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Abstract

Both estradiol (E2) and Sonic Hedgehog (Shh) contribute to angiogenesis and nerve regeneration. 

Here, we investigated whether E2 improves the recovery of injured nerves by downregulating the 

Shh-inhibitor Hedgehog-interacting Protein (HIP) and increasing Shh-induced angiogenesis. Mice 

were treated with local injections of E2 or placebo one week before nerve-crush injury; 28 days 

after injury, nerve conduction velocity, exercise duration, and vascularity were significantly 

greater in E2-treated mice than in placebo-treated mice. E2 treatment was also associated with 

higher mRNA levels of Shh, the Shh receptor Patched-1, and the Shh transcriptional target Gli1, 

but with lower levels of HIP. The E2-induced enhancement of nerve vascularity was abolished by 

the Shh inhibitor cyclopamine, and the effect of E2 treatment on Shh, Gli1, and HIP mRNA 

expression was abolished by the E2 inhibitor ICI. Gli-luciferase activity in human umbilical-vein 

endothelial cells (HUVECs) increased more after treatment with E2 and Shh than after treatment 
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with E2 alone, and E2 treatment reduced HIP expression in HUVECs and Schwann cells without 

altering Shh expression. Collectively, these findings suggest that E2 improves nerve recovery, at 

least in part, by reducing HIP expression, which subsequently leads to an increase in Shh signaling 

and Shh-induced angiogenesis.

Keywords

Angiogenesis; Estradiol; Hedgehog-interacting Protein; Nervous System; Sonic Hedgehog

The physiological effects of estrogen extend well beyond its role in development and 

menstrual-cycle regulation. Estrogen exists in multiple forms: estrone sulfate, which is 

inactive and has a relatively long half-life in peripheral blood; estrone, the active product of 

estrone sulfate metabolism; and estradiol (E2), the active product of estrone metabolism by 

17β-hydroxysteroid dehydrogenase type 1. Because serum E2 levels are inversely correlated 

with the onset of cardiovascular disease in postmenopausal women,1 E2 was investigated for 

the prevention of cardiovascular disease in several clinical trials of hormone replacement 

therapy.2,3

Evidence indicates that E2 reduces the risk of cardiovascular events in younger 

postmenopausal women.4,5 The favorable effects of E2 may be partly attributed to enhanced 

angiogenesis: functional estrogen receptors are essential for the induction of angiogenesis by 

basic fibroblast growth factor,6 and estrogen accelerates endothelial recovery by increasing 

nitric oxide production and enhancing the mobilization of bone marrow-derived endothelial 

progenitor cells.7 E2 also appears to contribute to the preservation and recovery of injured 

nerve tissue: the expression of estrogen receptors α and β increases after nerve injury,8 and 

implantation of E2-containing pellets one week before nerve-crush injury stimulated nerve 

preservation/regeneration,9 perhaps by activating mitogen-activated protein kinase 

signaling.8 E2 also protects against ischemia-induced neural death by activating the Akt 

pathway.10

Recent findings suggest that Sonic Hedgehog (Shh), a member of the mammalian hedgehog 

protein family, may also contribute to nerve regeneration and repair. The hedgehog proteins 

were first characterized in Drosophila as regulators of segmental polarity during 

development.11 In vertebrate development, Shh regulates the patterning of the central 

nervous system,12–14 while the activity of another hedgehog protein, Desert Hedgehog, is 

restricted to the peripheral nervous system and appears to influence cellular elements of the 

epineural and perineural sheath.15 In the absence of injury, Shh signaling is attenuated, at 

least in part, by interactions between Shh and the Shh-inhibitor Hedgehog-interacting 

Protein (HIP)16; however, Hashimoto et al.17 have shown that the expression of Shh 

increases after peripheral-nerve injury in adult rats, and that cyclopamine, which disrupts 

hedgehog signaling, reduces the survival of motor neurons. Furthermore, exogenous Shh 

protein administration has been shown to enhance angiogenesis and improve nerve function 

in a diabetic neuropathy model.18

Collectively, these observations indicate that both E2 and Shh may contribute to the 

neovascularization and regeneration of injured peripheral nerves in adult animals, and 
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estrogen has recently been linked to the upregulation of Shh expression in breast-cancer 

cells.19 Here, we investigated whether E2 improves functional recovery in mechanically 

injured nerves by activating the hedgehog-signaling pathway.

