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Overview	
  	
  
•  Regenera;on	
  in	
  peripheral	
  nervous	
  system	
  
(PNS)	
  

•  Blood	
  vessels	
  
•  Macrophages	
  
•  Schwann	
  cells	
  (SC)	
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•  PNS	
  à	
  ability	
  for	
  regenera)on	
  	
  
•  Anatomy	
  PNS	
  
–  SC	
  à	
  main	
  glial	
  cell	
  	
  

•  Regenera;on	
  process	
  
1.   Transec)on	
  à	
  proximal/distal	
  stump	
  
2.  Distal	
  axon:	
  „Wallerian	
  degenera)on“	
  
3.  Proximal	
  &	
  distal	
  stump:	
  SCs	
  à	
  inflamma)on	
  /	
  

„cleaning“/op;mal	
  environment	
  
4.  Distal	
  stump:“	
  bands	
  of	
  Büngner“	
  à	
  tunnels	
  for	
  

regrowing	
  axon	
  
5.  Between	
  dist/prox	
  stumps:	
  „the	
  BRIDGE“	
  à	
  rejoining	
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„The	
  bridge“	
  

•  SCs	
  à	
  guiding	
  axons	
  (proximal	
  à	
  distal)	
  

–  „Organized“	
  migra;on	
  via	
  EphrinB/EphB2	
  signaling	
  

•  but:	
  How	
  do	
  SCs	
  find	
  their	
  way	
  across	
  the	
  
bridge?	
  
– Macrophages	
  sensi;ze	
  Hypoxia	
  -­‐-­‐>	
  VEGF-­‐A	
  
secre;on	
  &	
  polarizing	
  vasculature	
  

– SCs	
  use	
  newly	
  formed	
  vasculature	
  as	
  tracks	
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Cell	
  	
  composi;on	
  	
  
of	
  bridge	
  

rendering of high-resolution confocal z-stacks of the bridge
confirmed the presence of multiple physical contacts between
SCs and the surrounding blood vessels (Figure 3E).
To analyze the interactions between the migrating SC cords

and the blood vessels in themouse, we used a transgenic mouse
inwhich EGFP is specifically expressed in SCs (PLP-EGFP) (Mal-
lon et al., 2002). Co-immunostaining of the vasculature showed
GFP-positive migrating SCs closely associated with the blood
vessels in the bridge (Figure 3F). EManalysis of the blood vessels
showed that compared to established vessels within the contra-
lateral nerve, the vessels of the bridge had an extremely thin
basal lamina with regions where there appeared to be little or
no matrix that could allow direct contact between the cells
(Figures S3B and S3C). Moreover, using correlative light and
electron microscopy (CLEM) of blood vessels and SCs within
the bridge, we could observe multiple points of direct contact

A B

C

D

E

Figure 1. Blood Vessels Permeate the
Bridge prior to SC Migration
(A) Graph shows the proportion of macrophages

(Iba1+), fibroblasts (prolylhydroxylase+/ Iba1!),

ECs (RECA-1+), and neutrophils (lipocallin-2+)

within the bridge of transected rat sciatic nerves

and in contralateral intact nerves (Uncut), Day 2,

and Day 3 after transection (n = 4, graph shows

mean value ± SEM).

(B) Rat sciatic nerve longitudinal sections immu-

nostained for ECs (RECA-1+, red) and SCs (S100+,

green), Day 2 and Day 3 after transection. Nuclei

were counterstained with Hoechst (blue). Scale

bar, 100 mm.

(C and D) Quantification of the vascularization of

the bridge as shown in (B). (C) Graph shows the

percentage of RECA-1 positive area at the

indicated times (n = 6). (D) Graph shows the

average number of blood vessels/mm2 of bridge

at the indicated times (n = 6). Graphs show mean

value ± SEM.

(E) Longitudinal section of a mouse sciatic nerve

immunostained for ECs (CD31+, red) and SCs

(S100+, green), Day 5 after transection. Scale bar,

100 mm. For reconstruction of longitudinal sections

shown in (B) and (E), multiple images from the

same sample were acquired using the same

microscope settings.

See also Figure S1.

between the two cell types (Figures 3G
and S3D). Interestingly, 3D reconstruction
of serial sections along the blood vessel
showed that the interactions occurred be-
tween blebs and protrusions emanating
from both cell types, providing a discon-
tinuous surface that could potentially
generate traction for movement (Fig-
ure 3G; Movie S2) (Bergert et al., 2015;
Liu et al., 2015; Tozluo!glu et al., 2013).

3D surface rendering of high-resolution
confocal z-stacks of the bridge co-stained
with an axonal marker confirmed the
direct interaction between the cords of

SCs and the blood vessels and showed the SC cords guiding
the axons along them (Figure 3H; Movie S1). Thus, in both rats
and mice, SCs physically interact with polarized blood vessels
as they migrate and guide axons across the bridge.

Schwann Cells Migrate along Capillary-like Endothelial
Cells In Vitro
To test whether SCs could interact directly with blood vessels in
a simplified system, we co-cultured GFP-positive rat SCs with
human umbilical vein endothelial cells (HUVECs), which had
been coated onto beads and then placed into a fibrin matrix to
form capillary-like structures (Nakatsu et al., 2003). Time-lapse
microscopy showed that the vast majority of SCs interacted
with the endothelial cell tubules and migrated along them (Fig-
ures 4A and S4A; Movie S3). Importantly, confocal microscopy
images confirmed that the migrating SCs made direct physical

Cell 162, 1127–1139, August 27, 2015 ª2015 The Authors 1129

rendering of high-resolution confocal z-stacks of the bridge
confirmed the presence of multiple physical contacts between
SCs and the surrounding blood vessels (Figure 3E).
To analyze the interactions between the migrating SC cords

and the blood vessels in themouse, we used a transgenic mouse
inwhich EGFP is specifically expressed in SCs (PLP-EGFP) (Mal-
lon et al., 2002). Co-immunostaining of the vasculature showed
GFP-positive migrating SCs closely associated with the blood
vessels in the bridge (Figure 3F). EManalysis of the blood vessels
showed that compared to established vessels within the contra-
lateral nerve, the vessels of the bridge had an extremely thin
basal lamina with regions where there appeared to be little or
no matrix that could allow direct contact between the cells
(Figures S3B and S3C). Moreover, using correlative light and
electron microscopy (CLEM) of blood vessels and SCs within
the bridge, we could observe multiple points of direct contact

A B

C

D

E

Figure 1. Blood Vessels Permeate the
Bridge prior to SC Migration
(A) Graph shows the proportion of macrophages

(Iba1+), fibroblasts (prolylhydroxylase+/ Iba1!),

ECs (RECA-1+), and neutrophils (lipocallin-2+)

within the bridge of transected rat sciatic nerves

and in contralateral intact nerves (Uncut), Day 2,

and Day 3 after transection (n = 4, graph shows

mean value ± SEM).

(B) Rat sciatic nerve longitudinal sections immu-

nostained for ECs (RECA-1+, red) and SCs (S100+,

green), Day 2 and Day 3 after transection. Nuclei

were counterstained with Hoechst (blue). Scale

bar, 100 mm.

(C and D) Quantification of the vascularization of

the bridge as shown in (B). (C) Graph shows the

percentage of RECA-1 positive area at the

indicated times (n = 6). (D) Graph shows the

average number of blood vessels/mm2 of bridge

at the indicated times (n = 6). Graphs show mean

value ± SEM.

(E) Longitudinal section of a mouse sciatic nerve

immunostained for ECs (CD31+, red) and SCs

(S100+, green), Day 5 after transection. Scale bar,

100 mm. For reconstruction of longitudinal sections

shown in (B) and (E), multiple images from the

same sample were acquired using the same

microscope settings.

See also Figure S1.

between the two cell types (Figures 3G
and S3D). Interestingly, 3D reconstruction
of serial sections along the blood vessel
showed that the interactions occurred be-
tween blebs and protrusions emanating
from both cell types, providing a discon-
tinuous surface that could potentially
generate traction for movement (Fig-
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3D surface rendering of high-resolution
confocal z-stacks of the bridge co-stained
with an axonal marker confirmed the
direct interaction between the cords of

SCs and the blood vessels and showed the SC cords guiding
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contacts with the ECs as observed in vivo (Figure S4B). A small
proportion of the SCs remained within the matrix (<15%) (Fig-
ure S4A), yet while these cells were able to form protrusions
they were unable to migrate efficiently (Movie S3). In contrast,
and consistent with other studies (Hakkinen et al., 2011), we
found that fibroblasts, when added to the matrix, did not interact
specifically with the tubules but instead spread and migrated
within the matrix (Figure S4C). We confirmed that SCs directly
migrated along blood vessels by generating tubules of HUVECs
in a second matrix, Matrigel and found that SCs migrated
efficiently along them (Movie S3). This demonstrates that SCs,
unlike fibroblasts, are unable to migrate efficiently within a 3D
matrix unless they associate with a scaffold of EC tubules.

To analyze the nature of the interaction between SCs and ECs
in vitro, we performed CLEM on GFP-positive SCs interacting

A B

C D

E F

Figure 2. Newly Formed Blood Vessels in
the Bridge Are Polarized in the Direction of
SC Migration
(A) Representative longitudinal sections of a rat

sciatic nerve bridge and the contralateral uninjured

nerve, day 3 after transection, and 12 hr after EdU

injection. EdU+ cells (red) were co-labeled to

detect ECs (blue) and S100 to detect SCs

(green). Scale bar, 25 mm. White arrowheads indi-

cate EdU+ ECs.

