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Abstract

The vascular and the nervous systems share similarities in addition to their complex role in providing oxygen and nutrients
to all cells. Both are highly branched networks that frequently grow close to one another during development. Vascular
patterning and neural wiring share families of guidance cues and receptors. Most recently, this relationship has been inves-
tigated in terms of peripheral nervous system (PNS) regeneration, where nerves and blood vessels often run in parallel so
endothelial cells guide the formation of the Biingner bands which support axonal regeneration. Here, we characterized the
vascular response in regenerative models of the central and peripheral nervous system. After sciatic nerve crush, followed
by axon regeneration, there was a significant increase in the blood vessel density 7 days after injury. In addition, the optic
nerve crush model was used to evaluate intrinsic regenerative potential activated with a combined treatment that stimulated
retinal ganglion cells (RGCs) regrowth. We observed that a 2-fold change in the total number of blood vessels occurred 7
days after optic nerve crush compared to the uncrushed nerve. The difference increased up to a 2.7-fold change 2 weeks after
the crush. Interestingly, we did not observe differences in the total number of blood vessels 2 weeks after crush, compared to
animals that had received combined treatment for regeneration and controls. Therefore, the vascular characterization showed
that the increase in vascular density was not related to the efficiency of both peripheral and central axonal regeneration.
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Introduction surrounded by a basal lamina [1-3]. This unit provides a
positive environment for regeneration of the PNS which is

The nervous and the vascular systems are branching net- absent in the CNS, where the microvasculature is associated

works that show similar anatomical distribution. In both the
peripheral nervous system (PNS) and the central nervous
system (CNS), the vasculature is provided by a mesodermal
germ layer that develops rapidly in the early stages of higher
vertebrate embryonic development. Vasculature provides
metabolic and anatomical support for neural precursors to
achieve their cell fate and correct topography [1]. In periph-
eral nerves, neural crest—derived neurons, Schwann cells,
and a subset of fibroblasts interact with microvasculature
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with glial cells and neurons from the tissue parenchyma [4].
In addition to the classical role of providing oxygen and
nutrients to all cells, the vascular system expresses recep-
tors such as VEGFR1 and signaling pathways such as PI3K/
AKT/mTor and MAP kinase that are similarly expressed by
the nervous system. This partially explains their intimate
neurovascular association not only during development, but
also in homeostasis and tissue renewal throughout adult-
hood. [5]. In the PNS, arteries are preferentially aligned
with sensory nerves, following their branching pattern in the
embryonic mouse limb skin, while mutant animals lacking
sensory nerves, and the primitive vascular plexus fail to dif-
ferentiate into proper arteries. This suggests a functional and
physical interdependence between both systems [6]. In both
systems, Wallerian degeneration (WD) is a process triggered
by a disruptive axonal lesion in which the myelinating glial
cells change their phenotype, proliferate, and interact with
the rapidly growing microvasculature to form the so-called
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Biingner bands [7]. These bands can potentially support
axon regeneration by providing neurotrophic support as well
as the right cues for target reinnervation. Indeed, they are
more pronounced in the PNS due to Schwann cell dynam-
ics which are reflected in the differences in the regenerative
capacity between PNS and CNS [8]. However, differences in
CNS and PNS angiogenesis after lesioning may reflect how
fast the regenerative environment is structured for successful
axonal regeneration which remains undefined.

Conversely, the three-dimensional structures such as the
mouse whisker system are not established as co-dependent
neurovascular units; their pattern arises from a balance
between attractive and repulsive cues originated from the
surrounding environment [9]. In the CNS, control of neuro-
vascular co-patterning is important for axonal wiring in the
visual system, as abnormally large or ectopically positioned
vessels appear to present physical obstacles to axon growth
during development [10]. Interestingly, Schwann cells (SC)
might invade and repair the CNS under pathological con-
ditions [11], suggesting that blood vessels are permissive
substrates for exogenous SC, leading to the restoration of
myelin sheaths around spinal axons [12].

In the past 10 years, more effort has been made to under-
stand the cellular and molecular mechanisms involved in
nerve repair that are extrinsic (neurovascular interactions
and wound healing processes) to the nervous system and
can modulate the regeneration response. After complete
transection of the sciatic nerve, newly formed blood vessels
are used by SC as a guiding path to invade and cross the
gap between the two nerve stumps, and regrowing axons
seem to follow the newly formed blood vessels. This sce-
nario can be perturbed with a pharmacological blockade or
by misdirecting the blood vessels, which ultimately leads
to inadequate muscle reinnervation [7]. The maturation of
pre-existing vessels into new areas during the development
is stimulated through angiogenic factors such as vascular
endothelial growth factor (VEGF), which is also involved
in the repair of damaged nerves.