MATERIALS AND METHODS

Animal models and treatments

Experiments were performed in ovariectomized female wild-type (WT) (C57BL/6J) mice 

and in ovariectomized female heterozygous Patched-1(Ptch1)-LacZ (NLS-Ptch1-lacZ) or 

heterozygous Gli1-LacZ (NLS-Gli1-lacZ) mice and their WT littermates (The Jackson 

Laboratory, Bar Harbor, ME, USA) E2 in poly lactide-co-glycolide (PLGA) was kindly 

provided by Dr. Tabata (Kyoto University, Japan). All surgical procedures were approved 

by the Institutional Animal Care and Use Committee of Northwestern University’s Feinberg 

School of Medicine and were consistent with the Guide for the Care and Use of Laboratory 

Animals published by the United States National Institutes of Health.20 Ovariectomy was 

performed 2 weeks before injury and E2-PLGA, saline-PLGA, or E2 pellets (Innovative 

Research of America, Sarasota, FL, USA) were administered at the designated injury sight 

one week later (i.e., 1 week before injury); E2-PLGA and saline PLGA were administered 

via subcutaneous injection, and the E2 pellets were subcutaneously implanted. Cyclopamine 

(50 mg/kg per day) and the estrogen receptor antagonist ICI 182,78021 (8.3 mg/kg per day; 

Tocris Cookson Ltd, Bristol, UK) were intraperitoneally injected once daily from 2 days 

(cyclopamine) or 3 days (ICI) before injury until sacrifice. Serum E2 levels were determined 

with an E2-ELISA kit (Cayman Chemical, Ann Arbor, MI, USA) as directed by the 

manufacturer’s instructions. Nerve-crush injury was induced as described previously22 and 

as summarized in the Supplemental Methods.

Nerve function

Motor-nerve conduction velocity (MCV) and the duration of rotarod exercise were measured 

as summarized in the Supplemental Methods. MCV measurements in the injured limb were 

normalized to measurements performed in the uninjured contralateral limb. For exercise 

duration, the maximum of 3 measurements was reported for each mouse.

Vascularity and capillary density

Functional vascular structures were identified by injecting mice with fluorescein 

isothiocyanate (FITC)-conjugated Bandeiraea simplicifolia (BS)-1 lectin (Vector 

Laboratories, Burlingame, CA, USA) 15 minutes before sacrifice, and endothelial cells were 

identified by staining sections with anti-CD31 antibodies (BD Biosciences, San Jose, CA, 

USA). Capillary density was evaluated by counting double-positive tubular structures in 5 

sections from the proximal, middle, and distal regions of both the injured and uninjured 

contralateral nerve (totaling 15 sections per nerve); 3 fields were evaluated in each section. 

Measurements in the injured nerve were normalized to those obtained in the uninjured 

nerve.
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Gene expression

For in-vivo assessments, the mRNA expression of Shh, smoothened (smo), Ptch1, Gli1, HIP, 

and vascular endothelial growth factor (VEGF) was evaluated via quantitative, real-time, 

reverse-transcriptase, polymerase chain reaction (qRT-PCR). Activation of Ptch1 and Gli1 

expression in sections from Ptch1-LacZ and Gli1-LacZ mice was evaluated via X-gal 

staining. Ptch1 protein and HIP protein were identified with anti-Ptch1 and anti-HIP 

antibodies (Santa Cruz Biotechnology, Santa Cruz CA, USA), endothelial cells were 

identified with anti-CD31 antibodies, and Schwann cells were identified with anti-S100 

antibodies (Sigma-Aldrich Corp, St. Louis, MO, USA). Positively stained cells were 

counted in 3 sections from both the injured nerve and the uninjured contralateral nerve, 3 

high-power fields per section; measurements in the injured nerve were normalized to those 

obtained in the uninjured nerve. For in-vitro assessments, human umbilical-vein endothelial 

cells (HUVECs) (Cascade Biologics, Portland, OR, USA), Schwann cells (SW-10 cells; 

ATCC, Manassas, VA, USA), and NIH3T3 fibroblasts (ATCC, Manassas, VA) were 

cultured in 1×10−8 mol/L E2 for 6 hours, then Shh, Ptch1, Gli1, and HIP mRNA expression 

were evaluated via qRT-PCR. Gli transcriptional activation in endothelial cells was 

evaluated via the Gli-luciferase assay. qRT-PCR and the Gli-luciferase assay were 

performed as summarized in the Supplemental Methods; qRT-PCR primer and probe 

sequences are provided in the Supplemental Table.