(B) Quantification of the proportion of EdU+ ECs in

the bridge, day 3 after transection compared to

uncut (n = 4).

(C) Representative confocal image of a longitudinal

section of a rat nerve bridge immunostained for

ECs (RECA-1+) at day 3 after transection. Scale

bar, 50 mm. Arrow indicates the direction of axonal

growth from the proximal (P) to the distal (D) stump.

(D) Representative confocal image of a longitudinal

section of a mouse nerve bridge immunostained

for ECs (CD31+) at Day 5 after transection. Scale

bar, 100 mm. For reconstruction of longitudinal

sections shown in (C) and (D), multiple images from

the same sample were acquired using the same

microscope settings.

(E and F) Quantification of the proportion of blood

vessels parallel or perpendicular to the direction of

SC migration in the rat bridge (E) or the mouse

bridge (F) (n = 4).

Graphs show mean value ± SEM. See also

Figure S2.

with ECs within the fibrin gel. We
observed that SCs made direct contact
with the ECs, with serial block face imag-
ing demonstrating contacts along the
length of the migrating SC (Figure 4B;
Movie S4). Higher resolution TEM anal-
ysis revealed that the interactions were
distinct from those between neighboring
ECs, which formed a tight uniform junc-
tion, consistent with a stable interaction
between the cells. In contrast, the con-
tacts between the SCs and ECs although
direct, occurred at multiple discrete sites,

a morphology consistent with the dynamic movement of the SC
along the EC tubules and consistent with our in vivo findings
(Figure 4C).
To study further the mode of migration, we analyzed multiple

time-lapse movies and compared to SC migration in 2D. The
SCs moved faster in 3D and showed a greater persistence of
direction as they migrated along the blood vessels (Figures
S4D–S4F). In 2D, SCs move in a classical adhesion-dependent
manner involving large lamellipodia-like structures (Movie S5).
In contrast in 3D, the SCs exhibited a more ameboid-like mode
of migration with the extension of protrusions followed by a
contraction of the rear of the cell, a movement characteristic of
conditions of lower adhesion and higher levels of confinement
(Figure 4D; Movie S5) (Lämmermann and Sixt, 2009; Liu et al.,
2015). Consistent with this, we found that the rear-contraction
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growth from the proximal (P) to the distal (D) stump.

(D) Representative confocal image of a longitudinal

section of a mouse nerve bridge immunostained

for ECs (CD31+) at Day 5 after transection. Scale

bar, 100 mm. For reconstruction of longitudinal

sections shown in (C) and (D), multiple images from

the same sample were acquired using the same

microscope settings.

(E and F) Quantification of the proportion of blood

vessels parallel or perpendicular to the direction of

SC migration in the rat bridge (E) or the mouse

bridge (F) (n = 4).

Graphs show mean value ± SEM. See also

Figure S2.

with ECs within the fibrin gel. We
observed that SCs made direct contact
with the ECs, with serial block face imag-
ing demonstrating contacts along the
length of the migrating SC (Figure 4B;
Movie S4). Higher resolution TEM anal-
ysis revealed that the interactions were
distinct from those between neighboring
ECs, which formed a tight uniform junc-
tion, consistent with a stable interaction
between the cells. In contrast, the con-
tacts between the SCs and ECs although
direct, occurred at multiple discrete sites,

a morphology consistent with the dynamic movement of the SC
along the EC tubules and consistent with our in vivo findings
(Figure 4C).
To study further the mode of migration, we analyzed multiple

time-lapse movies and compared to SC migration in 2D. The
SCs moved faster in 3D and showed a greater persistence of
direction as they migrated along the blood vessels (Figures
S4D–S4F). In 2D, SCs move in a classical adhesion-dependent
manner involving large lamellipodia-like structures (Movie S5).
In contrast in 3D, the SCs exhibited a more ameboid-like mode
of migration with the extension of protrusions followed by a
contraction of the rear of the cell, a movement characteristic of
conditions of lower adhesion and higher levels of confinement
(Figure 4D; Movie S5) (Lämmermann and Sixt, 2009; Liu et al.,
2015). Consistent with this, we found that the rear-contraction
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of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating

A B C

D E F

G H

Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.

Cell 162, 1127–1139, August 27, 2015 ª2015 The Authors 1131

of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating
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Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.
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of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating
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Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.

Cell 162, 1127–1139, August 27, 2015 ª2015 The Authors 1131

of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating
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Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.
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of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating
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Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.
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of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating

A B C

D E F

G H

Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.
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of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating
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Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.
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pro-angiogenic factors such as VEGF (Krock et al., 2011; Pugh
and Ratcliffe, 2003). To test whether the nerve bridge was
hypoxic, we injected rats with hypoxyprobe-1 (pimonidazole
hydrochloride) that forms immunofluorescent detectable pro-
tein adducts in hypoxic conditions (pO2 < 10 mm Hg) (Young
and Möller, 2010). Immunostaining of day 2 nerve bridges
revealed the presence of large numbers of hypoxic cells prior
to its vascularization (Figures 5A and S5A). Hypoxic cells were
found only in the bridge and at the tips of both the distal and
proximal stumps but not further along the stumps or in the
uncut nerve (Figure S5B). The proportion of hypoxic cells
decreased substantially by day 3, when the bridge had
become vascularized (Figures 5A and S5A), consistent with
the new blood vessels resolving the hypoxic environment of
this new tissue.

Remarkably, not all cells in the bridge were positive for the
hypoxyprobe-1 at day 2, suggesting that certain cell types may
be more sensitive to the hypoxia. As macrophages have been
shown to promote angiogenesis during wound healing and
within tumors (Murdoch et al., 2008; Rodero and Khosrotehrani,
2010) and comprise more than half of the cells in the bridge, we
tested whether the hypoxic cells were macrophages. Co-label-

A
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Figure 4. SCs Migrate along Endothelial
Tubules In Vitro
(A) Representative time-lapse microscopy images

showing a GFP-positive rat SC migrating along a

tubule of HUVECs within a 3D fibrin gel (Movie S3).

Scale bar, 40 mm. White arrowheads indicate the

cell body of the SC.

(B) Images from Movie S4 of a tilted 3D view of a

GFP-positive SC (green) interacting with an EC

tubule (red). Scale bar, 10 mm.

(C) Top: a representative EM image of a cross-

section of an EC tubule in contact with a GFP-

positive SC within a fibrin gel. Scale bar, 10 mm.

Middle: a higher magnification view of the SC/EC

contact (black arrowhead). Bottom: a higher

magnification view of the EC/EC contact (white

arrowhead). Scale bar, 1 mm.

(D) Snapshots of Movie S5, showing the amoe-

boid-like mode of migration observed by the SCs

in 3D. White arrowheads and arrows show the

leading protrusion and the rear of the cell respec-

tively. Scale bar, 50 mm.

See also Figure S4.

ing of hypoxic cells and macrophages
showed that the vast majority (>98%) of
hypoxic cells were macrophages (Fig-
ures 5B and S5C) and that most macro-
phages (!80%) were hypoxic on day 2
(Figure S5D). These observations indi-
cate that macrophages are selectively
sensing the hypoxic environment in the
nerve bridge. To test whether this was
an intrinsic property of the cells, we puri-
fied cells from the bridge and exposed
them to varying oxygen concentrations
in vitro. Consistent with our in vivo find-

ings, we found that macrophages became hypoxic at higher
oxygen concentrations (1.5%) than the other bridge cells
(Figure 5C).
The hypoxia at day 2 was associated with increased HIF-1a

levels in the bridge macrophages (Figure S5E). Moreover,
in situ hybridization (Figure S5F), RT-qPCR (Figure S5G), and
antibody staining (Figures S5H–S5L) demonstrated increased
expression of VEGF-A in macrophages within the bridge consis-
tent with a role for bridge-derived VEGF in stimulating EC prolif-
eration and migration from the nerve stumps into the bridge.
While VEGF is a potent chemoattractant for ECs, we tested

whether it also attracts SCs. Using a transwell assay, we found
that ECs but not SCs migrated in response to VEGF-A, a
response inhibited by the VEGFR2 inhibitor, cabozantinib (Fig-
ure 5D). We also found that conditioned medium from hypoxic
purified bridge cells attracted ECs in a cabozantinib-dependent
manner, whereas SC migration was independent of VEGF
signaling but still responded to other factors secreted by the
bridge cells or serum (Figure 5D). Together, these data suggest
that after injury, ECs are specifically recruited from both nerve
stumps in response to VEGF-A secretion bymacrophages within
the bridge. To test this in vivo, we treatedmice with cabozantinib
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hypoxic, we injected rats with hypoxyprobe-1 (pimonidazole
hydrochloride) that forms immunofluorescent detectable pro-
tein adducts in hypoxic conditions (pO2 < 10 mm Hg) (Young
and Möller, 2010). Immunostaining of day 2 nerve bridges
revealed the presence of large numbers of hypoxic cells prior
to its vascularization (Figures 5A and S5A). Hypoxic cells were
found only in the bridge and at the tips of both the distal and
proximal stumps but not further along the stumps or in the
uncut nerve (Figure S5B). The proportion of hypoxic cells
decreased substantially by day 3, when the bridge had
become vascularized (Figures 5A and S5A), consistent with
the new blood vessels resolving the hypoxic environment of
this new tissue.

