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Tissue reinnervation following trauma, disease, or trans-
plantation often presents a significant challenge. Here,
we show that the delivery of vascular endothelial growth
factor (VEGF) from alginate hydrogels ameliorates loss of
skeletal muscle innervation after ischemic injury by pro-
moting both maintenance and regrowth of damaged
axons in mice. Nerve growth factor (NGF) and glial-
derived neurotrophic factor (GDNF) mediated VEGF-
induced axonal regeneration, and the expression of both
is induced by VEGF presentation. Using both in vitro and
in vivo modeling approaches, we demonstrate that the
activity of NGF and GDNF regulates VEGF-driven angio-
genesis, controlling endothelial cell sprouting and blood
vessel maturation. Altogether, these studies produce
evidence of new mechanisms of VEGF action, further
broaden the understanding of the roles of NGF and
GDNF in angiogenesis and axonal regeneration, and
suggest approaches to improve axonal and ischemic tis-
sue repair therapies.
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INTRODUCTION

Severe neuropathies result from traumatic injuries or the sudden
loss of tissue perfusion (e.g., ischemic stroke). Unlike the cen-
tral nervous system, regeneration is possible in the mammalian
peripheral nervous system as peripheral axons can grow through
vacant Schwann cell tubes.! However, trauma and neuropathic?
diseases lead to loss of motor and sensory responses, and rein-
nervation is often neither robust nor precise. Current treatment
options include direct surgical reinnervation with autologous
nerve grafting, but these procedures typically do not achieve
complete regeneration of the damaged nerve.* Cues that encour-
age faster reinnervation following injury may provide new treat-
ment options for peripheral nervous system disorders and provide
mechanistic insights into neural regeneration; this is likely to also
have applications in the central nervous system repair.*

Vascular endothelial growth factor (VEGF) has been iden-
tified in recent years as a potential component of therapeutic
approaches aimed at restoring neural functions in damaged
tissues.® Initially, VEGF was recognized as one of the key factors in
angiogenesis regulation,” due to its ability to promote endothelial
cell sprouting and blood vessel branching during fetal develop-
ment, cancer malignancies, and wound healing in adult tissues.
However, the similar anatomical patterns exhibited by the vas-
cular and neural networks led to the identification of VEGF as a
signaling factor facilitating the crosstalk between the neural and
vascular systems.” VEGF is expressed by multiple neuronal cell
types and directly induces angiogenesis, which enhances tissue
perfusion.” VEGF also stimulates neurons and glial cells directly.®
During early developmental stages, tissue hypoxia upregulates
VEGF expression and its gradient guides tissue innervation by
the migrating axons.’ Signaling by VEGF also affects nervous sys-
tem regeneration by modulating the local vasculature in damaged
tissues.® Under ischemic conditions, VEGF released from hypoxic
endothelial cells directly stimulates proliferation of neural pro-
genitor cells and provides neuroprotection of adult neurons in
the peripheral nervous system.” Several studies have shown the
positive effects of delivery of exogenous VEGE, using either bolus
injections of the recombinant protein or gene therapy approaches,
to prevent neuronal degeneration and loss of innervation in sev-
eral models of neurological disorders.® These models included
direct ligation or ischemic injury of the peripheral sciatic nerves,
spinal cord damage, ischemic brain stroke, and neurodegenera-
tive diseases such as amyotrophic lateral sclerosis and Parkinson’s
disease.® VEGF protein delivery may have immediate clinical rel-
evancy in human facial and limb transplantations, where there
is the requirement for the restoration of functional innervation
and sensory networks.” However, approaches utilized for VEGF
administration typically had limited success, likely due to the rapid
clearance of VEGF protein delivered in solution form." Infusion
of VEGF in clinical trials resulted in elevated VEGF plasma levels
during the infusion, but this was followed by a rapid clearance of
VEGF once infusions were discontinued, and undetectable levels

Correspondence: David | Mooney, School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts, USA. E-mail:

mooneyd@seas.harvard.edu

Molecular Therapy vol. 22 no. 7, 1243-1253 jul. 2014

1243



Sustained Delivery of VEGF

resulted within 4 hours.” The delivery of high doses was pursued
in an effort to achieve therapeutic benefit with this approach to
VEGF delivery, increasing the risks of malignant malformations,
brain edema, ophthalmic injuries, and disruption of blood-brain
barrier integrity."!

The current study examined the effects of sustained local pre-
sentation of exogenous VEGF on neural axon survival in ischemic
skeletal muscles. Polymeric hydrogels formed from alginate were
used to deliver VEGF in a sustained and localized manner" fol-
lowing ischemic nerve injury in skeletal muscle. We have pre-
viously demonstrated that angiogenic sprouting is optimized
with an early, high concentration of VEGE, followed by a lower,
maintenance concentration.'? The release kinetics of the hydrogel
used in this manuscript was designed to yield this form of release
kinetics.”? One-time local delivery of VEGF (3 pug) with these
alginate hydrogels into murine ischemic hindlimbs resulted in a
prolonged presence (15-25 days) of the delivered VEGF in the
surrounding muscle tissue.” Importantly, presentation of VEGF
was largely limited to the ischemic muscle, with little of the deliv-
ered VEGF detected in blood. We have previously demonstrated
that bolus delivery of the same quantity of VEGF as encapsulated
in these gels leads to rapid clearance from the tissue and no sig-
nificant biological response.'>* To evaluate axon survival and
regeneration, either VEGF-containing or blank hydrogels were
delivered to ischemic muscle in transgenic animals whose motor
neurons express yellow fluorescent protein (YFP), which allows
for direct observation of axons'" in normal mice. Notably, a new
signaling mechanisms regulating neuronal survival, regeneration,
and revascularization in skeletal muscles were observed, where
GNDF and nerve growth factor (NGF) expression is upregulated
during the initial stages of ischemic insult and with exogenous
VEGEF exposure.