Statistical analysis

All values are reported as mean±SEM. Statistical analyses were performed with 

commercially available software (StatViewTM, Abacus Concepts, Berkeley, CA, USA); 

comparisons between two groups were tested for significance with the Mann-Whitney U-

test, and comparisons between multiple groups were tested for significance via analysis of 

variance followed by post-hoc testing with the Tukey procedure. A P value of less than 0.05 

was considered significant.

RESULTS

Local E2 injection improves nerve functional recovery and vascularity after nerve-crush 
injury without significantly increasing serum estrogen levels

Because of the side effects and potential health risks associated with systemically 

administered E2, we investigated whether the apparent benefits of systemic E2, administered 

as an implanted E2 pellet,9 could be achieved with locally delivered E2. One week before 

surgical sciatic nerve-crush injury was induced in mice, E2 in PLGA or PLGA alone 

(placebo) was locally injected, or an extended-release E2 pellet was subcutaneously 

implanted, at the designated injury site. Local E2 administration did not significantly alter 

serum E2 levels, whereas serum E2 levels increased approximately 10-fold after pellet 

implantation (Supplemental Figure 1).

Functional recovery and motor coordination was monitored via MCV measurements 

performed at weekly intervals for 28 days after injury and by assessing the duration of 

rotarod exercise on Day 28. MCV in all treatment groups was similar before nerve-crush 

injury and undetectable immediately afterward. MCV had improved in both E2-treatment 
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groups on day 7 after injury, but remained undetectable in mice administered placebo, and 

was significantly higher in E2-treated mice than in placebo-treated mice at all subsequent 

time points (Figure 1A). On day 28 after injury, MCV approached pre-injury levels in both 

E2-treatment groups (P<0.01), and the duration of rotarod exercise was significantly longer 

in E2-treated mice than in mice administered placebo (P<0.05) (Figure 1B). MCV and 

rotarod exercise measurements after E2 injection or pellet implantation did not differ 

significantly at any time point.

Nerve vascularity was assessed in both the injured and uninjured hind limbs of mice 

sacrificed 28 days after nerve-crush injury. As observed in previous reports,23 nerve-crush 

injury alone increased vascularity, even in placebo-treated limbs. Both E2 injection and E2 

pellet implantation enhanced the vasculogenic response (Figure 1C), and capillary density 

was significantly higher (P<0.01) in the injured limbs of E2-treated mice than in the injured 

limbs of the placebo-treatment group (Figure 1D); capillary density was also significantly 

higher (P<0.01) when E2 was administered as a local injection rather than an implanted 

pellet.

Collectively, these observations indicate that both injected E2-PLGA and the implanted E2 

pellets improve MCV, functional recovery, and nerve vascularity after injury, but the E2-

PLGA injections did not lead to the significant (and potentially harmful) increases in 

systemic estrogen levels observed after pellet implantation. Thus, E2 was administered via 

subcutaneous injection, rather than pellet implantation, in subsequent experiments.

Local E2 injection enhances Shh-pathway activation after nerve-crush injury

The Shh pathway is activated by nerve-crush injury17 and contributes to vascular 

regeneration in response to ischemic injury.23,24 To determine whether the E2-induced 

enhancement of nerve function and vascularity after injury could have occurred through 

elevated Shh signaling, we monitored the mRNA expression of Shh; smo, which activates 

downstream components of the hedghog pathway; the Shh receptor Ptch1; the Shh 

transcriptional target Gli1; and VEGF, which has been linked to Shh signaling in a murine 

diabetic neuropathy model.18 Injured nerves had been pretreated with local injections of E2 

or placebo one week before injury. In the absence of injury, E2 did not alter mRNA levels of 

Shh (E2: 0.26±0.12, placebo: 0.23±0.12; normalized to 18S rRNA levels), Gli1 (E2: 59.1± 

12.0, placebo: 60.5±9.4), or VEGF (E2: 5.27± 2.50, placebo: 6.35±4.70), and treatment of 

the injured limb did not alter Shh, Ptch1, smo, Gli1, or VEGF expression in the uninjured 

limb.