Remarkably, not all cells in the bridge were positive for the
hypoxyprobe-1 at day 2, suggesting that certain cell types may
be more sensitive to the hypoxia. As macrophages have been
shown to promote angiogenesis during wound healing and
within tumors (Murdoch et al., 2008; Rodero and Khosrotehrani,
2010) and comprise more than half of the cells in the bridge, we
tested whether the hypoxic cells were macrophages. Co-label-
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Figure 4. SCs Migrate along Endothelial
Tubules In Vitro
(A) Representative time-lapse microscopy images

showing a GFP-positive rat SC migrating along a

tubule of HUVECs within a 3D fibrin gel (Movie S3).

Scale bar, 40 mm. White arrowheads indicate the

cell body of the SC.

(B) Images from Movie S4 of a tilted 3D view of a

GFP-positive SC (green) interacting with an EC

tubule (red). Scale bar, 10 mm.

(C) Top: a representative EM image of a cross-

section of an EC tubule in contact with a GFP-

positive SC within a fibrin gel. Scale bar, 10 mm.

Middle: a higher magnification view of the SC/EC

contact (black arrowhead). Bottom: a higher

magnification view of the EC/EC contact (white

arrowhead). Scale bar, 1 mm.

(D) Snapshots of Movie S5, showing the amoe-

boid-like mode of migration observed by the SCs

in 3D. White arrowheads and arrows show the

leading protrusion and the rear of the cell respec-

tively. Scale bar, 50 mm.

See also Figure S4.

ing of hypoxic cells and macrophages
showed that the vast majority (>98%) of
hypoxic cells were macrophages (Fig-
ures 5B and S5C) and that most macro-
phages (!80%) were hypoxic on day 2
(Figure S5D). These observations indi-
cate that macrophages are selectively
sensing the hypoxic environment in the
nerve bridge. To test whether this was
an intrinsic property of the cells, we puri-
fied cells from the bridge and exposed
them to varying oxygen concentrations
in vitro. Consistent with our in vivo find-

ings, we found that macrophages became hypoxic at higher
oxygen concentrations (1.5%) than the other bridge cells
(Figure 5C).
The hypoxia at day 2 was associated with increased HIF-1a

levels in the bridge macrophages (Figure S5E). Moreover,
in situ hybridization (Figure S5F), RT-qPCR (Figure S5G), and
antibody staining (Figures S5H–S5L) demonstrated increased
expression of VEGF-A in macrophages within the bridge consis-
tent with a role for bridge-derived VEGF in stimulating EC prolif-
eration and migration from the nerve stumps into the bridge.
While VEGF is a potent chemoattractant for ECs, we tested

whether it also attracts SCs. Using a transwell assay, we found
that ECs but not SCs migrated in response to VEGF-A, a
response inhibited by the VEGFR2 inhibitor, cabozantinib (Fig-
ure 5D). We also found that conditioned medium from hypoxic
purified bridge cells attracted ECs in a cabozantinib-dependent
manner, whereas SC migration was independent of VEGF
signaling but still responded to other factors secreted by the
bridge cells or serum (Figure 5D). Together, these data suggest
that after injury, ECs are specifically recruited from both nerve
stumps in response to VEGF-A secretion bymacrophages within
the bridge. To test this in vivo, we treatedmice with cabozantinib
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pro-angiogenic factors such as VEGF (Krock et al., 2011; Pugh
and Ratcliffe, 2003). To test whether the nerve bridge was
hypoxic, we injected rats with hypoxyprobe-1 (pimonidazole
hydrochloride) that forms immunofluorescent detectable pro-
tein adducts in hypoxic conditions (pO2 < 10 mm Hg) (Young
and Möller, 2010). Immunostaining of day 2 nerve bridges
revealed the presence of large numbers of hypoxic cells prior
to its vascularization (Figures 5A and S5A). Hypoxic cells were
found only in the bridge and at the tips of both the distal and
proximal stumps but not further along the stumps or in the
uncut nerve (Figure S5B). The proportion of hypoxic cells
decreased substantially by day 3, when the bridge had
become vascularized (Figures 5A and S5A), consistent with
the new blood vessels resolving the hypoxic environment of
this new tissue.

Remarkably, not all cells in the bridge were positive for the
hypoxyprobe-1 at day 2, suggesting that certain cell types may
be more sensitive to the hypoxia. As macrophages have been
shown to promote angiogenesis during wound healing and
within tumors (Murdoch et al., 2008; Rodero and Khosrotehrani,
2010) and comprise more than half of the cells in the bridge, we
tested whether the hypoxic cells were macrophages. Co-label-
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(A) Representative time-lapse microscopy images

showing a GFP-positive rat SC migrating along a

tubule of HUVECs within a 3D fibrin gel (Movie S3).

Scale bar, 40 mm. White arrowheads indicate the

cell body of the SC.

(B) Images from Movie S4 of a tilted 3D view of a

GFP-positive SC (green) interacting with an EC

tubule (red). Scale bar, 10 mm.

(C) Top: a representative EM image of a cross-

section of an EC tubule in contact with a GFP-

positive SC within a fibrin gel. Scale bar, 10 mm.

Middle: a higher magnification view of the SC/EC

contact (black arrowhead). Bottom: a higher

magnification view of the EC/EC contact (white

arrowhead). Scale bar, 1 mm.

(D) Snapshots of Movie S5, showing the amoe-

boid-like mode of migration observed by the SCs

in 3D. White arrowheads and arrows show the

leading protrusion and the rear of the cell respec-

tively. Scale bar, 50 mm.

See also Figure S4.

ing of hypoxic cells and macrophages
showed that the vast majority (>98%) of
hypoxic cells were macrophages (Fig-
ures 5B and S5C) and that most macro-
phages (!80%) were hypoxic on day 2
(Figure S5D). These observations indi-
cate that macrophages are selectively
sensing the hypoxic environment in the
nerve bridge. To test whether this was
an intrinsic property of the cells, we puri-
fied cells from the bridge and exposed
them to varying oxygen concentrations
in vitro. Consistent with our in vivo find-

ings, we found that macrophages became hypoxic at higher
oxygen concentrations (1.5%) than the other bridge cells
(Figure 5C).
The hypoxia at day 2 was associated with increased HIF-1a

levels in the bridge macrophages (Figure S5E). Moreover,
in situ hybridization (Figure S5F), RT-qPCR (Figure S5G), and
antibody staining (Figures S5H–S5L) demonstrated increased
expression of VEGF-A in macrophages within the bridge consis-
tent with a role for bridge-derived VEGF in stimulating EC prolif-
eration and migration from the nerve stumps into the bridge.
While VEGF is a potent chemoattractant for ECs, we tested

whether it also attracts SCs. Using a transwell assay, we found
that ECs but not SCs migrated in response to VEGF-A, a
response inhibited by the VEGFR2 inhibitor, cabozantinib (Fig-
ure 5D). We also found that conditioned medium from hypoxic
purified bridge cells attracted ECs in a cabozantinib-dependent
manner, whereas SC migration was independent of VEGF
signaling but still responded to other factors secreted by the
bridge cells or serum (Figure 5D). Together, these data suggest
that after injury, ECs are specifically recruited from both nerve
stumps in response to VEGF-A secretion bymacrophages within
the bridge. To test this in vivo, we treatedmice with cabozantinib
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prior to blood vessel formation and found the inhibitor was able
to block both blood vessel entry into the bridge and the subse-
quent entry of SCs and axons (Figures 5E–5H). Importantly how-
ever, the same inhibitor, added just after blood vessel formation,
did not impair either SC or axonal entry (Figures 5I and 5J). These
results indicate that VEGF-A is required for ECs to cross the
bridge but that SCs and axons migrate independently of VEGF
signaling once the blood vessels are formed.

Macrophages Drive Angiogenesis within the Bridge
To test the in vivo importance of macrophage-derived VEGF-A
in promoting the vascularization of the bridge, we performed
nerve transections in two distinct complementary mousemodels
in which Vegfa was inactivated in macrophages. We crossed

A B

C D

E F I

G H J

Figure 5. Hypoxia Drives Angiogenesis
by a Macrophage-Generated Gradient of
VEGF-A
(A) Representative images of sections of a rat

sciatic nerve bridge, Day 2 and 3 after transection

and 30 min after injection of hypoxyprobe-1,

immunolabeled to detect hypoxyprobe-1 (green).

Scale bar, 25 mm.

(B) As in (A) but immunolabeled to detect macro-

phages (Iba1+, red) and hypoxic cells (hypoxyp-

robe-1+, green). Scale bar, 25 mm.

(C) Graph showing percentage of hypoxic cells

(hypoxyprobe-1+) in macrophage (Iba1+) and non-

macrophage (Iba1!) populations from rat sciatic

nerve bridges cultured at indicated oxygen con-

ditions (n = 3).

(D) HUVECs or SCs were placed in the upper

compartment of Boyden chambers and allowed to

migrate into the lower chamber containing media

with no factors (SATO), VEGF-A165, serum, or

conditioned medium from bridge cells cultured at

1.5% O2 (n = 5). For (C) and (D) one-way ANOVA

test was used for statistical analysis.

