dose-dependent manner (p < 0.05 vs. control, n=3)

(Fig. 3B). DKK-1 treatment also impaired endothelial migration (Fig. 3C) and tube

formation at 8 hours (Fig. 3D), which were rescued by recombinant Ang-2 treatment (Figs.

3C and 3D). The down-regulation of Ang-2 by DKK-1 was not due to apoptosis since

DKK-1 treatment had no effect on cell viability at our time points (Supplemental Fig II).

Ionomycin treatment similarly reduced endothelial cell migration and tube formation

(Supplemental Fig VI). Taken together, Ang-2 is a Wnt target gene, with an implication in

endothelial repair.
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Inhibition of Wnt signaling down-regulated Ang-2 expression in Zebrafish embryos

To recapitulate Ang-2 as a Wnt target gene in zebrafish embryos, we used transgenic Tg

(hsp70l:Dkk1-GFP) lines. (For the zebrafish related studies, Angiopoietin 2b homolog is

denoted as Ang-2). Heat-shock induction of DKK-1-GFP resulted in down-regulation of

both Axin-2 and Ang-2 mRNA expression while VE-cadherin expression remained

unchanged (Fig. 4A); whereas heat shock of wild-type fish did not have any effect on

Axin-2 or Ang-2 expression (Supplementary Fig. III). To further validate Ang-2 as a Wnt

target gene, we used IWR-1, a small molecule Wnt inhibitor, to interrogate Axin-2 and

Ang-2 mRNA expression. Both genes were down-regulated in dose- and duration-dependent

manners at 72 hpf (Fig. 4B and 4C). These findings corroborated Ang-2 as a Wnt target

gene in the zebrafish embryos.

Ang-2 Morpholinos (MO) impaired vascular development in Zebrafish embryos

To further elucidate whether Ang-2 was implicated in subintestinal vessel (SIV)

development, we used transgenic Tg (kdrl:GFP) zebrafish embryos (Fig. 5A). Micro-

injection of 0.5 μM Ang-2 ATG MO or splicing MO to the 2-cell stage embryos impaired

SIV development at 72 hpf (Fig. 5B, Supplemental Fig. IV). Co-injection of zebrafish Ang-2

(zAng-2) mRNA restored SIV formation (Fig. 5B). Quantitatively, SIV length was reduced

by 65% in response to ATG-MO injection, which was rescued by zAng-2 mRNA injection

(p < .01, n = 20) (Fig. 5C). Furthermore, Wnt inhibitor IWR-1 impaired SIV formation,

which was partially rescued by zAng-2 co-injection at 72 hpf (Figs. 5D and 5E).. A similar

effect was observed with Ionomycin treatment (Supplemental Fig VII). Thus, Ang-2 is

implicated in SIV development, recapitulating endothelial tube formation (Fig. 2).

IWR-1 impaired vascular repair

We further assessed whether Wnt signaling was implicated in endothelial repair in the Tg

(kdrl:GFP) zebrafish embryos at 72 hpf. Tail amputation was performed approximately 100

μm from the tip (Fig. 6A). In the control group, vascular repair led to a closed loop between

dorsal longitudinal anastomotic vessels (DLAV) and dorsal aortas (DA) at 3 days post

amputation (dpa) (Fig. 6A). Treatment with 10μM IWR-1 inhibited vascular endothelial

repair at 3 dpa (Fig. 6A). Tail amputation performed at 72 hpf to the fish injected with

zAng-2 mRNA at 2-cell stage and treated with 10μM IWR-1 exhibited tail repair at 3 dpa

(Fig. 6A). Both the control and zAng-2 injection groups exhibited a significantly higher rate

of regeneration as compared to IWR-1 treatment alone (p < .05, n = 20) (Fig. 6B) These

findings support the implication of Wnt-Ang-2 signaling in vascular repair.

Discussion

In this study, we recapitulate a shear stress-activated Wnt-Ang-2 signaling pathway using

the developmental zebrafish model. In our dynamic flow system, canonical Wnt signaling

was implicated in OSS-induced Ang-2 expression 7, which influenced vascular endothelial

cell migration and tube formation. In the zebrafish embryos, the mechano-reactivated Wnt-

Ang-2 signaling was implicated in both subintestinal vessel development and tail repair.