Shh expression was significantly elevated in the injured nerves of placebo-treated mice 

within 3 hours of injury (P<0.02) and continued to increase through hour 24 before returning 

to non-injury levels on day 7 (Figure 2A). Shh expression was even higher in the injured 

limbs of E2-treated mice (P<0.01 versus placebo treatment from hour 6 through hour 12), 

but the time course of elevated Shh expression was similar in both groups. The mRNA 

expression of smo declined after injury but was similar in E2-treated and placebo-treated 

nerves at all time points (Figure 2B). Ptch1 and Gli1 expression declined in the injured 

nerves of placebo-treated mice through hours 6 (Ptch1) and 24 (Gli1) after injury, then 

slowly recovered to approximately 40% (Ptch1) and 75% (Gli1) of non-injury levels on day 
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7 (Figures 2C, D). The initial declines in Ptch1 and Gli1 expression were also observed in 

the injured nerves of E2-treated mice, but recovery was enhanced: Ptch1 expression was 

significantly higher (P<0.01) from day 3 through day 7, and Gli1 expression was 

significantly higher (P<0.01) from hour 24 through day 3, in E2-treated nerves than in 

placebo-treated nerves. E2 treatment was also associated with significantly higher mRNA 

levels of VEGF from hour 24 through day 3 (Figure 2E).

The apparent E2-induced enhancement of Shh signaling was corroborated with assessments 

performed in the injured and uninjured contralateral nerves of mice treated with E2 and the 

estrogen-receptor antagonist ICI. Three days after injury, Shh expression was significantly 

lower in nerves treated with both E2 and ICI than in nerves treated with E2 alone, whereas 

Shh expression after placebo treatment or E2-ICI co-administration was similar (Figure 2F).

Local E2 injection activates Ptch1 and Gli1 protein expression in the injured nerve

To confirm that the E2-induced enhancement of Ptch1 and Gli1 mRNA expression after 

nerve-crush injury was accompanied by the activation of protein expression, experiments 

were performed in mice that carried nondisruptive insertions of a lacZ reporter gene 

upstream of the Ptch1- (Ptch1-LacZ mice) or the Gli1- (Gli1-LacZ mice) coding region. 

Assessments were performed 3 days after injury, when Ptch1, Gli1, and VEGF mRNA 

expression were higher in the E2-treated nerves than in the placebo-treated nerves of wild-

type mice. In Ptch1-LacZ mice, Xgal staining of whole-mount sciatic nerve tissue found 

markedly greater evidence of Ptch1 expression at the site of nerve-crush injury in E2-treated 

nerves than in placebo-treated nerves (Figures 3A, B). In Gli1-LacZ mice, LacZ-expressing 

cells were significantly more common in both the endoneurium and the perineurium of E2-

treated nerves than in the corresponding regions of uninjured nerves (P<0.01), whereas only 

the endoneurium of placebo-treated nerves displayed evidence of Gli1 upregulation (P<0.01 

versus uninjured nerves) (Figures 3C, D); LacZ expression in both regions was significantly 

more common after E2 treatment than after placebo treatment (P<0.01). The expression of 

Gli1 mRNA was also elevated in E2-treated nerves (P<0.01 versus placebo treatment), and 

this enhancement was abolished by co-treatment with ICI (Figure 3E). In sections co-stained 

with CD31 antibodies, X-gal–CD31 double-positive cells were observed in E2-treated 

nerves but not in placebo-treated nerves (Figure 3F). Thus, E2 appears to enhance Shh 

signaling in endothelial cells after nerve-crush injury.