(E–H) Confocal images of longitudinal cry-

osections of injured sciatic nerves from PLP-EGFP

mice, Day 5 or Day 7 after transection, following

gavage of cabozantinib or control solvent on Day 4

(pre-vascularization), immunostained to detect

ECs (CD31+, red) and axons (NF+, blue) Scale bar,

50 mm, quantified in (G) and (H) (n = 3).

(I) As for (F) but cabozantinib was administered

on Day 5 (post-vascularization) and harvested on

Day 6, quantified in (J) (n = 3). For reconstruction

of longitudinal sections shown in (E), (F), and (I),

multiple images from the same sample were

acquired using the same microscope settings.

Graphs show mean value ± SEM. See also

Figure S5.

floxed Vegfa conditional null mice (Gerber
et al., 1999) with mice expressing CRE-
recombinase under the control of the
Lysm promoter to generate mice lacking
Vegfa in most macrophages and granulo-
cytes (Vegfafl/fl LysmCre) (Clausen et al.,
1999) and to mice expressing CRE from
the Tie2 promoter to generate mice lack-

ing Vegfa in hematopoietic cells and ECs (Vegfafl/fl Tie2-Cre)
(Fantin et al., 2010). The mice also contained a floxed YFP-
reporter gene in the Rosa26 locus to monitor the efficiency of
CRE-mediated recombination (Srinivas et al., 2001).
VEGF-A has been described to play a role in the recruitment of

macrophages from the bloodstream (Cursiefen et al., 2004). We
therefore tested whether their recruitment was inhibited within
the bridge of the knockout animals. We quantified the number
of macrophages within the bridges from control and mutant
Vegfafl/fl LysmCre and Vegfafl/fl Tie2-Cre animals at day 5 and
found no differences (Figure S6A) showing that loss of Vegfa
does not impair macrophage recruitment during the early phase
of nerve regeneration. We determined the efficiency of recombi-
nation and found that 82% of macrophages had been targeted
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Lysm promoter to generate mice lacking
Vegfa in most macrophages and granulo-
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1999) and to mice expressing CRE from
the Tie2 promoter to generate mice lack-

ing Vegfa in hematopoietic cells and ECs (Vegfafl/fl Tie2-Cre)
(Fantin et al., 2010). The mice also contained a floxed YFP-
reporter gene in the Rosa26 locus to monitor the efficiency of
CRE-mediated recombination (Srinivas et al., 2001).
VEGF-A has been described to play a role in the recruitment of

macrophages from the bloodstream (Cursiefen et al., 2004). We
therefore tested whether their recruitment was inhibited within
the bridge of the knockout animals. We quantified the number
of macrophages within the bridges from control and mutant
Vegfafl/fl LysmCre and Vegfafl/fl Tie2-Cre animals at day 5 and
found no differences (Figure S6A) showing that loss of Vegfa
does not impair macrophage recruitment during the early phase
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phages (Iba1+, red) and hypoxic cells (hypoxyp-

robe-1+, green). Scale bar, 25 mm.

(C) Graph showing percentage of hypoxic cells

(hypoxyprobe-1+) in macrophage (Iba1+) and non-

macrophage (Iba1!) populations from rat sciatic

nerve bridges cultured at indicated oxygen con-

ditions (n = 3).

(D) HUVECs or SCs were placed in the upper

compartment of Boyden chambers and allowed to

migrate into the lower chamber containing media

with no factors (SATO), VEGF-A165, serum, or

conditioned medium from bridge cells cultured at

1.5% O2 (n = 5). For (C) and (D) one-way ANOVA

test was used for statistical analysis.

(E–H) Confocal images of longitudinal cry-

osections of injured sciatic nerves from PLP-EGFP

mice, Day 5 or Day 7 after transection, following

gavage of cabozantinib or control solvent on Day 4

(pre-vascularization), immunostained to detect

ECs (CD31+, red) and axons (NF+, blue) Scale bar,

50 mm, quantified in (G) and (H) (n = 3).

(I) As for (F) but cabozantinib was administered

on Day 5 (post-vascularization) and harvested on

Day 6, quantified in (J) (n = 3). For reconstruction

of longitudinal sections shown in (E), (F), and (I),

multiple images from the same sample were

acquired using the same microscope settings.

Graphs show mean value ± SEM. See also

Figure S5.

floxed Vegfa conditional null mice (Gerber
et al., 1999) with mice expressing CRE-
recombinase under the control of the
Lysm promoter to generate mice lacking
Vegfa in most macrophages and granulo-
cytes (Vegfafl/fl LysmCre) (Clausen et al.,
1999) and to mice expressing CRE from
the Tie2 promoter to generate mice lack-

ing Vegfa in hematopoietic cells and ECs (Vegfafl/fl Tie2-Cre)
(Fantin et al., 2010). The mice also contained a floxed YFP-
reporter gene in the Rosa26 locus to monitor the efficiency of
CRE-mediated recombination (Srinivas et al., 2001).
VEGF-A has been described to play a role in the recruitment of

macrophages from the bloodstream (Cursiefen et al., 2004). We
therefore tested whether their recruitment was inhibited within
the bridge of the knockout animals. We quantified the number
of macrophages within the bridges from control and mutant
Vegfafl/fl LysmCre and Vegfafl/fl Tie2-Cre animals at day 5 and
found no differences (Figure S6A) showing that loss of Vegfa
does not impair macrophage recruitment during the early phase
of nerve regeneration. We determined the efficiency of recombi-
nation and found that 82% of macrophages had been targeted
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prior to blood vessel formation and found the inhibitor was able
to block both blood vessel entry into the bridge and the subse-
quent entry of SCs and axons (Figures 5E–5H). Importantly how-
ever, the same inhibitor, added just after blood vessel formation,
did not impair either SC or axonal entry (Figures 5I and 5J). These
results indicate that VEGF-A is required for ECs to cross the
bridge but that SCs and axons migrate independently of VEGF
signaling once the blood vessels are formed.

Macrophages Drive Angiogenesis within the Bridge
To test the in vivo importance of macrophage-derived VEGF-A
in promoting the vascularization of the bridge, we performed
nerve transections in two distinct complementary mousemodels
in which Vegfa was inactivated in macrophages. We crossed
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and 30 min after injection of hypoxyprobe-1,

immunolabeled to detect hypoxyprobe-1 (green).

Scale bar, 25 mm.

(B) As in (A) but immunolabeled to detect macro-

phages (Iba1+, red) and hypoxic cells (hypoxyp-

robe-1+, green). Scale bar, 25 mm.

(C) Graph showing percentage of hypoxic cells

(hypoxyprobe-1+) in macrophage (Iba1+) and non-

macrophage (Iba1!) populations from rat sciatic

nerve bridges cultured at indicated oxygen con-

ditions (n = 3).

(D) HUVECs or SCs were placed in the upper

compartment of Boyden chambers and allowed to

migrate into the lower chamber containing media

with no factors (SATO), VEGF-A165, serum, or

conditioned medium from bridge cells cultured at

1.5% O2 (n = 5). For (C) and (D) one-way ANOVA

test was used for statistical analysis.

(E–H) Confocal images of longitudinal cry-

osections of injured sciatic nerves from PLP-EGFP

mice, Day 5 or Day 7 after transection, following

gavage of cabozantinib or control solvent on Day 4

(pre-vascularization), immunostained to detect

ECs (CD31+, red) and axons (NF+, blue) Scale bar,

50 mm, quantified in (G) and (H) (n = 3).

(I) As for (F) but cabozantinib was administered

on Day 5 (post-vascularization) and harvested on

Day 6, quantified in (J) (n = 3). For reconstruction

of longitudinal sections shown in (E), (F), and (I),

multiple images from the same sample were

acquired using the same microscope settings.

Graphs show mean value ± SEM. See also

Figure S5.

floxed Vegfa conditional null mice (Gerber
et al., 1999) with mice expressing CRE-
recombinase under the control of the
Lysm promoter to generate mice lacking
Vegfa in most macrophages and granulo-
cytes (Vegfafl/fl LysmCre) (Clausen et al.,
1999) and to mice expressing CRE from
the Tie2 promoter to generate mice lack-

ing Vegfa in hematopoietic cells and ECs (Vegfafl/fl Tie2-Cre)
(Fantin et al., 2010). The mice also contained a floxed YFP-
reporter gene in the Rosa26 locus to monitor the efficiency of
CRE-mediated recombination (Srinivas et al., 2001).
VEGF-A has been described to play a role in the recruitment of

macrophages from the bloodstream (Cursiefen et al., 2004). We
therefore tested whether their recruitment was inhibited within
the bridge of the knockout animals. We quantified the number
of macrophages within the bridges from control and mutant
Vegfafl/fl LysmCre and Vegfafl/fl Tie2-Cre animals at day 5 and
found no differences (Figure S6A) showing that loss of Vegfa
does not impair macrophage recruitment during the early phase
of nerve regeneration. We determined the efficiency of recombi-
nation and found that 82% of macrophages had been targeted
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prior to blood vessel formation and found the inhibitor was able
to block both blood vessel entry into the bridge and the subse-
quent entry of SCs and axons (Figures 5E–5H). Importantly how-
ever, the same inhibitor, added just after blood vessel formation,
did not impair either SC or axonal entry (Figures 5I and 5J). These
results indicate that VEGF-A is required for ECs to cross the
bridge but that SCs and axons migrate independently of VEGF
signaling once the blood vessels are formed.
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(B) As in (A) but immunolabeled to detect macro-

phages (Iba1+, red) and hypoxic cells (hypoxyp-

robe-1+, green). Scale bar, 25 mm.