Thus, shear stress-reactivated Wnt target genes (Supplemental Table I), in this case, Ang-2

confers therapeutic potential in restoring endothelial repair.
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The Wnt/β-catenin signaling pathway plays an important role in both development and

tissue repair 21, 22,23,24,25. Several molecules negatively regulate canonical Wnt signaling,

including Dickkopfs (DKK-1), the secreted frizzled-related proteins (sFRP-1, sFRP-2,

sFRP-3, and sFRP-4), and the Wnt inhibitory factor (Wif-1) 26, 27 as well as small molecules

such as IWR-1. Treatment with DKK-1 and siAng-2 inhibited endothelial cell migration and

tube formation. In corollary, Ionomycin, a Calcium ionophore, is well-recognized to down-

regulate β-catenin/Tcf signaling in Wnt pathway 28. In the colon cancer cells, Ionomycin

disrupted β-catenin and TCF binding, nuclear translocation of β-catenin, and suppression of

TCF complexes binding to its specific DNA-binding sites29. We also demonstrated that

Ionomycin attenuated nuclear translocation of β-catenin, resulting in: 1) down-regulation of

both Ang-2 mRNA and protein expression (Supplemental Figure V), 2) inhibition of tube

formation, 3) endothelial migration, 4) proliferation (Supplemental Figure VI), and 5)

inhibition of SIV development in the zebrafish model (Supplemental Figure VII). In this

context, the complementary use of Wnt signaling inhibitors; namely, DKK-1, IWR-1 or

siAng-2 knockdown, with recombinant or zebrafish Ang-2 mRNA corroborated reactivation

of Wnt-Ang-2 signaling in vascular endothelial repair.

Using the Angiogenesis PCR SuperArray (PAHS-024), we identified a host of Wnt/β-

catenin target genes. Ang-2 was one of the shear stress-responsive angiogenic factors (data

not shown),. In response to low shear stress (1 dyne/cm2), VEGF-dependent induction of

Ang-2/Tie-2 system is implicated in endothelial homeostasis, proliferation and

differentiation; in response to high shear stress (30 dyne/cm2), FOXO1-dependent down-

regulation of Ang-2 occurs 30, 31. We demonstrate that OSS up-regulated Ang-2 mRNA to a

greater extent than did PSS, and OSS-regulated Ang-2 protein expression by 2.2-fold (Figs.

1E and 1F). Furthermore, OSS activated Ang-2 expression via Wnt signaling both in mature

endothelial cells and in a developmental zebrafish model. Ang-2 is a secreted glycoprotein

that is expressed by endothelial cells and vascular progenitor cells, and the release of Ang-2

from activated endothelial cells antagonizes the binding of Ang-1 to the Tie-2 receptor, thus

sensitizing the endothelial cells to pro-angiogenic and/or pro-inflammatory stimuli 11. Ang-2

promotes endothelial chemotaxis and tube formation by inhibiting Ang-1-mediated

phosphorylation of Tie-2 32. Over-expression of Ang-2 can impart an anti-angiogenic effect

as an Ang-1/Tie-2 inhibitor by disrupting embryonic blood vessel formation, resulting in a

phenotype similar to that of Tie-2 knockout 33. Ang-2 is further implicated in regulating

Wnt target Survivin expression to mitigate oxidized LDL-induced apoptosis in human aortic

endothelial cells 34. Elevated Ang-2 levels promote tumor progression 35, and are associated

with obesity 36. Endothelial-specific Ang-2 over-expression further promotes vascular

permeability and hypotension during septic shock, whereas inhibition of the Ang-2/Tie-2

interaction attenuates lipopolysaccharide-induced hypotension and reduces mortality rate37.

Nevertheless, the precise mechanism whereby OSS modulates Ang-2 expression in

maintaining endothelial homeostasis and in promoting vascular repair warrants further

investigation.

The use of transgenic zebrafish model recapitulated shear stress-reactivated Wnt-Ang-2

signaling pathway. Zebrafish Ang-2 orthologs have been recognized to play an important

role in zebrafish vascular development, particularly for intersegmental vessel (ISV)

sprouting and subintestinal vessel (SIV) formation prior to 72 hpf 38. ISV sprouting occurs
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between 24 hpf to 72 hpf, and SIV formation originate from the duct of Cuvier between 48

to 72 hpf 39. Both ISV and SIV are anatomic milestones for monitoring disrupted

angiogenesis 40. Analogous to the in vitro model of vascular repairs, we demonstrate Ang-2

knock-down with morpholinos resulted in impaired SIV formation in Tg (kdrl:GFP) fish

(Fig. 5). Furthermore, we demonstrate that inhibition of Wnt-signaling pathway disrupted

vascular repair in response to tail amputation (Fig. 6). Taken together, these findings provide

new mechanotransduction insights underlying the reactivation of Wnt target genes with a

therapeutic implication for vascular development and repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