The E2-induced enhancement of vascularity after nerve-crush injury requires Shh-pathway 
activation

To determine whether the E2-induced increase in nerve vascularity after crush injury could 

be attributed to enhanced Shh signaling, functional nerve vascularity and capillary density 

were assessed in the injured nerves of Ptch1-LacZ mice treated with placebo, with E2, with 

cyclopamine, which blocks hedgehog signaling by interfering with smo, or with E2 and 

cyclopamine. Twenty-eight days after injury, both vascularity and capillary density were 

greater in E2-treated nerves than in placebo-treated nerves, but this enhancement was not 

observed in mice treated with both E2 and cyclopamine (Figures 4A, B). Cyclopamine also 

abolished the E2-induced enhancement of Ptch1 upregulation in Ptch1-LacZ mice (Figure 

4C) and the E2-induced enhancement of Gli1 upregulation in Gli1-LacZ mice (Figure 4D), 
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which confirms that the loss of E2-induced capillary growth in mice administered both E2 

and cyclopamine was accompanied by a decline in Shh signaling.

E2 downregulates the expression of HIP after nerve-crush injury

To determine whether Shh-pathway activation after nerve-crush injury could be triggered by 

a decline in expression of the Shh-inhibitor HIP, and whether E2 enhances HIP 

downregulation, HIP mRNA expression was monitored in the injured and uninjured 

contralateral nerves of placebo-treated and E2-treated mice. In placebo-treated nerves, HIP 

expression declined during the first 12 hours after injury and then increased through (at 

least) day 7, when it exceeded non-injury levels by nearly 3-fold. In E2-treated nerves, the 

decline was similar, but the increase was slowed: HIP levels on day 7 were similar to non-

injury levels and approximately 63% lower than the levels measured in injured, placebo-

treated nerves (Figure 5A). These observations were corroborated by assessments performed 

in mice treated with both E2 and ICI: 3 days after injury, HIP expression in placebo-treated 

nerves and in nerves treated with both E2 and ICI was similar and significantly higher than 

HIP expression in nerves treated with E2 alone (Placebo versus E2: P<0.01; E2+ICI versus 

E2: P<0.03) (Figure 5B).

To determine which cells in the nerve express HIP, sections of nerve tissue were 

fluorescently immunostained for HIP expression and for co-expression of HIP and CD31 or 

HIP and S100 (a Schwann-cell marker). HIP expression was observed in both endothelial 

cells and Schwann cells of uninjured nerves (Figure 5C), and the number of HIP-expressing 

cells was lower in E2-treated nerves than in placebo-treated nerves on day 3 after injury 

(Figure 5D); Ptch1 was also expressed by both cell types (Figure 5C). Collectively, these 

observations suggest that components of the Shh pathway are present in the endothelial cells 

and Schwann cells of uninjured nerves, but the activation of Shh signaling is inhibited by 

HIP.

E2 does not alter the expression of Shh-pathway components in vitro, but downregulates 
HIP expression

To identify the direct effects of E2 on the expression of Shh-pathway components, we 

determined whether E2 altered the mRNA expression of Shh, Ptch1, Gli1, or HIP in cultured 

HUVECs, fibroblasts (NIH 3T3), and Schwann cells (SW-10). E2 treatment did not 

significantly alter Shh (Figure 6A), Ptch1, or Gli1 (Supplemental Figure 2) expression in 

any of the cell lines; however, HIP expression in endothelial cells and Schwann cells 

declined (P<0.01) (Figure 6B). To determine whether the E2-induced decline in HIP 

expression could enhance Shh signaling in endothelial cells, HUVECs were treated with or 

without E2, and with or without Shh, and then Shh signaling was evaluated via the Gli-

luciferase assay. Shh treatment alone did not increase luciferase activity, but E2 increased 

activity 2-fold, and co-treatment with E2 and Shh increased activity 3.6-fold (Figure 6C). 

Collectively, the results from our in-vivo and in-vitro expression assessments suggest that 

the beneficial effects of E2 after nerve-crush injury do not evolve from direct, E2-induced 

activation of Shh signaling; rather, E2 reduces HIP expression and, consequently, magnifies 

Shh signaling in response to injury.