(C) Graph showing percentage of hypoxic cells

(hypoxyprobe-1+) in macrophage (Iba1+) and non-

macrophage (Iba1!) populations from rat sciatic

nerve bridges cultured at indicated oxygen con-

ditions (n = 3).

(D) HUVECs or SCs were placed in the upper
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migrate into the lower chamber containing media

with no factors (SATO), VEGF-A165, serum, or

conditioned medium from bridge cells cultured at

1.5% O2 (n = 5). For (C) and (D) one-way ANOVA
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(pre-vascularization), immunostained to detect
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50 mm, quantified in (G) and (H) (n = 3).

(I) As for (F) but cabozantinib was administered

on Day 5 (post-vascularization) and harvested on

Day 6, quantified in (J) (n = 3). For reconstruction

of longitudinal sections shown in (E), (F), and (I),

multiple images from the same sample were

acquired using the same microscope settings.

Graphs show mean value ± SEM. See also

Figure S5.

floxed Vegfa conditional null mice (Gerber
et al., 1999) with mice expressing CRE-
recombinase under the control of the
Lysm promoter to generate mice lacking
Vegfa in most macrophages and granulo-
cytes (Vegfafl/fl LysmCre) (Clausen et al.,
1999) and to mice expressing CRE from
the Tie2 promoter to generate mice lack-

ing Vegfa in hematopoietic cells and ECs (Vegfafl/fl Tie2-Cre)
(Fantin et al., 2010). The mice also contained a floxed YFP-
reporter gene in the Rosa26 locus to monitor the efficiency of
CRE-mediated recombination (Srinivas et al., 2001).
VEGF-A has been described to play a role in the recruitment of

macrophages from the bloodstream (Cursiefen et al., 2004). We
therefore tested whether their recruitment was inhibited within
the bridge of the knockout animals. We quantified the number
of macrophages within the bridges from control and mutant
Vegfafl/fl LysmCre and Vegfafl/fl Tie2-Cre animals at day 5 and
found no differences (Figure S6A) showing that loss of Vegfa
does not impair macrophage recruitment during the early phase
of nerve regeneration. We determined the efficiency of recombi-
nation and found that 82% of macrophages had been targeted
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floxed Vegfa conditional null mice (Gerber
et al., 1999) with mice expressing CRE-
recombinase under the control of the
Lysm promoter to generate mice lacking
Vegfa in most macrophages and granulo-
cytes (Vegfafl/fl LysmCre) (Clausen et al.,
1999) and to mice expressing CRE from
the Tie2 promoter to generate mice lack-

ing Vegfa in hematopoietic cells and ECs (Vegfafl/fl Tie2-Cre)
(Fantin et al., 2010). The mice also contained a floxed YFP-
reporter gene in the Rosa26 locus to monitor the efficiency of
CRE-mediated recombination (Srinivas et al., 2001).
VEGF-A has been described to play a role in the recruitment of

macrophages from the bloodstream (Cursiefen et al., 2004). We
therefore tested whether their recruitment was inhibited within
the bridge of the knockout animals. We quantified the number
of macrophages within the bridges from control and mutant
Vegfafl/fl LysmCre and Vegfafl/fl Tie2-Cre animals at day 5 and
found no differences (Figure S6A) showing that loss of Vegfa
does not impair macrophage recruitment during the early phase
of nerve regeneration. We determined the efficiency of recombi-
nation and found that 82% of macrophages had been targeted
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within the bridge of Vegfafl/fl Tie2-Cre animals (Figure S6B).
Consistent with this, we observed an !80% decrease in Vegfa
mRNA levels (Figure S6C). In contrast, the Vegfafl/fl LysmCre mu-
tants showed a lower rate of recombination (42%) (Figure S6B).

Macrophages have been shown to promote angiogenesis
(Fantin et al., 2010; Pollard, 2009) and autocrine VEGF-A
signaling helps to maintain the health of ECs (Lee et al., 2007).
We therefore analyzed the vasculature of uninjured nerves
from all genotypes but found no differences (Figures S6D and
S6E). Remarkably however, nerves from both mutant animals
showed a reduction in the vascularization of the bridge following
injury (Figure 6A). The extent of the inhibition was more dramatic
in the Vegfafl/fl Tie2-Cremice, consistent with the greater degree
of recombination in these animals, with very few blood vessels
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Figure 6. Inactivation of Vegfa in Macro-
phages Inhibits Vascularization of the Nerve
Bridge after Nerve Transection
(A) Representative images of longitudinal sections

of injured sciatic nerves from Vegfafl/fl (control),

Vegfafl/fl LysmCre, and Vegfafl/fl Tie2-Cremice, Day

5 after transection, immunostained to detect

ECs (CD31+, red) and SCs (p75NTR+, green). Scale

bar, 50 mm.

(B) Quantification of (A) showing the proportion of

CD31-positive area per bridge area and shows

that the vascularization of the bridge is significantly

reduced in mutants animals (n = 5).

(C) Quantification of (A) showing the area of SC

influx from the proximal and distal stumps in

Vegfafl/fl versus Vegfafl/fl Tie2-Cre animals (n = 5).

(D) Representative images of longitudinal sections

of injured sciatic nerves from wild-type that have

received bone marrow from Vegfafl/fl (control) or

Vegfafl/fl Tie2-Cre mice immunostained to detect

ECs (CD31+, red), SCs (p75NTR+, green), and

axons (NF+, blue), Day 5 after transection. Scale

bar, 100 mm.

(E) Quantification of (D) showing the proportion of

CD31-positive area per bridge area (n = 3 for each

group).

(F) Representative images of longitudinal sections

of injured sciatic nerves of Vegfafl/fl Tie2-Cremice,

Day 5 after transection following injection of PBS

or VEGF-A188 into the bridges at Day 4. Scale bar,

100 mm.

(G and H) Quantification of (F) showing the blood

vessel density (G) or area of infiltrating SCs (H)

(n = 4). For reconstruction of longitudinal sections

shown in (A), (D) and (F), multiple images from the

same sample were acquired using the same mi-

croscope settings.

Graphs show mean value ± SEM. See also

Figure S6.

detectable within the bridge (Figure 6B).
However, there was also a significant
decrease in the Vegfafl/fl LysmCre mice
(Figure 6B). Strikingly, SCs remained in
the stumps of the Tie2-Cre mutant ani-
mals, consistent with a requirement for
blood vessels to provide a ‘‘track’’ for

the SCs to enter the bridge (Figure 6C). To confirm this was
not due to loss of VEGF-A expression in ECs we (1) performed
bone marrow transplant experiments from Vegfafl/fl Tie2-Cre
and control Vegfafl/fl litter-mates into WT mice and found similar
defective entry of blood vessels into the bridges of the mice
receiving the mutant bone marrow, confirming that cells derived
from hematopoietic-stem cells were responsible for the defect
(Figures 6D, 6E, S6F, and S6G); and (2) performed rescue exper-
iments in the Vegfafl/fl Tie2-Cremice. We injected either VEGF-A
or PBS into the bridges of Vegfafl/fl Tie2-Cre mice on day 4 and
found that VEGF-A was able to rescue EC migration into the
bridge and that SCs and axons migrated along these blood ves-
sels (Figures 6F–6H). These results show that ECs deleted for
VEGF-A are able to migrate and survive in the bridge and also
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within the bridge of Vegfafl/fl Tie2-Cre animals (Figure S6B).
Consistent with this, we observed an !80% decrease in Vegfa
mRNA levels (Figure S6C). In contrast, the Vegfafl/fl LysmCre mu-
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Macrophages have been shown to promote angiogenesis
(Fantin et al., 2010; Pollard, 2009) and autocrine VEGF-A
signaling helps to maintain the health of ECs (Lee et al., 2007).
We therefore analyzed the vasculature of uninjured nerves
from all genotypes but found no differences (Figures S6D and
S6E). Remarkably however, nerves from both mutant animals
showed a reduction in the vascularization of the bridge following
injury (Figure 6A). The extent of the inhibition was more dramatic
in the Vegfafl/fl Tie2-Cremice, consistent with the greater degree
of recombination in these animals, with very few blood vessels
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bar, 50 mm.

(B) Quantification of (A) showing the proportion of

CD31-positive area per bridge area and shows

that the vascularization of the bridge is significantly

reduced in mutants animals (n = 5).

(C) Quantification of (A) showing the area of SC

influx from the proximal and distal stumps in

Vegfafl/fl versus Vegfafl/fl Tie2-Cre animals (n = 5).

(D) Representative images of longitudinal sections

of injured sciatic nerves from wild-type that have

received bone marrow from Vegfafl/fl (control) or

Vegfafl/fl Tie2-Cre mice immunostained to detect

ECs (CD31+, red), SCs (p75NTR+, green), and

axons (NF+, blue), Day 5 after transection. Scale

bar, 100 mm.