The administration of VEGF induces neo-angiogenesis
and axon regeneration after a peripheral injury. In the clini-
cal setting, promising results show that vascularized nerve
grafts could be used in the reconstruction of large areas of
peripheral nerve injuries, suggesting that tissue revasculari-
zation may play a critical role on nerve regeneration [13].

Neurons from the CNS have limited regenerative capacity
compared to neurons in the PNS [8]. However, as has been
well described, the intrinsic growth capacity of CNS neurons
can be stimulated after an injury, extending lengthy axons
and reconnecting them to their targets [14—16]. Besides
overcoming inhibitory molecules that abrogate axon regen-
eration, another important factor for axonal regrowth is the
availability of nutrients and oxygen [17]. Since proper brain
functioning depends on neurovascular coupling, an impaired
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neurovascular coupling is commonly implicated in neuro-
degeneration (for review, see [18]). Up to the date of this
study, it is still unknown how revascularization ameliorates
regeneration in a model of CNS injury. Our study compared
the vascular response in both PNS and CNS after injury and
showed an increase in the number of blood vessels distal to
the crush site in both injury models. Even though the con-
sequent revascularization that follows sciatic nerve crush
injury has been shown in similar models [19-21], it is still
unclear what type of vascular response happens after optic
nerve crush. Here, we apply a combinatorial treatment that
synergistically activates retinal ganglion cell intrinsic growth
and survival. Our data showed that although robust axon
regeneration is stimulated in the optic nerve with appropri-
ate treatment; this was not sufficient to increase vascular
density or extension of blood vessel along the regenerating
optic nerve.

Materials and Methods
Animals

All animal handling and surgical procedures were carried
out in accordance with the approved guidelines for the Use
of Animals in Research from the Federal University of Rio
de Janeiro (CEUA IBCCEF protocol#175-18). C57-Black 6
male and female mice were obtained (n = 32) from Bio-
Rio rodent facility (Rio de Janeiro, Brazil), and experiments
were performed following the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and
approved by the Ethics Committee. 129S male and female
mice were obtained (n = 30) from Jacksons Lab, and all
related procedures were carried out with the approval of
the Animal Care and Use Committee of Children’s Hospi-
tal Boston in conformity with National Institutes of Health
guidelines. All animals were held in conventional housing
on a 12-h light/dark cycle with free access to food and water.

Experimental Groups

In this study, we generated experimental models of sciatic
nerve tissue regeneration in which a group of mice had
their sciatic nerve crushed with forceps at the mid-thigh
level. These animals were defined as the lesioned group,
while the unlesioned animals were defined as the control
group (Fig. 1A-E). For the optic nerve regeneration stud-
ies, we developed three experimental groups. The first
group received zymosan, cAMP, and PTEN silencing viral
vector treatment. These mice were considered as treated
or untreated. Furthermore, optic nerve crush injury was
performed on treated mice to observe axonal regeneration
(Fig. 1F-J). Fast and slow Wallerian degeneration after
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Fig. 1 Experimental model and setting of vascular markers. A: Time-
line for the experimental design of the sciatic nerve crush lesion in
days. B: Longitudinal section of sciatic nerve immunostained for
CD-3limaged by apotome microscopy. C-E: Insert section from B
(dashed square) also stained with CD-31 (C), vWF (D), and merged
image (E). F: Timeline for the experimental design of the optic nerve

nerve crush was the time points defined to analyze vascular
and axonal growth [8]. Peripheral nerves are faster com-
pared to any other tissue segment of the CNS, but the vas-
cular growth rate seems to be independent. For this reason,
peripheral nerve time points were set as a reference at days
7 and 14 after the crush lesion for both nerves. This would
potentially allow us to observe the matching of blood vessels
and axons during regeneration.

Surgery

All surgical procedures were performed under anesthesia
using a cocktail of ketamine (100 mg/kg) and xylazine
(10 mg/kg) via intraperitoneal injection. For sciatic nerve
crush injury, C57-Black 6 mice (2 months old; male and
female; n = 32) were used as described elsewhere [22, 23].
Briefly, the right sciatic nerve was exposed after surgi-
cal incision, and the nerve was crushed with forceps at a
mid-thigh level for 15 s (control unlesioned (N = 5); days
after crush: 7 days (N =5), 14 days (N =5), 21 days (N =
5), 42 days (N = 5)). After injury, muscle and skin were