Sekiguchi et al. Page 7

Lab Invest. Author manuscript; available in PMC 2012 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

The results presented here demonstrate that local E2 injection before nerve injury promotes 

functional recovery and vascular growth. MCV, the duration of exercise, and capillary 

density were higher in mice treated with local injections of E2 than in mice administered 

placebo treatment, and these benefits were not accompanied by significant increases in 

serum E2 levels, which could alleviate some of the concerns associated with hormone 

replacement therapy. The enhanced vascularity appeared to evolve through upregulated 

hedgehog signaling: the expression of Shh, the Shh receptor Ptch1, and the Shh 

transcriptional target Gli1 was higher in E2-treated mice than in placebo-treated mice, and 

the enhanced vascularity associated with E2 treatment was abolished by co-administration of 

cyclopamine, which blocks hedghog signaling by interfering with smo. E2 also 

downregulated HIP expression on day 7 after injury and reduced HIP expression in cultured 

HUVECs and Schwann cells without altering Shh expression. Thus, E2 appears to enhance 

Shh signaling, at least in part, by downregulating HIP, particularly at later time points when 

Shh expression has returned to pre-injury levels.

Shh has an important role in nerve preservation during diabetic neuropathy,18,25 and Desert 

Hedgehog is expressed by Schwann cells and several other cell types in the peripheral 

nerves of adult mice.15 Thus, hedgehog signaling appears to function in adult neural cells, 

despite the apparent lack of Shh expression in uninjured peripheral nerves. Shh expression is 

induced immediately after sciatic nerve crush injury, as shown both here and in a previous 

report,17 which suggests that hedgehog signaling likely plays an important role in the 

recovery of injured nerves. Nerve regeneration is crucially dependent on angiogenesis, and 

Shh has been shown to induce angiogenesis after myocardial infarction in mice and swine,24 

after ischemic hindlimb injury in mice,23 and in murine models of corneal angiogenesis26 

and wound healing,27 perhaps by inducing expression of angiogenic factors such as VEGF, 

angiopoietin 1, and angiopoietin 2.26

Shh is a secreted protein and can rapidly induce Gli1 or Ptch1 mRNA expression through an 

autocrine mechanism; however, Shh secretion may be more diffuse after injury, and at least 

some of the secreted protein likely enters the peripheral circulation. Both of these effects 

would reduce the local Shh concentration, which may explain why Gli1 and Ptch1 

upregulation occurred considerably later (24–72 hours after injury) than Shh upregulation (6 

hours after injury) in our experiments. Fibroblasts respond strongly to Shh stimulation,27 but 

in endothelial cells, the canonical Shh-induced activation of Gli1 does not occur, even 

though endothelial cells express the Shh receptor Ptch1. Endothelial cells also express high 

levels of HIP,28 and the anti-angiogenic activity of HIP has been well documented by 

reports in the field of cancer research.28,29 HIP is a type 1 membrane-associated protein that 

impedes hedgehog signaling by binding and sequestering hedgehog proteins both at the cell 

surface and extracellularly16,30–33; consequently, ectopic expression of HIP inhibits 

hedgehog signaling, whereas declines in HIP expression enhance hedgehog signaling.30 E2 

treatment downregulated HIP expression in endothelial cells and Schwann cells, and Shh 

signaling in cultured endothelial cells was activated by treatment with E2 and (especially) 

E2 and Shh, but not by treatment with Shh alone. Thus, E2 likely increases Shh signaling in 

endothelial cells both intracellularly and in response to Shh produced by neighboring 
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fibroblasts or Schwann cells, thereby increasing the contribution of endothelial cells to 

vascular growth.

VEGF levels after nerve injury were approximately 3-fold higher in E2-treated nerves than 

in placebo-treated nerves. Estrogen treatment also enhanced VEGF expression in a murine 

myocardial infarction model34 and increased the mobilization of bone-marrow–derived 

progenitor cells after myocardial infarction34 and arterial injury,35 perhaps by increasing 

expression of endothelial nitrous oxide synthase in the bone marrow.35 Collectively, these 

observations suggest that the pro-angiogenic properties of E2 could evolve, at least in part, 

through increases in VEGF expression and (possibly) progenitor-cell mobilization, and that 

E2-induced Shh signaling after nerve injury may be linked to signaling by VEGF and/or 

endothelial nitrous oxide synthase. Confirmation of these potential mechanisms requires 

additional investigation.