(E) Quantification of (D) showing the proportion of

CD31-positive area per bridge area (n = 3 for each

group).

(F) Representative images of longitudinal sections

of injured sciatic nerves of Vegfafl/fl Tie2-Cremice,

Day 5 after transection following injection of PBS

or VEGF-A188 into the bridges at Day 4. Scale bar,

100 mm.

(G and H) Quantification of (F) showing the blood

vessel density (G) or area of infiltrating SCs (H)

(n = 4). For reconstruction of longitudinal sections

shown in (A), (D) and (F), multiple images from the

same sample were acquired using the same mi-

croscope settings.

Graphs show mean value ± SEM. See also

Figure S6.

detectable within the bridge (Figure 6B).
However, there was also a significant
decrease in the Vegfafl/fl LysmCre mice
(Figure 6B). Strikingly, SCs remained in
the stumps of the Tie2-Cre mutant ani-
mals, consistent with a requirement for
blood vessels to provide a ‘‘track’’ for

the SCs to enter the bridge (Figure 6C). To confirm this was
not due to loss of VEGF-A expression in ECs we (1) performed
bone marrow transplant experiments from Vegfafl/fl Tie2-Cre
and control Vegfafl/fl litter-mates into WT mice and found similar
defective entry of blood vessels into the bridges of the mice
receiving the mutant bone marrow, confirming that cells derived
from hematopoietic-stem cells were responsible for the defect
(Figures 6D, 6E, S6F, and S6G); and (2) performed rescue exper-
iments in the Vegfafl/fl Tie2-Cremice. We injected either VEGF-A
or PBS into the bridges of Vegfafl/fl Tie2-Cre mice on day 4 and
found that VEGF-A was able to rescue EC migration into the
bridge and that SCs and axons migrated along these blood ves-
sels (Figures 6F–6H). These results show that ECs deleted for
VEGF-A are able to migrate and survive in the bridge and also
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within the bridge of Vegfafl/fl Tie2-Cre animals (Figure S6B).
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signaling helps to maintain the health of ECs (Lee et al., 2007).
We therefore analyzed the vasculature of uninjured nerves
from all genotypes but found no differences (Figures S6D and
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showed a reduction in the vascularization of the bridge following
injury (Figure 6A). The extent of the inhibition was more dramatic
in the Vegfafl/fl Tie2-Cremice, consistent with the greater degree
of recombination in these animals, with very few blood vessels
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of injured sciatic nerves from Vegfafl/fl (control),

Vegfafl/fl LysmCre, and Vegfafl/fl Tie2-Cremice, Day

5 after transection, immunostained to detect

ECs (CD31+, red) and SCs (p75NTR+, green). Scale

bar, 50 mm.

(B) Quantification of (A) showing the proportion of

CD31-positive area per bridge area and shows

that the vascularization of the bridge is significantly

reduced in mutants animals (n = 5).

(C) Quantification of (A) showing the area of SC

influx from the proximal and distal stumps in

Vegfafl/fl versus Vegfafl/fl Tie2-Cre animals (n = 5).

(D) Representative images of longitudinal sections

of injured sciatic nerves from wild-type that have

received bone marrow from Vegfafl/fl (control) or

Vegfafl/fl Tie2-Cre mice immunostained to detect

ECs (CD31+, red), SCs (p75NTR+, green), and

axons (NF+, blue), Day 5 after transection. Scale

bar, 100 mm.

(E) Quantification of (D) showing the proportion of

CD31-positive area per bridge area (n = 3 for each
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(F) Representative images of longitudinal sections

of injured sciatic nerves of Vegfafl/fl Tie2-Cremice,

Day 5 after transection following injection of PBS

or VEGF-A188 into the bridges at Day 4. Scale bar,

100 mm.

(G and H) Quantification of (F) showing the blood

vessel density (G) or area of infiltrating SCs (H)

(n = 4). For reconstruction of longitudinal sections

shown in (A), (D) and (F), multiple images from the

same sample were acquired using the same mi-

croscope settings.

Graphs show mean value ± SEM. See also

Figure S6.

detectable within the bridge (Figure 6B).
However, there was also a significant
decrease in the Vegfafl/fl LysmCre mice
(Figure 6B). Strikingly, SCs remained in
the stumps of the Tie2-Cre mutant ani-
mals, consistent with a requirement for
blood vessels to provide a ‘‘track’’ for

the SCs to enter the bridge (Figure 6C). To confirm this was
not due to loss of VEGF-A expression in ECs we (1) performed
bone marrow transplant experiments from Vegfafl/fl Tie2-Cre
and control Vegfafl/fl litter-mates into WT mice and found similar
defective entry of blood vessels into the bridges of the mice
receiving the mutant bone marrow, confirming that cells derived
from hematopoietic-stem cells were responsible for the defect
(Figures 6D, 6E, S6F, and S6G); and (2) performed rescue exper-
iments in the Vegfafl/fl Tie2-Cremice. We injected either VEGF-A
or PBS into the bridges of Vegfafl/fl Tie2-Cre mice on day 4 and
found that VEGF-A was able to rescue EC migration into the
bridge and that SCs and axons migrated along these blood ves-
sels (Figures 6F–6H). These results show that ECs deleted for
VEGF-A are able to migrate and survive in the bridge and also
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within the bridge of Vegfafl/fl Tie2-Cre animals (Figure S6B).
Consistent with this, we observed an !80% decrease in Vegfa
mRNA levels (Figure S6C). In contrast, the Vegfafl/fl LysmCre mu-
tants showed a lower rate of recombination (42%) (Figure S6B).

Macrophages have been shown to promote angiogenesis
(Fantin et al., 2010; Pollard, 2009) and autocrine VEGF-A
signaling helps to maintain the health of ECs (Lee et al., 2007).
We therefore analyzed the vasculature of uninjured nerves
from all genotypes but found no differences (Figures S6D and
S6E). Remarkably however, nerves from both mutant animals
showed a reduction in the vascularization of the bridge following
injury (Figure 6A). The extent of the inhibition was more dramatic
in the Vegfafl/fl Tie2-Cremice, consistent with the greater degree
of recombination in these animals, with very few blood vessels
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Figure 6. Inactivation of Vegfa in Macro-
phages Inhibits Vascularization of the Nerve
Bridge after Nerve Transection
(A) Representative images of longitudinal sections

of injured sciatic nerves from Vegfafl/fl (control),

Vegfafl/fl LysmCre, and Vegfafl/fl Tie2-Cremice, Day

5 after transection, immunostained to detect

ECs (CD31+, red) and SCs (p75NTR+, green). Scale

bar, 50 mm.

(B) Quantification of (A) showing the proportion of

CD31-positive area per bridge area and shows

that the vascularization of the bridge is significantly

reduced in mutants animals (n = 5).

(C) Quantification of (A) showing the area of SC

influx from the proximal and distal stumps in

Vegfafl/fl versus Vegfafl/fl Tie2-Cre animals (n = 5).

(D) Representative images of longitudinal sections

of injured sciatic nerves from wild-type that have

received bone marrow from Vegfafl/fl (control) or

Vegfafl/fl Tie2-Cre mice immunostained to detect

ECs (CD31+, red), SCs (p75NTR+, green), and

axons (NF+, blue), Day 5 after transection. Scale

bar, 100 mm.

(E) Quantification of (D) showing the proportion of

CD31-positive area per bridge area (n = 3 for each

group).

(F) Representative images of longitudinal sections

of injured sciatic nerves of Vegfafl/fl Tie2-Cremice,

Day 5 after transection following injection of PBS

or VEGF-A188 into the bridges at Day 4. Scale bar,

100 mm.

(G and H) Quantification of (F) showing the blood

vessel density (G) or area of infiltrating SCs (H)

(n = 4). For reconstruction of longitudinal sections

shown in (A), (D) and (F), multiple images from the

same sample were acquired using the same mi-

croscope settings.

Graphs show mean value ± SEM. See also

Figure S6.

detectable within the bridge (Figure 6B).
However, there was also a significant
decrease in the Vegfafl/fl LysmCre mice
(Figure 6B). Strikingly, SCs remained in
the stumps of the Tie2-Cre mutant ani-
mals, consistent with a requirement for
blood vessels to provide a ‘‘track’’ for

the SCs to enter the bridge (Figure 6C). To confirm this was
not due to loss of VEGF-A expression in ECs we (1) performed
bone marrow transplant experiments from Vegfafl/fl Tie2-Cre
and control Vegfafl/fl litter-mates into WT mice and found similar
defective entry of blood vessels into the bridges of the mice
receiving the mutant bone marrow, confirming that cells derived
from hematopoietic-stem cells were responsible for the defect
(Figures 6D, 6E, S6F, and S6G); and (2) performed rescue exper-
iments in the Vegfafl/fl Tie2-Cremice. We injected either VEGF-A
or PBS into the bridges of Vegfafl/fl Tie2-Cre mice on day 4 and
found that VEGF-A was able to rescue EC migration into the
bridge and that SCs and axons migrated along these blood ves-
sels (Figures 6F–6H). These results show that ECs deleted for
VEGF-A are able to migrate and survive in the bridge and also
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within the bridge of Vegfafl/fl Tie2-Cre animals (Figure S6B).
Consistent with this, we observed an !80% decrease in Vegfa
mRNA levels (Figure S6C). In contrast, the Vegfafl/fl LysmCre mu-
tants showed a lower rate of recombination (42%) (Figure S6B).