RESULTS

Gel delivery of exogenous VEGF slows neural
degeneration and enhances neural regrowth in
ischemic skeletal muscle

To determine if exogenous VEGF would impact neural survival
and reinnervation in the context of ischemic nerve injury, an algi-
nate-hydrogel delivery system'? was used to provide a localized
and sustained release of VEGF in injured sternomastoid muscle
nerve. Previously, we have demonstrated the validity of alginate
hydrogels for localized delivery and prolonged presentation of
active protein cargos in vivo, including VEGE">'® In vitro, recom-
binant VEGF was released from these gels with an initial burst
over the first day, followed by a sustained release for over 25 days,
in a similar manner for all VEGF doses (Figure 1a). A sternomas-
toid injury model was chosen due to its accessibility for time-lapse
imaging and high levels of innervation.”” Motor end-plate inner-
vation in the sternomastoid muscle of thyl-YFP line 16 (YFP-16)
mice was examined upon induction of ischemia and neural crush,
with and without gel-VEGF delivery (Figure 1b-d). As expected,
the innervation of motor axon terminals in muscles was lost a day
after the ischemic procedure. A VEGF dose of either 3 or 0.3 ug
VEGE, however, resulted in partial and equivalent motor end-
plate innervation at 24 hours (Figure 1b,c). No innervation was
observed with hydrogels containing 0.03 pg VEGF (Figure 1d).
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Untreated mice with injured sternomastoid muscle also demon-
strated no innervation and characteristic Wallerian neural degen-
eration of the motor axons (Figure le). To investigate whether
the neuromuscular innervation at 18 and 24 hours with VEGF
delivery was caused either by the attenuation of degeneration fol-
lowing nerve crush, or rather by more rapid reinnervation, in situ
time-lapse imaging was utilized to examine neuromuscular junc-
tions (NM]J) in injured muscles. Axonal maintenance was only
observed in muscles treated with VEGF-containing hydrogels,
and the end plates that were occupied at 24 hours were innervated
by the same axon at 4 and 12 hours (Figure 1f), indicating that
axon maintenance, and not regeneration is responsible for the
innervation observed at this time point after injury. Quantification
of innervation revealed that the maintenance effect of exogenous
VEGF gradually decreased, consistent with the time-lapse study,
while blank gel delivery led to complete degradation at 24 hours
(Figure 1g). This finding suggests that sustained VEGF delivery
acts by slowing axonal degradation in the acute phase following
nerve crush and ischemic insult. Both blank gel- and VEGF-gel-
treated muscles rapidly recovered innervation after 24 hours in
this injury model (Figure 1g). Delayed Wallerian degeneration
following axotomy had previously been observed in the WId*
mouse,'® however, VEGF was not implicated in those pathways
responsible for axon maintenance. Under ischemic conditions,
VEGEF had been shown to provide neuroprotection of adult neu-
rons and can also stimulate neural progenitor cells.” This ability
of VEGF to maintain synapses that would otherwise be lost due
to changes at the motor end plates, which also may occur in neu-
rodegeneration and as a result of aging,' may have therapeutic
implications.

The effects of gel-VEGF delivery on NM]J remodeling were
next studied. Newly reinnervated NMJs that are multiply inner-
vated or show terminal sprouting are characteristic of the imma-
ture NM]Js occurring during early developmental stages, or at the
sites of neural injury or degeneration.” In muscles treated with
blank hydrogels (Figure 1h,i), multiple innervation (indicated by
white arrow in Figure 1i) was initially observed to increase from
day 3 to 6 and then to decrease at day 21 (Figure 11). Terminal
sprouts, identified as fine, neuritic processes bypassing the motor
end-plate site (white arrow in Figure 1h), were also present on
a majority of muscle end plates at day 3, and slowly decreased
over the course of 3 weeks (Figure 1m). These data indicate that
this ischemic injury leads to the reformation of immature NMJs
that remodel slowly. Upon treatment with VEGF-containing
hydrogels, however, less terminal axon sprouting was observed
at motor end plates at all time points (Figure 1j,m), and no ter-
minal sprouts remained at day 21. The percentage of end plates
with multiple innervations in the VEGF group was similar to
control muscles at day 3, but by day 7, multiple innervations
was significantly less with VEGF than in muscles treated with
blank hydrogels (Figurelk,l). Altogether, these results indicate
hydrogel-based delivery of exogenous VEGF attenuates acute
axon degradation and promotes motor end-plate remodeling
after injury. The accelerated remodeling of reformed motor end
plates with VEGF treatment may impart enhanced functionality,
as the formation of mature, singly innervated motor end plates
is required for proper signaling.
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Figure 1 Gel-VEGF delivery slows axonal degeneration and promotes remodeling of newly formed neuronal end plates following double
nerve crush with ischemia. (a) Release kinetics of vascular endothelial growth factor (VEGF) from gels. '?’|-labeled VEGF was used as a tracer to
quantify release. (b—d) Sternomastoid muscle end-plate innervation at 24 hours following double crush with ischemia treated with alginate hydrogels
containing 3, 0.3, or 0.03 micrograms of rhVEGF165 doses. Motor axons (yellow) and motor end plates (red) are shown. (e) Confocal micrographs of
motor end plates 24 hours following double crush with ischemia, and no treatment, shows characteristic Wallerian neural degeneration of the yellow
fluorescent protein (YFP)-labeled (yellow) motor axons, reducing the innervation of motor end plates (red). (f) Photomicrographs from specific time
points during in situ time-lapse imaging of axons following double nerve crush with ischemia and delivery of VEGF-containing hydrogels. Individual
arbors imaged at 4, 12, and 24 hours are shown, and arrowheads indicate motor end plates (red) that lose innervation (green) over the course of
image collection. (g) Quantification of the percentage of total motor end-plate innervation following double crush with ischemia (n = 3, *P < 0.05).
Confocal micrographs of neuromuscular junctions treated with either blank or VEGF-containing hydrogels at 7 (h, i) and 14 days (j, k) follow-
ing injury demonstrate peripheral motor axons oversprouting and multiple innervation, with white arrows indicating (h) oversprouting axon and
(i) multiple innervation. Quantification of (I) multiply innervated end plates and (m) terminal sprouts upon treatment with either blank (dotted line)
or VEGF-containing (solid line) alginate hydrogels. Values represent the mean (n > 50 of motor end plates were analyzed), and error bars represent
the standard deviations (n = 3, *P < 0.05).