The canonical Wnt/β-catenin signaling pathways play an important role in differentiation

and proliferation. In this study,, we investigated whether the Wnt signaling pathway was

implicated in shear stress-activated Ang-2. Both Ang-2 expression and Wnt TOPflash

reporter activity were up-regulated in response to oscillatory shear stress (OSS). While

Wnt agonist Wnt3a promoted Ang-2 mRNA expression, Dkk-1 treatment or Ang-2

siRNA inhibited endothelial cell migration and tube formation. Wnt-Ang-2 signaling was

further elucidated in the zebrafish embryos, in which Ang-2 mRNA was down-regulated

in heat-shock inducible DKK-1 transgenic Tg(hsp70l:Dkk1-GFP) fish. Ang-2

morpholino micro-injection further impaired development of subintestinal vessels (SIV)

and blood flow in at 72 hours post fertilization (hpf). Thus, we provide new insights in

shear stress-activated Wnt-Ang-2 signaling with a translational implication in vascular

repair.
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Fig. 1. Oscillatory shear stress (OSS) promoted Ang-2 expression via Wnt signaling
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(A) Topflash reporter assay revealed that OSS for 8 hours significantly activated Wnt

signaling. LiCl, a wnt-signaling inducer, was used as positive control. (Control=1.00±0.06;

LiCl=2.78±0.42; OSS=2.35±0.46, *p < 0.05 vs. control, n=4). (B) OSS induced a 1.3-fold

increase in nuclear β-catenin fluorescence in canonical Wnt signaling pathway. (*p < 0.05,

n=4). (C) OSS up-regulated a well-recognized Wnt target gene, Axin-2, which was

attenuated in the presence of IWR-1, a Wnt inhibitor (normalized to GAPDH:

control=1.00±0.038; IWR-1=0.76±0.10; LiCl=1.70±0.25; OSS=2.32±0.32; OSS

+IWR-1=1.18.±0.28, *p < 0.05 vs. control; #p < 0.05 vs. OSS, n=4). IWR down-regulated,

but LiCl up-regulated Axin-2 expression (*p < 0.05 vs. control, n=4). (D) OSS further up-

regulated Ang-2 mRNA expression, which was also attenuated in the presence of IWR-1

(normalized to GAPDH: control=1.00±0.01; IWR-1=0.81±0.14; LiCl=1.58.±0.10;

OSS=2.00±0.13; OSS+IWR-1=1.21±0.09, *p < 0.05 vs. control; #p < 0.05 vs. OSS, n=4).

IWR down-regulated, but LiCl up-regulated Ang-2 expression (*p < 0.05 vs. control, n=4).

(E) Pulsatile shear stress (PSS) up-regulated Ang-2 mRNA expression by 1.21.±0.10-fold

(*p < 0.05 vs. control, n=4), while OSS up-regulated Ang-2 expression by 2.08±0.12-fold

(normalized to GAPDH: *p < 0.05 vs. control, n=4). (F) In corollary, both OSS (24 hr) and

LiCl significantly up-regulated Ang-2 protein expression as quantified by densitometry

(normalized to β-tubulin: *p < 0.05 vs. control, n=4).
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Fig. 2. Knock-down of Angiopoeitin-2 retarded HAEC migration and tube formation
HAEC were transfected with 50 nM scrambled siRNA (Scr), or in-house designed or

independently designed Ang-2 siRNA (siAng2-1 and siAng2-2, respectively) for 48 hours.

The cells were used for Ang-2 mRNA expression, Matrigel assay for tube formation, and

scratch assay for cell migration. (A) Transfection with siAng-2 significantly reduced Ang-2

mRNA expression (*p < 0.05, n=4), and (B) protein expression by more than 50%. (C)
HAEC tube formation was inhibited at 8 hour after siAng-2 transfection. (D) HAEC

monolayers were scratched by using pipette tips and cultured in the presence or Scr,

siAng2-1 and siAng2-2 (50 nM). siAng-2 also inhibited HAEC migration. Bar graphs

quantified cell migrations in terms of percentage after scratching at 4 hr (*p < 0.05, n=4) and

8 hr (*p < 0.05, n=4). Both the migration studies and Matrigel assays were representative of

four independent experiments with reproducible findings.
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Fig. 3. Wnt signaling mediated HAEC migration and tube formation is Ang-2-dependent
(A) HAEC monolayers were treated with 0.1 and 0.5 μg/mL of DKK-1 for 3 hours and 6

hours, respectively. Quantitative RT-PCR revealed down-regulation of Ang-2 mRNA

expression in the presence of DKK-1 in a dose- and time-dependent manner (normalized to

GAPDH: *p < 0.05 vs. Control n=3). (B) Ang-2 mRNA expression was up-regulated in

response to treatment with human recombinant Wnt3a for 3 hours (normalized to GAPDH:

*p < 0.05 vs. control. n=3). (C) HAEC monolayers were scratched by using pipette tips and

cultured in the presence or absence of 0.5 μg/mL of human recombinant DKK-1. DKK-1

inhibited cell migration, which was rescued by recombinant Ang-2 treatment (0.5 μg/mL).