In conclusion, our findings demonstrate that local E2 injection before nerve injury promotes 

functional recovery and vascular growth afterward, and these benefits appear to evolve, at 

least in part, through E2-induced declines in HIP levels and a resultant upregulation of 

hedgehog signaling. Furthermore, local E2 injection did not significantly increase serum E2 

levels, which could alleviate some of the concerns associated with hormone replacement 

therapy, such as elevated risk of breast cancer. Thus, local administration of an extended-

release E2 preparation may be a viable strategy for enhancing angiogenesis in injured 

neuronal tissue.

Supplementary Material

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

BS Bandeiraea simplicifolia

E2 estradiol

HIP Hedgehog-interacting Protein

HUVEC human umbilical-vein endothelial cell

MCV motor-nerve conduction velocity

PLGA polylactide-co-glycolide

Ptch1 Patched-1

RT-PCR real-time polymerase chain reaction
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Shh Sonic Hedgehong

VEGF vascular endothelial growth factor

WT wild-type
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Figure 1. Local E2 injection improves the functional recovery and vascularity of injured nerves
One week before surgical sciatic nerve-crush injury, E2 (100 μg) in PLGA (to ensure 

extended E2 delivery) or PLGA alone (placebo) was locally injected into the designated 

injury site, or an extended-release E2 pellet (0.5 mg delivered over 60 days) was 

subcutaneously implanted into the limb. (A) MCV was measured before injury, immediately 

afterward (day 0), and at weekly intervals for the next 28 days; for clarity, only one error bar 

is shown per data point. (B) The duration of rotarod exercise was measured 28 days after 

injury; the duration for the uninjured group was equal to the length of the experiment (600 s, 

SEM=0). (C) Functional vasculature was identified in sections of injured nerve tissue by 

injecting mice with fluorescein-conjugated BS-1 lectin 15 minutes before sacrifice on Day 

28. (D) Capillary density was evaluated by staining cross sections of the vasa nervorum 
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from mice sacrificed on Day 28 with the endothelial-cell marker CD31; *P<0.01 versus 

placebo.
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Figure 2. Local E2 injection enhances Shh-pathway activation after nerve injury
One week before surgical sciatic nerve-crush injury, E2 or saline (placebo) in PLGA was 

locally injected into the designated injury site. The mRNA expression of (A) Shh, (B) smo, 

which activates downstream components of the hedghog signaling pathway, (C) the Shh 

receptor Ptch1, (D) the Shh transcriptional target Gli1, and (E) VEGF was evaluated for up 

to 7 days after injury via qRT-PCR; measurements were performed in both the injured and 

uninjured contralateral nerves, normalized to endogenous 18S rRNA levels, and presented 

relative to the values obtained in the uninjured limb; for clarity, only one error bar is shown 

per data point. (F) Shh mRNA expression was evaluated after nerve-crush injury in mice 

treated with placebo, with E2 injections, or with injections of E2 and the E2-receptor 

blocker ICI; ICI (8.3 mg/kg) was injected intraperitoneally 3 days before injury, and 

assessments were performed 3 days after injury, when both Ptch1 and Gli1 mRNA 

expression were significantly upregulated (Figures 2C, D), via qRT-PCR, normalized to 

endogenous 18S rRNA levels, and presented relative to the values obtained in placebo-

treated mice. *P<0.01.
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Figure 3. Local E2 injection activates Ptch1 and Gli1 expression in injured nerves
Ptch1-LacZ mice and Gli1-LacZ mice received local injections of E2 or saline (placebo) and 

PLGA 1 week before sciatic nerve-crush injury; subsequent assessments were performed in 

mice sacrificed three days after injury, when both Ptch1 and Gli1 mRNA expression were 

significantly upregulated in WT mice (Figures 2C, D). (A, B) The activation of Ptch1-LacZ 

protein expression was evaluated by staining (A) whole-mount tissues and (B) cross sections 

of the injured nerves from Ptch1-LacZ mice with X-gal (blue). (C, D) The activation of 