VEGF delivery increases NGF and GDNF expression in  ischemic injury model was next examined, where ischemic tibialis
ischemic muscle tissue anterior (TA) muscle neural damage models neural and vascular
The impact of gel-VEGF delivery on innervation in a more extreme  injuries in injured human limbs.* TA injury has a broad relevance
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Figure 2 Exogenous vascular endothelial growth factor (VEGF) increases innervation in injured skeletal muscle and promotes expres-
sion of neurotrophic factors. (a) Representative images of healthy, blank gel (blank), or VEGF gel-treated (VEGF) tibialis anterior (TA) muscle
in ischemic hindlimb of mice 7 days after injury. (b) Quantification of motor plate innervation in ischemic muscles on day 7 after injury (n =5,
P < 0.05). (c) Representative confocal images of healthy TA muscle and yellow fluorescent protein (YFP) axons (ii), stained with motor end-plate
marker (o-bungarotoxin, BTX, red, i) and GAP-43 antibody (blue, i, ii) and a combined image (iii). Bar = 100 um. (d) Confocal tile scan of
ischemic (day 7 after VEGF delivery) muscle region stained with bungarotoxin (red, i), GAP-43 antibody (blue, i, ii) with YFP axons (yellow, ii),
and overlay (iii). Bar 200 um. (e) Enzyme-linked immunosorbent assay for glial-derived neurotrophic factor (GDNF) and nerve growth factor
(NGF) expression in healthy (control), blank gel-treated (blank), VEGF (VEGF) gel-treated TA lysates (n = 4-5, *P < 0.05). (f) Confocal scans of TA
sections, stained with CD31 (PECAM-1, red), and anti-NGF or anti-GDNF IgG (green) on day 14 after injury. Representative images were taken
from the ischemic muscle frozen sections of healthy or ischemic tissues, treated with blank hydrogels, hydrogels containing VEGF, and hydrogels
with VEGF. Bar 200 pym.
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to muscle damage and neural degeneration occurring during
peripheral arterial disorders. Ischemic injury in the TA hindlimb
muscle was induced by femoral artery ligation. Previously, we have
shown that VEGF delivery induces muscle regeneration in isch-
emic hindlimbs and results in restored blood supply at the affected
skeletal muscles.'* TA innervation was analyzed similarly to the
sternomastoid muscle model, although these muscles differ sig-
nificantly in location, size, innervation, and fiber composition.*
Control ischemic muscles demonstrated wide-spread nerve
degeneration, while partial innervation was observed in ischemic
muscles supplemented with VEGF (Figure 2a). Quantification
revealed that VEGF delivery resulted in 50% innervated motor
end plates versus only 5% in the blank gel muscle samples on
day 7 after the injury (Figure 2b). In order to differentiate motor
axons maintained by the VEGF delivery from their regenerating
counterparts, we stained for growth-associated protein (GAP-43),
which serves as a distinctive marker of neural growth cones and
extending axons.'* While motor axons in healthy TA muscles were
not positively stained for GAP-43 (Figure 2c), as expected, two
distinct populations were identified in VEGF-exposed ischemic
muscles: one exhibiting positive staining for GAP-43 at axonal
sprouts (83+14% of YFP-labeled axons) and another population
negative for GAP-43 (Figure 2d). Both axon types exhibited simi-
lar morphology and innervation patterns (Figure 2d).

The levels in injured muscles of two of the key neurotrophic
factors,” NGF and glial-derived neurotrophic factor (GDNE),
were next examined in TA tissue extracts, on day 14 after the isch-
emic insult and the hydrogel delivery, to determine if ischemia
and/or injury impacted their expression. GDNF expression was
not altered in injured muscle treated with blank gels, as compared
to controls that were not injured (Figure 2e). In contrast, gel-
VEGEF delivery led to a significant increase of GDNF levels in the
muscle tissue. NGF expression was significantly increased in isch-
emic muscles, as compared to uninjured muscle (Figure 2e), and,
strikingly, gel-VEGF delivery led to a ~25-fold increase in NGF
expression, as compared to noninjured muscle, and to a ~2.5-fold
increase, compared to injured muscle (Figure 2e). Examination
of frozen sections of TA muscles revealed that levels of both NGF
and GDNF were slightly elevated upon the ischemic insult in
blank gel-injected muscles, and appreciably elevated in VEGF-
supplied muscles, with high expression in muscle fibers and some
blood vessels (Figure 2f). The role of NGF and GDNF in VEGF-
driven neural growth and maturation was next analyzed. Blocking
exogenous VEGF activity with a neutralizing antibody, or

Sustained Delivery of VEGF

IgG-neutralization of NGF/GDNF expression, diminished inner-
vation to blank gel levels (Figure 3). Specifically, when hVEGF
IgG was applied with hVEGF-loaded gels, innervation levels were
reduced to ~20% of healthy tissues, and when IgGs for either NGF
or GDNF were delivered with VEGF-loaded gels, no innervation
(0%) was observed.

To further examine the cell source of the observed increases
in NGF/GDNF levels, primary mouse skeletal myoblasts were
isolated from the mouse tissues, and primary human endothelial
umbilical vein (HUVEC) or microvascular (HMVEC) cells were
analyzed in vitro for NGF/GDNF expression and secretion. NGF
and GDNF were detected in cultured myoblasts (Supplementary
Figure Sla,b) and subjecting these cells to metabolic stress and
hypoxia, combined with VEGF supplementation, led to a sig-
nificant increase in NGF secretion (Supplementary Figure S1c).
Both umbilical vein and microvascular endothelial cells also
stained positive for NGF and GDNF (Supplementary Figure S2),
secreting traceable amounts of NGF (10-20 pg/ml for HUVEC or
HMVEC) both in normal conditions and with metabolic stress
with VEGF supplementation growth conditions, although at
much lower levels than myoblasts. Although GDNF expression
was confirmed by immunohistochemistry in all of the cell cul-
tures, no detectable GDNF secretion was observed in either myo-
blast- or endothelial cell-conditioned media. It must be noted, as
no blocking IgGs were used to prevent a possible consumption
of the expressed GDNE, that minimal levels of GDNF may have
been secreted by the cells during the assay. The increased NGF
expression with VEGF delivery may have therapeutic implications
for the regeneration of sensory networks in transplanted tissues,?
due to the susceptibility of sensory peripheral neurons to NGF
signaling.?* In addition, the prolonged increase in GDNF expres-
sion upon the VEGF delivery may also correlate with improved
innervation and skeletal muscle fiber regeneration.”