crush lesion in days. G: Longitudinal section of optic nerve immu-
nostained for CD-31 imaged by apotome microscopy. H-J: Insert sec-
tion from G (dashed square) also stained with CD-31; (H), vWF (I),
and merged image (J). Scale bars: B and G = 200pm; C-E, H-J =
50pm

sutured with 0.6 and 0.3 nylon sutures, respectively. The
crush lesion experimental design for the sciatic nerve can
be visualized in Fig. 1 A. For the optic nerve injury model,
129S mice (2-month-old mice; male and female; n=30)
were used as shown previously [14] (control unlesioned
(N=6); days after crush: 1 day (N = 6), 3 days (N =6), 7
days (N = 6), 14 days (N = 14)). To induce regeneration,
2 weeks prior to the optic nerve crush the Pten gene was
knocked down in retinal ganglion cells by viral delivery of
a shRNA (n = 20, random). The AAV2-shPTEN-mCherry
(Adeno-associated virus serotype 2: AAV2, 10" GC/mL)
was injected intraocularly (3 pL), avoiding injury to the
lens. The optic nerve was exposed and crushed with fine
forceps (Dumont; WPI) 1 mm behind the eye, for 5 s. Fol-
lowing the injury, animals were intravitreally treated (3
pL) with zymosan (Sigma; 12.5 pg/pL; Cat #31282-04-
9) and CPT-cAMP (Sigma; 250 pM; Cat #102029-77-6).
After surgery, animals were kept on a heating plate at 37
°C until they had recovered completely from anesthesia.
The optic nerve crush experimental design is illustrated
in Fig. 1F.
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Tissue Preparation

Mice were given an overdose of anesthesia with isoflu-
rane and perfused transcardially with 0.9% saline (0.9%
NaCl; Sigma; cat #7647-14-5), followed by perfusion with
4% paraformaldehyde (PFA; Sigma; Cat #30525-89-4) in
phosphate-buffered saline. Sciatic nerves or optic nerves
were dissected for proper tissue processing. For frozen sec-
tions, samples were processed in serial sucrose gradients
(10-30%), embedded in OCT Tissue Tek Medium (Sakura
Fine Technologies; Cat #SA62550-01), and frozen. The
nerves were cut into 12- to 14-pm sections and collected
on microscope glass slides for immunohistochemistry and
fluorescence microscopy. Retinas were dissected for whole-
mount preparation and kept in PBS until further immuno-
fluorescent labeling.

Quantitative Analysis of RGC Survival

Retinal ganglion cells survival was evaluated [14] by
immunostaining of whole-mounted retinas with a mouse
anti-TUJ1 antibody (Biolegend; 1:500, CAT #SC166729;
RRID: AB_2010699) followed by an Alexa 488-conjugated
antibody to mouse IgG made in goat (Invitrogen; 1:500;
Cat # A-11001; RRDI: AB_2534069). All retinal whole
mount preparations were carried out with mounting media
(Vectashield; Vector Laboratories, Burlingame, CA, USA;
Cat #H1000-10). Immuno-positive cells were imaged under
fluorescent illumination (400x) in 8 areas (2.0 mm and 1.5
mm from the optic disc, from each quadrant) using a Nikon
801 air microscope. To estimate RGC survival, the averaged
TUJ1™ cells were quantified per square millimeter (mean =+
SEM) as previously described [14].

Quantitative Analysis of Optic Nerve Axonal
and Blood Vessel Regeneration

For visualization and quantification of axon regeneration, lon-
gitudinal sections of optic nerve sections were immunostained
with a sheep antibody against mouse GAP-43 (developed
according to de Lima et al., 2012) followed by a fluorescently
labeled secondary antibody anti-sheep IgG Alexa 488 (Invitro-
gen; 1:500; Cat #A-11015; RRDI: AB_2534082). Regenerat-
ing axons were counted at 0.5mm and 1.0mm from the injury
site under fluorescent microscopy. At least 4 sections per case
were quantified to obtain an average of the number of axons at
prespecified distances and the number of axons per millimeter
of nerve width as described below. Briefly, the formula used
was as follows: Za, = zr° X [average axons/mm]/t, where Xo
is the total number of axons extending distance d in a nerve
having a radius of r, which was estimated by summing all sec-
tions having a thickness 7 (14 mm). For the blood vessel quan-
tification, optic nerve sections were immunostained with an
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anti-von Willebrand Factor (vWF, anti-rabbit; 1:500; DAKO;
Cat #A0082; RRID: AB_2315602) antibody followed by a
secondary anti-rabbit antibody IgG Alexa 488 (Invitrogen;
1:500; Cat #A-11034; RRDI: AB_2576217). Fluorescently
labeled blood vessels were counted manually at different dis-
tances (0.5 mm, 1.5 mm, and 3.0 mm from the crush site at the
distal stump), and those numbers were applied in an adaptation
of the same formula described above to estimate the average
of blood vessels at a distance d: v, = zr” X [average blood
vessels/mm]/t.