Macrophages have been shown to promote angiogenesis
(Fantin et al., 2010; Pollard, 2009) and autocrine VEGF-A
signaling helps to maintain the health of ECs (Lee et al., 2007).
We therefore analyzed the vasculature of uninjured nerves
from all genotypes but found no differences (Figures S6D and
S6E). Remarkably however, nerves from both mutant animals
showed a reduction in the vascularization of the bridge following
injury (Figure 6A). The extent of the inhibition was more dramatic
in the Vegfafl/fl Tie2-Cremice, consistent with the greater degree
of recombination in these animals, with very few blood vessels
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Vegfafl/fl LysmCre, and Vegfafl/fl Tie2-Cremice, Day

5 after transection, immunostained to detect

ECs (CD31+, red) and SCs (p75NTR+, green). Scale

bar, 50 mm.

(B) Quantification of (A) showing the proportion of

CD31-positive area per bridge area and shows

that the vascularization of the bridge is significantly

reduced in mutants animals (n = 5).

(C) Quantification of (A) showing the area of SC

influx from the proximal and distal stumps in

Vegfafl/fl versus Vegfafl/fl Tie2-Cre animals (n = 5).

(D) Representative images of longitudinal sections

of injured sciatic nerves from wild-type that have

received bone marrow from Vegfafl/fl (control) or

Vegfafl/fl Tie2-Cre mice immunostained to detect

ECs (CD31+, red), SCs (p75NTR+, green), and

axons (NF+, blue), Day 5 after transection. Scale

bar, 100 mm.

(E) Quantification of (D) showing the proportion of

CD31-positive area per bridge area (n = 3 for each
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(F) Representative images of longitudinal sections

of injured sciatic nerves of Vegfafl/fl Tie2-Cremice,

Day 5 after transection following injection of PBS

or VEGF-A188 into the bridges at Day 4. Scale bar,

100 mm.

(G and H) Quantification of (F) showing the blood

vessel density (G) or area of infiltrating SCs (H)

(n = 4). For reconstruction of longitudinal sections

shown in (A), (D) and (F), multiple images from the

same sample were acquired using the same mi-

croscope settings.

Graphs show mean value ± SEM. See also

Figure S6.

detectable within the bridge (Figure 6B).
However, there was also a significant
decrease in the Vegfafl/fl LysmCre mice
(Figure 6B). Strikingly, SCs remained in
the stumps of the Tie2-Cre mutant ani-
mals, consistent with a requirement for
blood vessels to provide a ‘‘track’’ for

the SCs to enter the bridge (Figure 6C). To confirm this was
not due to loss of VEGF-A expression in ECs we (1) performed
bone marrow transplant experiments from Vegfafl/fl Tie2-Cre
and control Vegfafl/fl litter-mates into WT mice and found similar
defective entry of blood vessels into the bridges of the mice
receiving the mutant bone marrow, confirming that cells derived
from hematopoietic-stem cells were responsible for the defect
(Figures 6D, 6E, S6F, and S6G); and (2) performed rescue exper-
iments in the Vegfafl/fl Tie2-Cremice. We injected either VEGF-A
or PBS into the bridges of Vegfafl/fl Tie2-Cre mice on day 4 and
found that VEGF-A was able to rescue EC migration into the
bridge and that SCs and axons migrated along these blood ves-
sels (Figures 6F–6H). These results show that ECs deleted for
VEGF-A are able to migrate and survive in the bridge and also
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provide a substrate for SC migration. Together, these results
show that macrophages in the bridge secrete VEGF-A to enable
the formation of a polarized endothelial scaffold that can direct
SCs out of the nerve stumps and across the bridge.

Schwann Cells Use the Polarized Vasculature as a
Scaffold to Guide Regrowing Axons
To address whether VEGF-A-induced blood vessels are suffi-
cient to guide cords of SCs, we redirected the blood vessels to
test whether the SCs would follow the blood vessels or continue
to cross the bridge. To do this, we implanted heparin beads
loaded with recombinant human VEGF165 into muscle adjacent
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Figure 7. Redirection of the Blood Vessels
Leads to the Misdirection of Migrating SCs
(A) PBS- (control) and VEGF-treated rat sciatic

nerve images show that placement of VEGF beads

to the side of the injury site, leads to aberrant

regeneration. Scale bar, 2 mm. Arrows indicate the

bridge region and proximal to distal.

(B) Immunofluorescence images of the regions

demarcated by white boxes in (A) of a PBS- (con-

trol) and VEGF-treated animal, Day 6 following

injury, longitudinal sections were immunostained

to detect SCs (S100+, green) and ECs (RECA1+,

red). i and ii: show that misdirected blood vessels

in the VEGF-treated animals directed the SC

cords toward the adjacent muscle. iii and iv: show

the axons (NF+) following the SC cords, toward

the muscle. Scale bar, 300 mm. White asterisks

indicate the beads. For reconstruction of longitu-

dinal sections, multiple images from the same

sample were acquired using the same microscope

settings.

(C–F) Quantification of (B) to show the direc-

tion of blood vessels (C), SCs (D), and axons

(E) relative to the proximal/distal axis and the

alignment of blood vessels and SCs (F) in the

rats treated with PBS or VEGF (n = 3). Graphs

show the mean relative angle ± SD for each

animal with the mean between animals shown by

red lines. Rose plots show the distribution of

cells for all animals.

(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.

to the proximal side of the injury site,
immediately after the transection of the
rat sciatic nerve. Six days later, the regen-
erative process was found to be abnormal
in 10 out of 13 of the VEGF-treated
animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
the distal stump could also redirect blood vessels and SCs
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nerve images show that placement of VEGF beads

to the side of the injury site, leads to aberrant

regeneration. Scale bar, 2 mm. Arrows indicate the

bridge region and proximal to distal.
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demarcated by white boxes in (A) of a PBS- (con-

trol) and VEGF-treated animal, Day 6 following

injury, longitudinal sections were immunostained

to detect SCs (S100+, green) and ECs (RECA1+,

red). i and ii: show that misdirected blood vessels

in the VEGF-treated animals directed the SC

cords toward the adjacent muscle. iii and iv: show

the axons (NF+) following the SC cords, toward

the muscle. Scale bar, 300 mm. White asterisks

indicate the beads. For reconstruction of longitu-

dinal sections, multiple images from the same

sample were acquired using the same microscope

settings.

(C–F) Quantification of (B) to show the direc-

tion of blood vessels (C), SCs (D), and axons

(E) relative to the proximal/distal axis and the

alignment of blood vessels and SCs (F) in the

rats treated with PBS or VEGF (n = 3). Graphs

show the mean relative angle ± SD for each

animal with the mean between animals shown by

red lines. Rose plots show the distribution of

cells for all animals.

(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.

to the proximal side of the injury site,
immediately after the transection of the
rat sciatic nerve. Six days later, the regen-
erative process was found to be abnormal
in 10 out of 13 of the VEGF-treated
animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
the distal stump could also redirect blood vessels and SCs
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(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.

to the proximal side of the injury site,
immediately after the transection of the
rat sciatic nerve. Six days later, the regen-
erative process was found to be abnormal
in 10 out of 13 of the VEGF-treated
animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
the distal stump could also redirect blood vessels and SCs
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provide a substrate for SC migration. Together, these results
show that macrophages in the bridge secrete VEGF-A to enable
the formation of a polarized endothelial scaffold that can direct
SCs out of the nerve stumps and across the bridge.

Schwann Cells Use the Polarized Vasculature as a
Scaffold to Guide Regrowing Axons
To address whether VEGF-A-induced blood vessels are suffi-
cient to guide cords of SCs, we redirected the blood vessels to
test whether the SCs would follow the blood vessels or continue
to cross the bridge. To do this, we implanted heparin beads
loaded with recombinant human VEGF165 into muscle adjacent
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Figure 7. Redirection of the Blood Vessels
Leads to the Misdirection of Migrating SCs
(A) PBS- (control) and VEGF-treated rat sciatic

nerve images show that placement of VEGF beads

to the side of the injury site, leads to aberrant

regeneration. Scale bar, 2 mm. Arrows indicate the

bridge region and proximal to distal.

(B) Immunofluorescence images of the regions

demarcated by white boxes in (A) of a PBS- (con-

trol) and VEGF-treated animal, Day 6 following

injury, longitudinal sections were immunostained

to detect SCs (S100+, green) and ECs (RECA1+,

red). i and ii: show that misdirected blood vessels

in the VEGF-treated animals directed the SC

cords toward the adjacent muscle. iii and iv: show

the axons (NF+) following the SC cords, toward

the muscle. Scale bar, 300 mm. White asterisks

indicate the beads. For reconstruction of longitu-

dinal sections, multiple images from the same

sample were acquired using the same microscope

settings.

(C–F) Quantification of (B) to show the direc-

tion of blood vessels (C), SCs (D), and axons

(E) relative to the proximal/distal axis and the

alignment of blood vessels and SCs (F) in the

rats treated with PBS or VEGF (n = 3). Graphs

show the mean relative angle ± SD for each

animal with the mean between animals shown by

red lines. Rose plots show the distribution of

cells for all animals.