Restoration of blood supply in ischemic muscles,
upon gel-VEGF delivery, is modulated via NGF/GDNF
Examination of vascular perfusion in untreated and gel-VEGF-
treated ischemic muscles revealed an increase in perfusion over
time with VEGF treatment (Figure 4a, graph), as expected."
Surprisingly, blocking GDNF or NGF dissipated the posi-
tive effects of the VEGF delivery in restoring limb reperfusion
(Figure 4a, graph), to a similar level as VEGF activity neutraliza-
tion with a blocking antibody against the exogenous VEGF ligand
(hVEGEF). It has to be noted that the severity of limb necrosis in

Blank

VEGF + ab hVEGF

VEGF + ab NGF

VEGF + ab GDNF VEGF + ab NGF + abGDNF

Figure 3 Vascular endothelial growth factor (VEGF) delivery maintains skeletal muscle innervation morphology via NGF/GDNF. (a-e)
Representative images of ischemic muscle sections treated with combined delivery of VEGF and exogenous hVEGF165-neutralizing antibody (VEGF+ab
hVEGF), or with VEGF and anti-NGF or anti-GDNF IgG. All images on day 7 after the ischemic injury. Bar 100 pm.
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Figure 4 Gel-VEGF activates angiogenic processes in ischemic muscle, but blocking nerve growth factor (NGF) or glial-derived neurotrophic
factor (GDNF) signaling diminishes vascular endothelial growth factor (VEGF) effects. (a) Representative color-coded images of blood perfusion
in mouse hindlimbs, obtained using laser doppler perfusion imaging. Left limb was ischemic, right normal, for both blank gel (blank) and VEGF-gel
(VEGF)-treated mice. Imaging immediately after surgery (day 0) as compared to injured hindlimbs of the mouse at 3, 7, and 14 days after injury
and treatment. Quantification of limb perfusion (graph) over time with treatments using blank (red), VEGF (black), VEGF with NGF-blocking 1gG
(purple),VEGF with GDNF-blocking I1gG (green), and VEGF with hVEGF-neutralizing IgG (light blue) gels, (n=4-20, *P < 0.05). (b) Scoring of the limb
health on day 7 after the injury. (c) Total number of CD31-positive blood vessels (day 14 after the injury, n=4-8, *P < 0.05). Data for healthy (white)
and ischemic mice treated with gels as in (a). (d) Total number of smooth muscle actin o-1(SmaActin-1)-positive vessels for the same samples as in
(c) (n=4-8, *P < 0.05). Data for blank (red), VEGF-loaded (black) gel, or gels with either VEGF plus NGF I1gG (purple) or VEGF plus GDNF (green)
is shown. Representative images of CD31 (red) and SmActin-1 (yellow) stained TA crossections, on day 14 after the ischemic injury. Bar 200 um. (e)
Sprouting ratios (upper panel) of endothelial cells grown in NO GF-media or media supplemented with VEGF, VEGF and NGF IgG, VEGF and GDNF
1gG, VEGF and TrkA inhibitor (K252a), and VEGF and RET inhibitor (RPI-1). Inset shows representative phase-contrast image of endothelial cell sprout
(white arrowhead). Sprouts are formed by cells migrating from microcarrier beads into fibrin gel. Bar = 400 um (n =4, *P < 0.05, Students t-test).

these experiments required that a large proportion of the ani-
mals treated with blank gel and with VEGF-neutralizing IgGs be
euthanized not later than day 14; therefore, no data are presented
for these experimental conditions after this time point. Ischemic
scoring of the injured limbs (Figure 4b, day 7) confirmed the
positive role of sustained VEGF delivery in limb survival and
confirmed the importance of NGF and GDNF in limb recovery
with VEGF delivery. The severity of limb necrosis was greatly
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reduced upon VEGF presentation, while blocking NGF/GDNF
resulted in increased limb necrosis and amputations. Control
experiments with VEGF hydrogels, supplemented with either
goat or mouse anti-rabbit IgGs, led to similar rates of perfusion
recovery as in limbs treated with VEGF gels only (~70% perfusion
recovery on 14 days from the ischemic injury, Supplementary
Figure S3), confirming the specificity of findings with GDNF-
and NGF-blocking antibodies. VEGF-supplemented TA samples
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demonstrated a significant increase in the number of blood vessels
(Figure 4c), as compared to healthy muscles. Blocking NGF or
GDNF activity reduced capillary numbers to control levels, even
with VEGF delivery (Figure 4c). Histological analysis of blood
vessel size distribution in injured TA muscle samples after 14 days
(Supplementary Figure S3), showed a noticeable shift in the size
of the CD31-positive blood vessels, and the average vessel area
was significantly increased by exogenous VEGF at this time, while
blocking NGF/GDNF reduced the average area of the vessels to
the blank-gel condition (Supplementary Figure S3).

The impact of NGF and GNDF in blood vessel maturation
was next assessed. We have shown previously that sustained
VEGF delivery results in increased blood vessel maturation, as
marked by smooth muscle actin staining of blood vessels.** When
the number of mature blood vessels in ischemic TA crossec-
tions, as indicated by positive staining for smooth muscle actin-1
expression (Figure 4d inserts), was quantified, VEGF delivery
led to a significant increase by 2 weeks as expected (Figure 4d).
Importantly, blocking NGF or GDNF when VEGF was delivered
from hydrogels, reduced the number of mature blood vessels to
the level observed for the blank-gel treated ischemic TA muscle
(Figure 4d).