Quantitative Analysis of Sciatic Nerve Axonal
and Blood Vessel Regeneration

The same strategy used for the optic nerve was also applied for
quantification of axon regeneration and blood vessel response
in the sciatic nerve. Longitudinal sciatic nerve sections were
double-stained with a rabbit antibody anti-GAP-43 (1:1000,
GenTex; Cat #GTX101535; RRDI: AB_2037048) and rat
anti-CD-31 (1:300; Abcam; Cat #28364; RRDI: 726362)
followed by a fluorescently labeled secondary anti-rabbit
antibody IgG Alexa 488 (Invitrogen; 1:400; Cat #A-11001;
RRDI: AB_2534069) and anti-rat IgG Alexa 594 (1:400, Life
technologies; Cat #A-21209; RRDI: AB_2535795). Fluores-
cently labeled axons and blood vessels were counted manually
at prespecified distances (1.0mm, 2.0mm, and 3.0mm from the
crush site), and these numbers were applied in an adaptation
of same formula described above.

Statistics

All data were analyzed using GraphPad Prism 6 (Graph-Pad
Software, Inc.). Statistical analyses were performed using
one-way ANOVA, followed by Bonferroni’s post-test, with
a confidence interval of 95%. All values were expressed as
mean + standard error of the mean (SEM). We registered
the p-value for each statistical analysis. Estimation of sam-
ple sizes was performed a priori, using G* Power Software
(Version 3.1.9.2), considering a significance level of 5% and
power of 80%. P values smaller than 0.05 were considered
statistically significant, and ¢ values were calculated when
appropriate as an estimate of the size effect. The data dis-
tribution is represented by scatterplots superimposed on the
graphical bars.

Results

Experimental Design and Validation of Blood Vessel
Markers in Both the Sciatic and Optic Nerves

It is commonly accepted that nerve injury in general, includ-
ing crush procedures, modifies connective tissue stability
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leading to neovascularization and endothelial cell reactivity,
followed by CD-31 overexpression and other local antigens
[7]. We tested different blood-vessel markers through immu-
nohistochemistry or with direct fluorescent-conjugated stain-
ing since lectins bind to the sugar residues of the glycocalyx
in the blood vessels. We compared both nerves, initially at 7
days after lesion considering an acute period for both nerve
types. As shown, CD-31"% cells were also positive for the von
Willebrand factor (VWF). These markers enabled visualiza-
tion of the blood vessels in both the sciatic and optic nerves
(Fig. 1C-E; H-J). Additionally, we tested isolectin B4 (Grif-
fonia simplicifolia), another marker used for the detection
of blood vessels. This marker, however, was not specific to
blood vessels, since it had a different profile than vWF and
CD-31 and labeled some cells with a round shape, known
to be phagocytes in reactive tissues after lesion (data not
shown). Because of the discrepancy observed between these
three markers, isolectin B4 was excluded from the study.
Next, we immunolabeled longitudinal sections of both the
sciatic nerve (Fig. 1B) and the optic nerve (Fig. 1G) for
CD-31 2 weeks after the lesion. Furthermore, we observed
the fluorescence of the blood vessels in both the sciatic and
optic nerves under apotome microscopy (Fig. 1 B and G).
To confirm the profile of endothelial cells, we doubled the
immunolabeled nerve sections for CD-31 and the von Wille-
brand factor, a glycoprotein produced by endothelial cells,
usually colocalized with CD-31 in the plasma membrane.
High colocalization and total superposition of the markers
were observed in both nerves through apotome microscopy
(Fig. 1C-E; H-J, insert from B and G). Therefore, the effi-
ciency and stability of both the von Willebrand factor and
CD-31 endothelial cell markers lead us to consider them as
blood-vessel markers in the regenerating sciatic and optic
nerves. Finally, for further analysis optimizing our proce-
dures, we used CD-31 for the sciatic nerve and vWF for the
optic nerve tissue slices.