Bar graphs quantified cell migrations in terms of percentage after scratching at 4 hr and 8 hr
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(*p < 0.05, n=4). (D) HAEC were cultured in the Matrigel in the presence or absence of 0.5

μg/mL of DKK-1. After 8 hours, tube formation was inhibited in the presence of DKK-1

(0.5 μg/mL), which was rescued by Ang-2 treatment (0.5 μg/mL). Both the migration studies

and Matrigel assays were representative of four independent experiments with reproducible

findings.
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Fig. 4. Treatment of Tg (hsp70:DKK-1-GFP) zebrafish embryos with IWR-1 recapitulated Ang-2
as a Wnt target gene
(A) Tg (hsp70l:Dkk1-GFP) embryos were heat-shocked at 48 hpf at 37°C for 1 hour.

Axin-2, a well-recognized Wnt target gene, was used as a reference control. In Tg

(hsp70l:Dkk1-GFP) embryos, both Axin-2 and Ang-2 mRNA expressions were down-

regulated in response to heat-shock induction of DKK-1 (*p < 0.05 vs. control, n=4).

DKK-1 did not significantly change the expression of VE-Cadherin suggesting DKK-1-

induced down-regulation of Axin-2 and Ang-2 was not due to potential vascular toxicity by

heat-shock induction of DKK-1. (B,C) IWR-1 also down-regulated both Axin-2 and Ang-2

mRNA in a dose-dependent manner in the Tg (kdrl:GFP) fish at 72hpf. Ang-2 expression

was down-regulated to a greater extent over 48 hr treatment (starting at 24 hpf) compared to
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24 hr treatment (starting at 48 hpf). (*p < 0.05 vs. control; #p < 0.05 for pair-wise

comparison, n=4).
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Fig. 5. Ang-2 morphant injection impaired subintestinal vein (SIV) formation in Zebrafish
embryos
(A) Vasculature of transgenic zebrafish Tg (kdrl:GFP) at 72hpf reveals subintestinal vessel

(SIV), intersegmental vessel (ISV), dorsal longitudinal vein (DLAV), dorsal aorta (DA), and

posterior cardinal vein (PCV). (B) Embryos injected with the control MO developed normal

SIV at 72 hpf. Ang-2 ATG-MO injection (0.5 μM) impairs SIV formation. Co-injection of

zAng-2 mRNA (25ng) with Ang-2 MO rescued SIV formation. (C) Quantification of SIV

length was performed and there was a significant difference between control and injection

with morpholino (*p < .001, n = 20). zAng-2 mRNA injection rescued the SIV formation (#p
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< .001, n = 20). (D) Treatment with Wnt signaling inhibitor IWR-1 impaired SIV formation.

Injection with zAng-2 mRNA (25ng) was able to partially rescue SIV formation. (E)

Quantification of SIV length showed significant reduction after IWR-1 treatment (*p < .001,

n = 20), while injection with zAng-2 mRNA significantly increased SIV length (#p < .001, n

= 20).
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Fig. 6. Wnt-Ang-2 signaling and vascular endothelial repair
(A) The tails of transgenic Tg (kdrl:GFP) zebrafish embryos were amputated at 72 hpf. At 0

day post amputation (dpa), the red arrow pointed to the site of injury. At 1 dpa, initiation of

endothelial repairs was present. At 3 dpa, complete tail repair was observed, as indicated by

the yellow arrow. IWR-1 treatment (10 μM) inhibited tail repair at 3 dpa. zAng-2 mRNA

injection restored tail repair in IWR-1-treated fishes at 3 dpa. (B) Quantification of tail

repair. These experiments were repeated for n = 20 in each treatment group, and each fish

was assessed for the presence of tail repair at 3 dpa. The proportion of fish exhibiting tail

repair in each group showed a significant difference between the control and IWR-1

treatment conditions (*p < 0.01, n = 20) and between IWR-1 treatment with and without

zAng-2 mRNA injection (# p < 0.05, n = 20).
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