To better characterize the role of VEGF receptors and impact
of NGF/GDNF signaling on VEGF-driven angiogenesis, a 3D
in vitro model of sprouting angiogenesis”’ was used to quantify
endothelial cell sprouting with NGF or GDNFblockade (Figure4e).
Blocking either NGF or GDNF ligands with antibodies, or
interfering with their signaling pathways (trkA*- and RET*-
mediated signaling respectively), significantly reduced endo-
thelial cell sprouting. Strikingly, no sprouts were formed when
GDNF-blocking IgG was present. Endothelial cell viability was
maintained in the presence of either NGF- or GDNF-blocking
antibodies (Supplementary Figure S4a). In subsequent control
experiments, neither NGF nor GDNF supplementation induced
sprout formation (Supplementary Figure S4b). Blocking NGF
activity alone had no significant effect on sprout formation when
compared to basal growth media. When GDNF IgGs were present
in fibrin gels and growth media, HUVECs remained rounded and
attached to the microspheres (Supplementary Figure S4b insert)
and no sprouts formed regardless of the VEGF supplementation.
When VEGF was delivered with either control mouse or rabbit
IgGs, as in Supplementary Figure S3 sprouting ratios were simi-
lar to VEGF-induced levels.

DISCUSSION

Altogether, the findings of this study indicate that gel-VEGF deliv-
ery following ischemic muscle injury dramatically slows neuron
degeneration and promotes regeneration. Our observations sug-
gest that the effects of VEGF delivery are modulated, at least in
part, via induced expression of GDNF and NGF in skeletal muscle
fibers and endothelial cells. The linkage between VEGF supple-
mentation and elevated levels of NGF and GDNF in skeletal mus-
cles is reported here, indicating critical roles of NGF and GDNF
in tissue reperfusion following injury, and demonstrate a strong
dependence of endothelial cell sprouting, induced by VEGE, on
NGF and GDNF signaling. Together, these data provide a pos-
sible link between vascular and neural networks during the course

Molecular Therapy vol. 22 no. 7 jul. 2014
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of tissue regeneration. As an approach to manipulate the VEGF-
NGF-GDNF signaling nexus, alginate hydrogels are attractive
materials for exogenous VEGF delivery.

The effects of gel-VEGF delivery on axon regeneration were
examined at the NMJ, for the evaluation of terminal axon regen-
eration, and these studies revealed that exogenous VEGF delayed
axonal degeneration following neuronal crush and ischemic
injury and promoted more rapid regeneration. Under ischemic
conditions, VEGF released from endothelial or glial cells has been
shown to directly stimulate proliferation of neural progenitor cells
and to provide neuroprotection of adult neurons; VEGF can also
stimulate neural progenitor cells survival.” In sciatic nerve defects,
VEGF promoted axon outgrowth across the defect. Treating amy-
otrophic lateral sclerosis-like diseased mice with VEGF has been
shown to have a direct neuroprotective effect on motor neurons,*
and the growth cones of regenerating axons have been shown to
express VEGF receptors.” While distal maintenance of ischemic
axons does not imply enhanced functionality since those axons
cannot reconnect to the cell body to resume signaling, VEGF
delivery may also modulate synapses dependent on VEGF signal-
ing.* This ability of VEGF to maintain synapses that would oth-
erwise be lost due to changes at the motor end plates, which also
may occur in neurodegeneration and as a result of aging,® may
have therapeutic implications.

Our findings establish a correlation between the sustained
presentation of recombinant VEGF to injured or ischemic tissues
and cells and the expression of neurotrophic factors. VEGF is a
potent activator, controlling endothelial cell survival, migration,
and formation of angiogenic sprouts, and is tightly controlled by
the local oxygen levels both during the developmental and adult
stages of tissue growth and organ formation.”> Migrating endo-
thelial cells can provide temporal survival cues for developing
neurons and are capable of sustaining their growth, before the
establishment of a functional blood supply.* The role of VEGF
in supporting the functional crosstalk between the vascular
and neural networks, sustaining the integrity of neuroeffector
junctions between the axons and blood vessels smooth muscle
cells, suggested that additional factors may have a role in these
interactions.* Previous studies also reported a crosstalk between
VEGF and GDNF during the early kidney development, indicat-
ing the importance of interactions between neural and vascular
signaling pathways.*” The significant increase in levels of NGF and
GDNF in VEGF-treated muscles and VEGF-exposed myogenic
and endothelial cells in culture supports a mechanism of VEGF-
induced expression of neurotrophic factors. Our findings suggest
that the major source for the observed increase in NGF levels with
VEGF delivery to ischemic skeletal muscles are the muscle cells,
as myoblasts show ~10-fold higher levels of in vitro NGF secretion
when compared to other cell types.

A remarkable finding in these studies was blocking GDNF
completely abrogated angiogenesis in vitro and in vivo while
blocking NGF partially inhibited angiogenesis. Endothelial cells
have been shown to express NGF and its receptors and dem-
onstrated NGF-dependent migration.® GDNF/GDNF receptor
expression was previously reported in muscle fibers*® and capillary
endothelial cells,”” where it plays a critical role in the formation
of the blood-brain barrier. NGF is expressed by skeletal muscles
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and is elevated following injection of the inflammatory cytokine
TNF-o.® The NGF receptor trkA is also expressed by skeletal
muscle tissues.* While previous reports indicated a critical role for
NGF in early angiogenesis and later blood vessel maturation,’ we
show that NGF alone is not sufficient for the induction of endothe-
lial sprouting, it instead requires initiation by VEGF signaling. A
close correlation between VEGF and NGF signaling during vessel
growth, branching, and endothelial sprouting has been previously
reported.” Our findings suggest that both in sprouting in vitro and
during ischemic recovery, both factors interact at the endothelial
cell level. Importantly, we now report that GDNF plays a similarly
critical role in the formation of vascular networks in skeletal mus-
cles that are induced by the VEGF signaling. The direct effect of
GDNF on reperfusion may be attributed to the lack of endothelial
cell sprouting when GDNF activity is blocked. The role of GDNF
in endothelial cell adhesion and migration, leading to the restora-
tion of functional vasculature may be translated via integrin B1
adhesion proteins, since it was reported to be one of the signaling
partners for GDNFRa-1* and is also a critical protein in vascu-
lar patterning and postnatal remodeling.*” Our results also cor-
relate with recent findings of a GNDF role in skin de novo blood
vessel formation, also supporting signaling interactions between
the neural and vascular systems.* Thus, NGF and GDNE, having
similar effects on perfusion recovery of the ischemic limbs, may
act via different signaling cascades in endothelial cells.