The Number of Blood Vessels Increases in Sciatic
Nerve Tissue After a Crush Lesion

It is well known that peripheral nerves can regenerate
quickly after crush lesions when connective tissue are pre-
served [23]. Also, depending on the type of nerve lesion, the
intensity of new blood vessels might vary in their growth
dynamics [7]. However, the operating time-course of grow-
ing vessels is poorly understood and whether this can be
associated with regenerating axons. To target this, we double
immunolabeled for GAP-43 and CD-31 longitudinal sections
of the sciatic nerve of the adult mice on day 14 after the
crush lesion. We observed an intense axonal regeneration
throughout the nerve distal stump towards the peripheral
regions 1 week after lesion (Fig. 2A). This is better visual-
ized at high magnification of the inserted area from Fig. 2A

in Fig. 2B. Furthermore, by 3D reconstruction with apotome
microscopy, we analyzed how merged CD-31 fluorescence
was with GAP-43" regenerating axons throughout the nerve
distal stump. The increased number of small segments in
the ipsi-lateral nerve compared to the unlesioned mice is
clearly shown in Fig. 2 C, D, and I. The association of regen-
erating axons and blood vessels was investigated. Despite
the absence of colocalization in the blood vessels (CD-31
positive), these associations were commonly associated with
GAP-43 positive axonal fibers (Fig. 2E-G). This observation
supports the hypothesis that blood-vessel are guided through
axons during peripheral nerve regeneration. Finally, the
quantitative analysis of blood-vessels throughout the distal
stump showed that the number of blood vessels is remark-
ably superior to the unlesioned nerves at short distances,
such as at 0.5 mm distance. This difference was sustained
up to 21 days after the lesion (Fig. 2I). On the other hand,
the significance of blood-vessel density was observed only
on day 7 after the lesion at 1.5 mm from the crush. Finally,
no difference in blood-vessel density was observed at a 3.0
mm distance (Fig. 2I). Summarizing, the increased blood-
vessel density observed in mouse sciatic nerve after crush
seems to be spatially associated with regenerating axons but
at relatively short distances and for short periods.

Optic Nerve Regeneration Is Activated by PTEN
Downregulation Added to Zymosan and cAMP
Treatment in Retinal Ganglion Cells

It is well known that the CNS lacks regenerative capacity;
the cellular and molecular mechanisms involved in this
blockage have been clarified in the last two decades [8]. To
induce optic nerve axonal regeneration, we used the PTEN
downregulation strategy [14] followed by zymosan treatment
plus a high concentration of cAMP (250 pM) (Fig. 1F). This
strategy enabled comparison of the association of axonal
regeneration with blood-vessel growth in both optic and sci-
atic nerves. Initially, we investigated whether this combined
strategy could preserve RGCs 2 weeks after the optic nerve
crush lesion. As shown in the figures, whole-mount retinas
were immunolabeled for Tuj-1. The untreated mice lost on
average 62% RGCs compared to the control (unlesioned)
mice. This percentage was reduced to 27% in treated mice
(Fig. 3A-D) demonstrating the efficiency of neuroprotec-
tion. The regenerative state and axonal regeneration in the
optic nerve longitudinal section by GAP-43 was analyzed by
immunostaining. The analysis of GAP-43 labelling through-
out the distal stump towards the optic chiasma on days 1 and
3 after crush showed no positive staining for GAP-43 (data
not shown). However, a high positive GAP-43 label was
observed on day 7 after the lesion; on day 14, this became
even more intense at the proximal stump (Fig. 3 E and F).
This intense GAP-43 label was not observed at the distal
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«Fig. 2 Sciatic nerve regeneration of axons associated with vascular
growth. A, B: Longitudinal section of crushed sciatic nerve 7 days
after lesion, immune stained for GAP-43 mosaic imaged under low
magnification (A) and high magnification at distal stump (B). The
asterisk in A represents the lesion site and defines the proximal and
distal stump. C, D: Similar longitudinal sections were immunostained
with CD-31 for blood vessels in the crushed nerve at the ipso-lateral
(C) and the unlesioned control (D). For both images, nuclei were
counterstained with DAPI. E-G: High magnification of crushed
nerve (7 days) at distal stump showing blood vessels (E), GAP-43
staining (F), and merged channels including nuclei counterstained
with DAPI (G). H: Illustrative diagram showing the sites at the distal
stump where blood vessel density was quantified. I: Histogram of the
quantitative analyses of blood vessel density at the distal stump of the
regenerating sciatic nerve. Scale bar: A, C, D = 100pm; B, E-G =
20pm. Statistics: *p<0.05; **p<0.01 one-way ANOVA followed by
Bonferroni’s post-test

stump of untreated mice (Fig. 3H). These observations dem-
onstrate axonal regeneration in the optic nerve, overcoming
inhibitory cues in the CNS microenvironment when com-
bining PTEN silencing with the addition of zymosan and
relatively high levels of cAMP. Altogether, this strategy is
promising for an increase in optic nerve regeneration, allow-
ing axon growth and blood vessel development, like what
was found in the sciatic nerve.