Gli1-LacZ expression was evaluated in X-gal–stained sections of (C) epineural and (D) 

endoneural tissue from the injured nerves of Gli1-LacZ mice. (E) Gli1 mRNA expression 

was evaluated in Gli1-LacZ mice treated with placebo, with E2 injections, or with injections 

of E2 and the E2-receptor blocker ICI; measurements were performed via qRT-PCR, 

normalized to endogenous 18S rRNA levels, and presented relative to the values obtained in 

placebo-treated mice. (F) X-gal–stained sections from uninjured limbs and from the injured 

limbs of placebo-treated and E2-treated mice were co-stained for expression of the 

endothelial-specific marker CD31 (brown) to identify endothelial cells that expressed Gli1 

(blue). *P<0.01 versus uninjured; †P<0.01 versus placebo or E2+ICI.
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Figure 4. E2-induced vessel growth in injured nerves requires Shh-pathway activation
(A–C) Ptch1-LacZ mice were injected with saline (placebo); with E2 (100 μg administered 1 

week before sciatic nerve-crush injury); with cyclopamine (CYC) (50 mg/kg per day from 2 

days before nerve-crush injury until sacrifice), which blocks hedgehog signaling by 

interfering with smo; or with both E2 and cyclopamine. (A) Functional vasculature was 

identified in sections of injured nerve tissue by injecting mice with fluorescein-conjugated 

BS-1 lectin 15 minutes before sacrifice on day 28 after injury. (B) Capillary density was 

evaluated by staining cross sections of the vasa nervorum from mice sacrificed on day 28 

with the endothelial-cell marker CD31 and quantified. *P<0.01 versus placebo, CYC, or 

E2+CYC. (C) Ptch1 protein expression was evaluated in X-gal–stained whole-mount tissues 

from injured nerves, quantified, and presented as a percentage of the whole-nerve area. 

*P<0.05 versus placebo, CYC, or E2+CYC. (D) Gli1-LacZ mice were injected with saline 
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(placebo), E2, cyclopamine, or both E2 and cyclopamine and sacrificed 28 days after sciatic 

nerve-crush injury; then, Gli1 protein expression was evaluated in X-gal–stained whole-

mount tissues from the injured nerve, quantified, and presented as a percentage of the 

whole-nerve area. *P<0.05 versus placebo, CYC, or E2+CYC.
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Figure 5. E2 downregulates HIP expression in injured nerves
(A) One week before surgical sciatic nerve-crush injury, E2 or saline (placebo) and PLGA 

was locally injected into the designated injury site, and the mRNA expression of HIP was 

evaluated from 3 hours to 7 days after injury; measurements were performed via qRT-PCR, 

normalized to endogenous 18S rRNA levels, and presented relative to the values obtained in 

the uninjured limb. (B) HIP mRNA expression was evaluated in mice treated with placebo, 

with E2 injections, or with injections of E2 and the E2-receptor blocker ICI; assessments 

were performed on day 3 after injury, when both Ptch1 and Gli1 mRNA expression were 

significantly upregulated (Figures 2C, D), via qRT-PCR, normalized to endogenous 18S 

rRNA levels, and presented relative to the values obtained in placebo-treated mice. (C) 

Sections from uninjured nerves were stained for co-expression of (top row) HIP (red) and 

the endothelial-cell marker CD31 (green), (second row) HIP (red) and the Schwann-cell 

marker S100 (green), (third row) Ptch1 (red) and CD31 (green), or (bottom row) Ptch1 (red) 

and S100 (green); nuclei were counterstained with DAPI (blue). (D) Sections from placebo- 

and E2-treated mice sacrificed 24 hours or 3 days after injury were stained for HIP 

expression (red); nuclei were counterstained with DAPI (blue). *P<0.01.
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Figure 6. E2 enhances Shh signaling in endothelial cells by downregulating HIP expression
(A) Shh and (B) HIP mRNA expression were evaluated in HUVECs, fibroblasts (NIH 3T3), 

and Schwann cells (SW10) that had been treated with 1×10−8 mol/L E2 for 6 hours; 

measurements were performed via qRT-PCR and normalized to endogenous 18S rRNA 

levels. (C) HUVECs were treated with or without E2 (6 hours) and with or without 1 μg/mL 

Shh (16 hours), and then Shh signaling was evaluated via the Gli-luciferase assay. ND 

indicates not detectable.
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