Critical challenges still exist in regeneration of sensory networks
in transplanted tissues® and gel-VEGF delivery may have utility,
harnessing the susceptibility of sensory peripheral neurons to NGF
signaling.* While NGF activity was shown to be critical for axonal
spouting,® studies with overexpressed GDNF is skeletal muscles
have shown a significant elevation of cholinesterase-positive end
plates in muscle fibers.* A recent study has also indicated strong
synergistic effects of VEGF and GDNF in the prolonged survival of
muscle motor end plates and motor neurons in a rat amyotrophic
lateral sclerosis model of disease.*” These findings suggest that the
observed increase in the expression of both factors upon VEGF
delivery plays a critical role in the maintenance and the de novo for-
mation of motor axon units in ischemic skeletal muscles.

Alginate hydrogels are attractive materials for exogenous VEGF
delivery, as they provide a localized release at therapeutic doses for
several weeks, and are capable of confining the critical VEGF con-
centrations to the site of injury for significant periods of time," as
opposed to the minimal effects of bolus VEGF delivery.'>'*'¢ Tissue
regeneration following injury occurs over a period of days to weeks,
which likely leads to a requirement for the prolonged presence of
signaling molecules. These gels also allow minimally invasive injec-
tions to a specific site.”® The role of sustained release has not been
previously appreciated in investigations using VEGF as a therapeutic
target in peripheral nervous system repair.’ Further, VEGF delivery
has been previously demonstrated to lead to multiple regenerative
outcomes, ranging from endothelial cell recruitment to activation
of processes, such as de novo bone formation* and muscle fiber
regeneration." The VEGF-dependent effects on muscle regenera-
tion resulted in myogenic cell activation and proliferation, where
Pax7 and myogenin-positive cell levels were elevated and a signifi-
cant proportion of regenerating muscle fibers demonstrated cen-
trally localized nuclei.'"* The specific timepoint for the analysis of
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innervation in the present study (day 7 postinjury) was chosen as
it has been reported that the initial gene activation, which leads to
muscle repair, is concluded after 7 days.” It is likely to be critically
important to maintain the presence of VEGF throughout the early
stages of regeneration, where an array of developmental factors (e.g.,
IGF-1)¥ can provide a synergistic effect with the exogenous VEGE
The later time point of study (day 14) was chosen due to the reported
increase in VEGF-induced perfusion, and muscle fiber regeneration
and reinnervation' of ischemic skeletal muscles at this time.

A striking finding of the present studies is that NGF and
GDNF play important roles in VEGF-driven revascularization of
ischemic muscle, including endothelial cell sprouting and blood
vessel maturation. Inhibition of NGF and GDNF in the presence
of VEGF stimulation diminished the formation of capillaries and
their adaption into larger vessels, reduced recovery of limb per-
fusion, and led to increased limb necrosis. These results, sum-
marized in a model of VEGF-induced angiogenesis and neural
regeneration in skeletal muscles (Supplementary Figure S5), sug-
gest that NGF and GDNF have roles in blood vessel growth and
maturation in skeletal muscles. Therefore, we propose that VEGF
supplementation results in angiogenic and neurogenic responses,
either directly affecting axonal growth, or indirectly via increased
expression of angioneurins,’ such as NGF and GDNE, by the pro-
liferating vasculature. The potency of these responses may vary
between tissues, stages of regeneration and prevalence of either
component at the specific site of repair.

MATERIALS AND METHODS

Formulation of polymeric scaffolds. Ultrapure alginates were purchased
from ProNova Biomedical AS (Oslo, Norway). MVG alginate, a high-G-
containing alginate (M/G ratio of 40/60 as specified by the manufacturer)
was used as the high molecular weight (molecular mass 250 kDa) compo-
nent to prepare gels, as described previously.” LMW alginate (molecular
mass 50kDa) was obtained by irradiating high molecular weight alginate
with a cobalt-60 source for 4 hours at a dose of 5.0 Mrad.

The alginate used to form gels was a combination of the two different
molecular weight polymers at a ratio of 3:1. Both alginate polymers were
diluted to 1% w/v in double-distilled H,O, and 1% of the sugar residues in
the polymer chains were oxidized with sodium periodate (Sigma-Aldrich,
St Louis, MO) by maintaining solutions in the dark for 17 hours at room
temperature, as previously described.” An equimolar amount of ethylene
glycol (Fisher, Pittsburgh, PA) was added to stop the reaction, and the
solution was subsequently dialyzed (MWCO 1000, Spectra/Pore) over 3 days.
The solution was sterile filtered, frozen (-20 °C overnight), lyophilized, and
stored at =20 °C. To prepare blank gels, modified alginates were reconstituted
in EGM-2 basal media (Lonza, Frederick, MD) to obtain 2% w/v alginate
solutions prior to gelation. The alginate solutions were crosslinked with
aqueous slurries of a calcium sulfate solution (0.21g CaSO,/1ml distilled
H,0) at a ratio of 25:1 (40 pl of CaSO, slurry per 1ml of 2% w/v alginate
solution) using a 1-ml syringe. Reconstituted alginate was stored at 4 °C.

VEGEF-containing hydrogels were formed by mixing 2.3% low MW
alginate solution with 1mg/ml rhVEGF,, (National Cancer Institute,
Bethesda, MD) in phosphate-buffered saline (PBS) solution to form
a 2% solution prior to the addition of high MW alginate and calcium
crosslinking agent. Hydrogels were allowed to cure at 4 °C for at least
30 minutes before use.

Growth factor incorporation and release kinetics. '**I-labeled VEGF
was purchased from PerkinElmer Life Sciences (Wellesley, MA). Alginates
were mixed with the '”I-VEGF , as described above to quantify VEGF
release in vitro. The resulting mixture was cast between two glass plates
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separated with 1-mm spacers and allowed to gel for 30 minutes. The gels
were divided into four samples and subsequently incubated in 3ml of
PBS, pH 7.2 (Invitrogen, Carlsbad, CA) with 0.1 g/l of MgCL,.6H20 and
0.132g/1 of CaCl,.2H20 (Sigma-Aldrich) in a 37 °C humidified incubator.
At each experimental time point, the radiolabeled growth factor present in
the buffer solution was measured using a gamma counter (1470 WIZARD;
PerkinElmer). VEGF cumulative release was calculated as in a previous
study,”” comparing with the initial total '*I-VEGF _ incorporated into the
gel sample.