The Regenerating Optic Nerve Tissue Increases
Blood Vessels Associated with Axonal Regeneration

The activation of the optic nerve capacity to regenerate their
axons upon nerve crush injury suggests a type of blood-ves-
sel interaction. Using the diagram illustrated in Fig. 4A, we
investigated the density parameter in vascular endothelium
in the optic nerve longitudinal sections after crush injury.
As shown through the endothelial cell-derived glycopro-
tein von Willebrand factor (vWF) immunofluorescence, the
density was significantly higher compared to the uninjured
group at 0.5, 1.5, and 3.0 mm at distal stump on day 7 after
crush (Fig. 4D). The density was even higher 2 weeks after
a crush at 0.5 mm compared to 1 week before. However,
the vascular density maintained similar levels at 1.5 mm
and 3.0 mm from the lesion site 1 or 2 weeks after crush
(Fig. 4B, C, D). Untreated mice (PTEN downregulation +
zymosan + high cAMP) which did not undergo crush injury
had a similar vascular density to what was observed in the
treated ones (data not shown). Furthermore, we investigated
the association of vWF-positive immunolabel (Fig. 4F)
and GAP-43 regenerating axons (Fig. 4G) by fluorescence
apotome mosaic reconstruction. All blood vessels observed
were associated with regenerating axons in the optic nerve
2 weeks after crush as in Fig. 4 (Fig. 4E, H, arrows). Similar
methods to quantify blood vessel density after sciatic and
optic nerve lesion were employed, in the same calculated
area (mm?) where positive events had been identified. Next,
we investigated whether regenerating optic nerve (induced,

Fig. 3) could display higher blood vessel density compared
to uninduced ones. Two weeks after the lesion, the blood
vessel account was similar in both lesioned optic nerves,
induced or not regenerated. These densities were signifi-
cantly superior to the unlesioned nerves (Fig. 4I). Next, we
compared the blood-vessel density in unlesioned nerves both
in sciatic and optic at 7 and 14 days after crush (Fig. 4J).
We found that in unlesioned nerves, the optic nerve had a
slightly higher blood-vessel density compared to the sci-
atic nerve, but the difference was not significant (Fig. 4]).
Finally, we observed that at 7 and 14 days after crush, the
regenerating optic nerve underwent increased blood-vessel
density compared to the sciatic nerve (Fig. 4J; p<0.0001).

Together, these results indicated that nerve lesion fol-
lowed by axonal regeneration, in acute periods, modified
blood-vessel homeostasis leading to an increased density
which was superior in the optic nerve compared to the sciatic
nerve. Moreover, this vascular response was sustained in the
optic nerve but not in the sciatic nerve.

Discussion

The present study indicated that blood vessels of regener-
ating sciatic (PNS) and optic (CNS) nerves had different
growth patterns. While the peripheral nerve had an increased
number of vessels 1 week after injury, this level decreased
to a density similar to that observed in the uninjured sciatic
nerve. Interestingly, the optic nerve showed an increase in
vessel density 1 week after injury maintained for at least
2 weeks (Figs. 2 and 4). The vascular system is derived
from the mesodermal germ layer, and its importance is well
known in the early metabolic and physical support of devel-
oping tissues, including the peripheral and central nerves
[24-26]. Its growth pattern in the regenerative process is
not clear; however, as different causes lead to degenera-
tion and eventual regeneration. In addition, a comparative
study with both nerves would depend on relatively com-
plex strategies to induce CNS axon regeneration. Here, this
limitation was overcome by using PTEN silencing com-
bined with target pharmacology, adding cyclic AMP and
zymosan, as previously demonstrated [27, 28] and revealed
in many experimental approaches. The vascular anatomy
of the optic nerve head is complex. During development,
the embryonic fissure closure in the second month traps the
hyaloid artery centrally, which eventually becomes the cen-
tral retinal artery that enters and supplies the optic nerve
head. The optic nerve head is supplied by branches of the
ophthalmic artery that originate from the internal carotid
artery (for review, see [29]). The intrinsic vasculature of the
sciatic nerve includes arteries and veins running longitudi-
nally deep into the epineurium. This vasculature connects
to the extrinsic vasculature at various junctions. The flow
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Fig. 3 Induced optic nerve regeneration and the effects on neuropro-
tection and axonal growth. A—C: Flat mount retinas of mice immu-
nostained for GAP-43 in control animals (unlesioned and untreated)
(A), optic nerve crushed untreated (B), and optic nerve crushed and
treated (C) 14 days after lesion. D: Histogram of quantitative analy-
sis of the remaining retinal ganglion cell, observed by flat mount on
day 14 after nerve lesion. E-H: Longitudinal sections of mice optic