(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.

to the proximal side of the injury site,
immediately after the transection of the
rat sciatic nerve. Six days later, the regen-
erative process was found to be abnormal
in 10 out of 13 of the VEGF-treated
animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
the distal stump could also redirect blood vessels and SCs
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(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.
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erative process was found to be abnormal
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animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
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provide a substrate for SC migration. Together, these results
show that macrophages in the bridge secrete VEGF-A to enable
the formation of a polarized endothelial scaffold that can direct
SCs out of the nerve stumps and across the bridge.

Schwann Cells Use the Polarized Vasculature as a
Scaffold to Guide Regrowing Axons
To address whether VEGF-A-induced blood vessels are suffi-
cient to guide cords of SCs, we redirected the blood vessels to
test whether the SCs would follow the blood vessels or continue
to cross the bridge. To do this, we implanted heparin beads
loaded with recombinant human VEGF165 into muscle adjacent
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Figure 7. Redirection of the Blood Vessels
Leads to the Misdirection of Migrating SCs
(A) PBS- (control) and VEGF-treated rat sciatic

nerve images show that placement of VEGF beads

to the side of the injury site, leads to aberrant

regeneration. Scale bar, 2 mm. Arrows indicate the

bridge region and proximal to distal.

(B) Immunofluorescence images of the regions

demarcated by white boxes in (A) of a PBS- (con-

trol) and VEGF-treated animal, Day 6 following

injury, longitudinal sections were immunostained

to detect SCs (S100+, green) and ECs (RECA1+,

red). i and ii: show that misdirected blood vessels

in the VEGF-treated animals directed the SC

cords toward the adjacent muscle. iii and iv: show

the axons (NF+) following the SC cords, toward

the muscle. Scale bar, 300 mm. White asterisks

indicate the beads. For reconstruction of longitu-

dinal sections, multiple images from the same

sample were acquired using the same microscope

settings.

(C–F) Quantification of (B) to show the direc-

tion of blood vessels (C), SCs (D), and axons

(E) relative to the proximal/distal axis and the

alignment of blood vessels and SCs (F) in the

rats treated with PBS or VEGF (n = 3). Graphs

show the mean relative angle ± SD for each

animal with the mean between animals shown by

red lines. Rose plots show the distribution of

cells for all animals.

(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.

to the proximal side of the injury site,
immediately after the transection of the
rat sciatic nerve. Six days later, the regen-
erative process was found to be abnormal
in 10 out of 13 of the VEGF-treated
animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
the distal stump could also redirect blood vessels and SCs
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the formation of a polarized endothelial scaffold that can direct
SCs out of the nerve stumps and across the bridge.

Schwann Cells Use the Polarized Vasculature as a
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test whether the SCs would follow the blood vessels or continue
to cross the bridge. To do this, we implanted heparin beads
loaded with recombinant human VEGF165 into muscle adjacent

A

B

C

D

E

F

G

H

Figure 7. Redirection of the Blood Vessels
Leads to the Misdirection of Migrating SCs
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to the side of the injury site, leads to aberrant

regeneration. Scale bar, 2 mm. Arrows indicate the

bridge region and proximal to distal.

(B) Immunofluorescence images of the regions

demarcated by white boxes in (A) of a PBS- (con-

trol) and VEGF-treated animal, Day 6 following

injury, longitudinal sections were immunostained

to detect SCs (S100+, green) and ECs (RECA1+,

red). i and ii: show that misdirected blood vessels

in the VEGF-treated animals directed the SC

cords toward the adjacent muscle. iii and iv: show

the axons (NF+) following the SC cords, toward

the muscle. Scale bar, 300 mm. White asterisks

indicate the beads. For reconstruction of longitu-

dinal sections, multiple images from the same

sample were acquired using the same microscope

settings.

(C–F) Quantification of (B) to show the direc-

tion of blood vessels (C), SCs (D), and axons

(E) relative to the proximal/distal axis and the

alignment of blood vessels and SCs (F) in the

rats treated with PBS or VEGF (n = 3). Graphs

show the mean relative angle ± SD for each

animal with the mean between animals shown by

red lines. Rose plots show the distribution of

cells for all animals.

(G) Representative confocal images of axons (NF+)

in indicated regions of regenerated nerves in

Vegfafl/fl (control) or Vegfafl/fl Tie2-Cre mice,

Day 14 after transection.

(H) Quantification of (G) showing axonal growth

in Vegfafl/fl (black line) and Vegfafl/fl Tie2-cre

(gray line) mice (n = 5, graph shows mean value ±

SEM).

See also Figure S7.

to the proximal side of the injury site,
immediately after the transection of the
rat sciatic nerve. Six days later, the regen-
erative process was found to be abnormal
in 10 out of 13 of the VEGF-treated
animals compared to 1 out of 13 PBS-
bead-treated controls. In five of the ten
VEGF-treated animals in which abnormal
regeneration was observed, a complete

failure of the regenerative processwas associatedwithmisdirec-
tion of the blood vessels, SC cords and the accompanying
axons, away from the bridge and into surrounding muscle to-
wards the beads (Figures 7A, 7B, and S7A; quantified in Figures
7C–7F and S7B). Analysis of the bridges in a further five cases
showed that the beads had moved into the bridge leading to
the formation of disorganized blood vessels close to the beads
(Figure S7C). In these cases, SCs migrated into the vascular-
ized areas and either appeared ‘‘trapped’’ or deviated from
the normal direction of movement, taking the axons along with
them (Figure S7D). Moreover, beads implanted adjacent to
the distal stump could also redirect blood vessels and SCs
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of the cell rather than the forward extensions were inhibited by
the addition of blebbistatin or the Rho-kinase inhibitor Y27632
demonstrating that actomyosin contractility is required for this
mode of migration (Lämmermann et al., 2008) (Figure S4G;
Movie S6). In contrast, latrunculin B also inhibited the forward
protrusions showing actin structures were required for both
cell movements (Figure S4G; Movie S6). Compared to cells
migrating in 2D, focal adhesions were absent or extremely small
in the 3D cultures (Figure S4H) and consistent with low levels of
adhesion, whereas knockdown of beta1 integrin or talins
severely inhibited SCmigration in 2D, it had no effect on the abil-
ity of the same cells to migrate along the EC tubules (Figures S4I
and S4J; Movie S7) (Bergert et al., 2015; Lämmermann et al.,
2008).

Together with the EM analysis, these results indicate that while
SCs are unable to generate sufficient force to migrate within the
confinements of the 3D matrix, blood vessels provide a distinct
confined environment and a sufficiently frictional or discontin-
uous surface that allows an actomyosin-driven, amoeboid-like
mode of migration in the desired direction of travel (Bergert
et al., 2015; Liu et al., 2015; Tozluo!glu et al., 2013).

Macrophages Are the Sensors of Hypoxia within the
Bridge
New blood vessels normally form in response to decreased
oxygen levels (hypoxia) within a tissue. Upon hypoxia, the
transcription factor HIF-1a is stabilized and initiates a tran-
scriptional response that induces angiogenesis by upregulating

A B C
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G H

Figure 3. Migrating SCs Interact with the
Vasculature of the Bridge
(A) Representative confocal image of a longitu-

dinal section of a rat sciatic nerve bridge, Day 3

after transection, immunostained to detect axons

(neurofilament (NF), red), SCs (S100+, green),

and ECs (RECA-1+, blue) and shows cords of

SCs and associated regrowing axons interacting

with the vasculature as they emerge from the

proximal stump and enter the bridge. Scale bar,

50 mm.

(B) Rat sciatic nerve longitudinal sections immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red), Day 4 after transection. Scale

bar, 100 mm. White rectangle indicates the region

used to build the 3D model shown in (E). For

reconstruction of longitudinal sections shown in

(A) and (B), multiple images from the same sam-

ple were acquired using the same microscope

settings.

(C) Frequency distribution graph showing the

distance of the nuclei of SCs (S100+), non SCs

(S100-/RECA-), or macrophages (Iba1+) to the

closest blood vessel, Day 4 after transection (n =

4, graph shows mean value ± SEM).

(D) 3D-projection of a rat nerve bridge showing a

S100-positive SC (green) interacting with a newly

formed EdU-positive (red) blood vessel (RECA-1+,

white). Scale bar, 20 mm. See also Movie S1.

(E) Snapshots of a 3D-image obtained by the

surface rendering of a z-stack projection of

confocal images of the rat nerve bridge, immu-

nostained to detect SCs (S100+, green) and ECs

(RECA-1+, red). A SC can be seen to interact with

two different blood vessels through cytoplasmic

protrusions. Scale bar, 20 mm. Arrowheads indi-

cate points of contact between a SC and blood

vessels.

(F) Representative confocal image of a longi-

tudinal section of a sciatic nerve bridge from

PLP-EGFP mice, Day 5 after transection, immu-

nostained to detect ECs (CD31+, red). Scale

bar, 50 mm.

(G) Snapshots from Movie S2 showing blebs and

protrusions mediating the contacts between SCs

and ECs within the bridge.

(H) Snapshots fromMovie S1 of a 3Dmodel obtained by surface rendering of a z stack projection of a longitudinal section of a bridge region from the sciatic nerve

of PLP-EGFP mice, Day 5 after transection. The sections were immunostained to detect ECs (CD-31+, blue) and axons (NF+, red). Scale bar, 20 mm.

See also Figure S3.
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