Sternomastoid muscle ischemic injury. All animal studies and hus-
bandry were performed according to the protocols and guidelines of the
Institutional Animal Care and Use Committee at Harvard University.
C57Bl/6] mice and transgenic YFP16 mice (genetic background of
C57BL/6 strain, selectively expressing YFP under control of a thy-1 pro-
moter in motorneurons)'® were anesthetized with an intraperitoneal injec-
tion of a ketamine (17.39 mg/ml) and xylazine (2.61 mg/ml) cocktail; neck
hair was removed with a depilatory, and a midline incision was made from
the mandible to the sternum. The sternomastoid muscle was exposed by
reflection of the salivary glands and surrounding connective tissue, and the
nerve was exposed at its point of emergence from under the digastric mus-
cle and lesioned by crushing with forceps until the nerve appeared clear.
The incision was sutured, and the animal was allowed to recover for 3 days,
at which time, a repeat incision was made in the neck, and the crush was
repeated. For ischemic injury of sternomastoid muscle, the sternocleido-
mastoid vessel was ligated with a nondegradable nylon suture (5-0 Ethilon;
Ethicon, Somerville, NJ) at the time of the second crush.

Tibialis anterior muscle ischemic injury. Hindlimb ischemia was induced
by unilateral external iliac and femoral artery and vein ligation, as pre-
viously described."* Briefly, animals were anesthetized by intraperitoneal
injection of a ketamine (17.39 mg/ml) and xylazine (2.61 mg/ml) cocktail.
The entire hindlimb was shaved and sterilized prior to making an incision
through the dermis. The external iliac artery and vein, and the femoral
artery and vein were ligated using nondegradable nylon suture. The vessels
were severed between the ligation points, and blank or VEGF-containing
hydrogel (3 pg VEGEF/50 pl gel) was injected at the muscle tissue adjacent
to the TA muscle.

Hydrogel delivery. Either blank, hVEGF -containing (3 ug VEGF/gel) or
human VEGF-neutralizing (AF-293-NA, delivered in 1:1 stoichiometric
ratio with hVEGF ligand) were from R&D Systems (Minneapolis, MN);
GDNF- (ab89341, Abcam, Cambridge, MA) or NGF-neutralizing IgGs
(ab6199, Abcam)-containing hydrogels were implanted by injecting 50 ul
of the crosslinked hydrogel into the connective tissue space adjacent to the
TA muscle. The incision was closed and the animal was allowed to recover.

In vivo imaging of innervations at muscle end plates. Adult mice were
anesthetized as above and intubated with a plastic tube connected to a small
animal ventilator (SAR-830/P, SWE Inc, Ardmore, PA). The sternomastoid
muscle was exposed and stabilized on polished metal platform as previ-
ously described. Postsynaptic sites were labeled by adding a nonsaturating
dose (0.1 ug/ml for 30 minutes) of Alexa647-conjugated o-bungarotoxin
(Invitrogen) to the end-plate band. Pre- and postsynaptic structures were
simultaneously imaged using a water immersion objective (x20, 0.5NA) in
a confocal microscope (Zeiss 510 Meta; Carl Zeiss, Thornwood, NY). After
imaging, the neck was closed with sutures and the animal was returned to
the cage for recovery. Several hours later, the animal was reanesthetized
and the same junctions were reimaged. Maximum intensity projections
were rendered using Zen software (Zeiss).

Laser doppler perfusion imaging. Animals (n = 4-20 per experimental con-
dition) were anesthetized with isoflurane (2%v/vO,), and hindlimb blood
flow was measured for the ischemic and healthy limbs with the Periscan
blood perfusion laser scanning monitor (Perimed, Jirfilla, Sweden). Time
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points for each measurement were selected immediately after the ischemic
injury, day 3, 7, 14 and day 21 postinjury. Perfusion ratios were obtained
by dividing the blood perfusion intensity in the whole region of interest in
the ischemic limb to the same area in the contralateral, unoperated limb.

Tissue extraction. At time points of 18 hours, 1 and 3 days, and 1, 2, and 3
weeks, as measured from the time of the surgery, mice were anesthetized by
an intraperitoneal injection of sodium pentobarbital (60 mg/ml) and fixed
by transcardial injection of 4% paraformaldehyde. The sternomastoid and
TA muscles (depending on the model) were explanted, dissected to remove
any connective tissue, and postfixed in 4% paraformaldehyde for 30 minutes.

Immunohistochemistry for tissue cryosections, floating tissue sections,
and fixed cells. Fixed muscles were incubated first in PBS with 5% sucrose
solution for 2 hours in room temperature; samples were incubated over-
night in 20% sucrose/PBS hypertonic solution. After embedding in optimal
cutting temperature cryoprotection compound and snap freezing in liquid
nitrogen, sample molds were kept at —80 °C. Prior to sectioning, samples
were equilibrated in the cryostat (Leica Microsystems, Buffalo Grove, IL)
chamber at —22 °C. Ten micrometer sections were mounted on glass slides
and kept at —20 °C prior to immunostaining. For the immunostaining of the
frozen sections, samples were equilibrated to ambient temperature, air dried
and washed with PBS. Antigen blocking of the samples was done with PBS
containing 1% (w/v) of bovine serum albumin (BSA) Fraction V (Roche
Applied Sciences, Indianapolis, IN) with the addition of normal goat serum
(10%, v/v) for 1 hour at room temperature. Primary antibodies were diluted
in PBST/BSA buffer (PBS with 0.01 %Tween-20 v/v, with 1%BSA w/v) and
allowed to bind overnight at 4 °C in a humidified chamber. After washing
three times with PBS, secondary antibodies were diluted in PBS/BSA buffer
and applied for 1 hour at room temperature. After three washes with PBS,
samples were air dried and mounted (ProLong Gold Antifade; Invitrogen).
Anti-SmActin-1 rabbit IgG (1:100 dilution; Abcam) and anti-CD31 (Rat
IgG, 1:250 dilution; BD Biosciences, San Jose, CA) were used.