within the nerve vasculature is highly variable and consists
of many collateral networks [30]. A common feature of both
nerves is the presence of branching segments derived from
main arteries. In this microanatomy, we observed the asso-
ciation of regenerating axons with increasing vessel seg-
ments (Figs. 2 and 4). The origin of these axonal profiles
is peculiar when comparing the two nerves, as axons from
the sciatic nerve have their soma in dorsal root ganglia and
motoneurons originating from the lumbar spinal cord. Axons
from retinal ganglion cells, which are in the retinal ganglion
cells layer, project their axons towards the optic nerve. It
has been known for a while that young neurons project their
axons for long distances, making precise and functional con-
nections after redundant collateral pruning during develop-
ment. For review, see [31]. Indeed, this has been considered
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el 4
j

B

nerve crushed, treated with AAV + zymosan + cAMP, and immu-
nostained for GAP-43 1 (E), 7 (F), and 14 days after optic nerve
lesion treated (G) or untreated (H). I: Histogram of quantitative analy-
sis of the remaining retinal ganglion cell, observed by flat mount on
day 14 after nerve lesion. Scale bars: A-C = 100pm; D-G = 50pm.
Statistics: ****p<0.0001 one-way ANOVA followed by Bonferroni’s
post-test

a landmark in how neurons make functional connections.
Leader axons cross relatively long distances guided by envi-
ronmental cues. As the knowledge of this is continuously
increasing, new roles for known molecules have been dis-
covered upon release of factors by neural cells such as astro-
cytes, oligodendrocyte precursor cells, and Schwann cells
[32-35]. A number of guidance molecules, such as brain
derived neurotrophic factor (BDNF), netrins, semaphorins,
slits and ephrins, have been identified as guidance cues for
neural cells. Some of these, especially young astrocytes, can
uptake guiding molecules from the environment similar to
what is seen in synaptic terminals that uptake neurotransmit-
ters. Guiding molecules create a gradient that allows axons
to grow and move forward reaching the target and estab-
lishing appropriate connections [36]. Mesodermal-derived
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images obtained by apotome microscopy of longitudinal sections of
optic nerve double labeled for GAP-43 (green) and vWF (red). F-H:
Insert images under high magnification of (E) showing blood ves-

cells such as fibroblasts and blood vessel cells can also
behave as cellular sources contributing to the general effi-
ciency of chemoattractant or repelling molecules. Cell-cell
contact is a phenomenon observed in the guidance of both
leader and leading axons during development. This contact
dependence is required for the regeneration of peripheral
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lesion. Bars: B, C, E = 100pm; F-H = 20pm. Statistics: *p< 0.05;
*#*p<0.01; ***p<0.0001 one-way ANOVA followed by Bonferroni’s
post-test

axon or central neurons to induce regeneration of the optic
nerve. Altogether, neurotrophic factors, guiding molecules
as well as cell-cell contact, are major players involved in
axon extension and guidance [37]. Furthermore, the appro-
priate location and stability of axon-supporting cells such
as astrocytes and/or Schwann cells demonstrate that these
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cells are supported by connective tissue, mainly by medium
to small-size blood vessel [18, 38]. The peripheral nerve
model for axonal regeneration by total transection, followed
by alignment of both proximal and distal stumps (which do
not touch each other), induces a contact mediated by con-
nective tissue with a high density of small-size blood vessels
[8]. Genetically modified blood cells lacking their ability to
grow fast or local treatment with VEGF-blocking antibod-
ies work to impair the formation of Biingner bands. This
is the final step of Wallerian degeneration, a well-known
sequence of events which allows axons to grow during
regeneration [39]. Central Wallerian degeneration is much
slower compared to the same phenomena in the PNS which
lacks the capacity to regenerate axons. For this reason, we
induced neuroprotection and regeneration downregulating
PTEN in retinal ganglion cells [8, 14, 40]. This strategy
also induced the generation of new blood vessels, similar
to what has been seen in the microvasculature throughout
the brain parenchyma (for review, see [41]). Several lesion
models include hypoxia, high glutamate levels, high levels
of fibroblast growth factor type 2 (FGF-2), and transform-
ing growth factor-beta 1 (TGF-betal) for instance. These
molecules signal on the tip cells, inducing proliferation and
alignment of endothelial cells directly or indirectly. One
study, [42], observed that a subset of tip cells in the develop-
ing retina is signaled by TGF-betal through activation of the
type 1 receptor which guides neuroretina vascularization and
blood-retina-barrier formation. Recently, the dependence on
FGF-2 has been demonstrated for the metabolic control of
vascular development in the CNS by regulation of hexoki-
nase 2 (HK?2). Therefore, FGF-2 acts as a new player in CNS
vascular development acting on metabolic pathways as an
alternative to the VEGF biology [43]. The vascular system
is derived from the mesodermal germ layer which is rap-
idly formed in early periods of embryogenesis, in addition
to the heart and lymphatic systems. Blood vessels support
nerve development during prenatal and postnatal periods,
which generates a fine microanatomic matching—mediated
Netrin-1 and its receptor UNC5B, eventually forming a com-
plex with Robo4 [44—48]. In summary, regeneration reca-
pitulates multiple aspects of development. The data from our
study correlate vasculature growth in the optic and sciatic
nerve during regeneration with initial steps where connec-
tive tissue (including vessels) gives support to glial cells and
axons. The association of GAP-43 positive axons in parallel
to blood vessels imaged by apotome microscopy in regen-
erating nerves strongly supports this hypothesis. A pioneer
work has shown that VEGF-A forms a complex with neuro-
pilin-2 (both belonging to the class 3 semaphorin family),
which binds to the VEGF receptor type-1. The signaling
provided by the VGEF-A-neuropilin-2 complex is a trigger
for neurovascular association leading to axonal growth dur-
ing development [10, 49]. Its role during nerve regeneration
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is still unclear and requires further analysis. Moreover, the
early association of blood vessels and axons are important
for axonal growth and sensory differentiation induced by
VEGF-A, while sensory axons drive arterial differentiation
and blood vessel branching in mice skin. This gives further
indication of the intricated relationship between both struc-
tures [6].