For the analysis of neuromuscular innervation, 100-pm-thick
longitudinal sections were cut with a vibrating microtome (Leica) from
the fixed and sucrose-equilibrated muscle samples and kept in PBS at 4
°C prior to staining. After rinsing with PBS, muscles were stained with
Alexa 594-bungarotoxin (Invitrogen) to visualize acetylcholine receptors
at muscle motor end plates. Samples were produced both from C57Bl/6]
mice and YFP 16 mice, which do not require immunostaining of the
neural sprouts. Sections from C57Bl/6] were floated in the appropriate
buffers, with antigen retrieval and blocking done with 0.3% Triton X-100
(v/v) and 10% normal goat serum (v/v). GAP-43 stain was done with
rabbit anti-GAP-43 IgG (AB5220 1:500 dilution, Millipore, Billerica, MA)
and visualized by the secondary labeling with Alexa647 goat anti-rabbit
IgG (4 pg/ml, Invitrogen). After completion, samples were mounted on
glass slides, air dried, and sealed with mounting media. Confocal z-stacks
were obtained using a LSM 710 microscope (Zeiss), and maximum
intensity projections images were analyzed. Reinnervation was quantified
by counting the sites of overlap of motor neuron axons (yellow) and end
plates (red). The morphologies of terminal sprouts and oversprouting
levels, where axons continued their growth beyond the motor end plates,
and multiple innervations, characterized by several axonal branches
converging at the individual end plate, were assayed by counting all NMJs
receptor sites in which more than one axon converged. At least 50 motor
end plates were counted for each condition.

Blood vessel analysis in TA muscle sections. Frozen TA sections (10 pm
thickness) were stained with primary antibodies, anti-CD31 (Rat IgG; BD
Biosciences,1:100 dilution), anti SmActin (Rabbit IgG; Abcam, 1:100), and
after labeling with Alexa647 Goat anti-Rat and Alexa 546 goat anti-rabbit
IgGs (Life Technologies, 1:400 dilution), tile scans of the whole sample area
were obtained with LSM 710 confocal microscope. Color tile scan images
were processed in Image] software (National Institutes of Health, Bethesda,
MD), by background reduction and threshold levels function, and CD-31
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and smooth muscle actin-1 (SmActin) positive objects were counted using
Image]J software, where any object with object area larger than 5 pm? was
counted as a capillary. The total numbers of CD31 or SmActin objects were
obtained after normalization to the each sample area, and their distribu-
tion was calculated within the 5-250 um object area size.

In vitro sprouting assay. The sprouting assay was adapted from pre-
viously described methods.”® Briefly, swollen and sterilized dextran
microcarriers (Amersham Biosciences, Piscataway, NJ) were washed
in EGM-2 and combined with human umbilical vein endothelial cells
(passage 4-6, Lonza, Frederick, MD) in a spinner flask. The flask was
alternated between stirring and nonstirring every 30 minutes and incu-
bated at 37 °C and 5% CO2 to promote even cell attachment. After 4
hours, the beads and cells were left stirring for additional 20 hours.
The cell-coated beads were then collected and incubated in flasks
on a shaker for 1-2 days until cells became confluent on the beads. A
fibrinogen-bead solution (1ml of cell-coated beads in media, 27% w/v
fibrinogen, and 0.5% w/v aprotinin) was then mixed with a thrombin
solution (8.3 U/ml thrombin) in each well 12-well tissue culture plate
at a ratio of 5:4 fibrinogen-bead solution: thrombin solution. Gels were
allowed to set in the incubator for 20 minutes before addition of basic
EGM-2 supplemented with factors of interest at specific concentra-
tions. NGF IgG (2 pg/well rabbit or mouse IgG, Abcam), GDNF IgG
(2 ug/wellrabbitIgGs, Abcam, Genetex (Irvine, CA) or Biovision (Milipitas,
CA)),human VEGFR-1-orhuman VEGFR-2-neutralizing IgGs (2 pg/well,
AF321 or AF357, R&D Systems), and Rabbit anti-Human or Mouse anti-
Rabbit Iggs (2 ug/well, Jackson Immunoresearch, West Grove, PA) were
mixed with thrombin solution in wells. VEGF (50 ng/ml), NGF (20 ng/ml),
or GDNF (20 ng/ml) were added to the EGM-2 media without growth
factors, media were changed every 24 hours, and gels were maintained
for up to 72 hours. Inhibitors of trkA receptor (NGF pathway, K252a,
100 (nmol/l)/ml, Sigma-Aldrich) or RET receptor (GDNF pathway, RPI-
1, 20 (mmol/1)/ml, Sigma-Aldrich) were added to growth media. Gels
were rinsed with PBS and fixed with 4% paraformaldehyde before imag-
ing for sprout quantification. A sprout was defined as at least two con-
tinuous cells extending into the surrounding gel from the microcarrier
bead. Sprouting ratios were determined by dividing the manual counts
of sprouts by bead count (>100 in each well, n = 6 in each condition).

Statistical analysis. In vitro data were analyzed by Student’s ¢-test (two-
tailed standard distribution, P < 0.05, considered to be statistically signifi-
cant). In vivo experiments (n = 4-20 animal samples for each experimental
condition) were compared using Student’s t-test (enzyme-linked immuno-
sorbent assay, laser doppler perfusion imaging, SmActin-positive vessels),
analysis of variance analysis (motor end plate innervation), and Wilcoxon
signed-rank test (blood vessel amount and area size). Asterisks indicate
P <0.05.

SUPPLEMENTARY MATERIAL

Figure $1. VEGF delivery and metabolic stress induce NGF and
GDNEF expression in cultured primary skeletal myoblasts.

Figure $2. Endothelial cells express NGF and GDNF under metabolic
stress conditions with VEGF supplementation.

Figure $3. VEGF delivery increases blood vessel size in ischemic skel-
etal muscles, and non-specific IgG controls do not interfere with VEGF-
induced perfusion recovery.

Figure S4. VEGF activates endothelial sprout formation prolonged
via VEGFR-1 via with NGF and GDNF regulation.

Figure $5. Model of VEGF impact on neural and vascular regenera-
tion in injured skeletal muscles.
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