Tip cells are sensors that guide axons with cues formed
along chemical pathways, located at the forefront of growing
blood vessels. These tips are recognized as sharing multi-
ple similarities with axonal growth cones [5]. A remarkable
hallmark is the specificity of tip cells for vascular endothe-
lial growth factor (VEGF) which binds to VEGF receptor
type 1 inducing forward vascular growth. Similarly, axonal
growth cones are stimulated by nerve growth factor (NGF),
which binds p75 and tyrosine kinase A—type receptor from
peripheral axons. Alternatively, brain-derived neurotrophic
factor (BDNF) binds p75 and tyrosine kinase B—type recep-
tor. Both neurotrophins drive axons forward development
and re-growth. Another common feature is their downreg-
ulation in the nerve tissues after critical periods of axon
growth and pruning during embryogenesis and the upregula-
tion after nerve lesion [50-52]. The high blood vessel den-
sity observed in both nerves 2 weeks after the crush lesion
(Figs. 2 and 4) raised the possibility that the same adapta-
tive endothelial cell tip could re-induce blood vessel growth
mediated by VEGF signaling. Our data suggests a correla-
tion analysis involving a higher blood vessel density in the
regenerating optic nerve suggesting a higher demand in the
CNS (Fig. 4). The mechanisms underlying this sensitivity
in both regenerating nerves, however, are still unknown as
well as whether VEGEF still constitutes the major player as
happens in embryogenesis.

The difference observed here in the vascular time
course, where vessel density was high during optic nerve
regeneration (Fig. 4), leads us to speculate on a higher
metabolic demand from the optic compared to the periph-
eral nerve. It may also be a consequence of the slow Wal-
lerian degeneration of the optic nerve, which also favors
a high metabolic demand. The presence of a basal lamina
rich in ECM molecules such as laminins and fibronectin
in peripheral nerves can be considered a positive contribu-
tion to tissue stability and guidance during degeneration
and regeneration. Since these molecules, as a group of
organized cells, do not have a direct metabolic demand, the
metabolic demand in general can be reduced earlier. This
comparative analysis also allowed us to define the time
points necessary to be set in an experimental design: the
associations observed between growing axons and blood
vessels (Figs. 2 and 4) led us to conclude that 7 and 14
days after injury could be considered comparable in both
nerves. Finally, the contribution of this study sheds light
on the vascularization of healthy cells and tissue masses
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including tumors, suggesting strategies to block uncon-
trolled volume expansion. The mechanisms of neovascu-
larization in this tissue might also be related to growing
nerves, which also includes tumor masses [53].

Conclusion

In this study, both sciatic and optic nerves showed a vas-
cular response that increased in density during the degen-
erative process and adapted to regenerating axons. In the
optic nerve, the increased vascular density was maintained
at the distal stump for at least 2 weeks after nerve crush.
In the sciatic nerve, however, vascular density increased 1
week after nerve crush and then returned to control levels
the following week.
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