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Stroke is a major cause of serious disability due to the brain’s
limited capacity to regenerate damaged tissue and neuronal cir-
cuits. After ischemic injury, a multiphasic degenerative and inflam-
matory response is coupled with severely restricted vascular and
neuronal repair, resulting in permanent functional deficits. Although
clinical evidence indicates that revascularization of the ischemic brain
regions is crucial for functional recovery, no therapeutics that pro-
mote angiogenesis after cerebral stroke are currently available.
Besides vascular growth factors, guidance molecules have been
identified to regulate aspects of angiogenesis in the central ner-
vous system (CNS) and may provide targets for therapeutic angio-
genesis. In this study, we demonstrate that genetic deletion of the
neurite outgrowth inhibitor Nogo-A or one of its corresponding
receptors, S1PR2, improves vascular sprouting and repair and re-
duces neurological deficits after cerebral ischemia in mice. These
findings were reproduced in a therapeutic approach using intra-
thecal anti–Nogo-A antibodies; such a therapy is currently in clin-
ical testing for spinal cord injury. These results provide a basis for a
therapeutic blockage of inhibitory guidance molecules to improve
vascular and neural repair after ischemic CNS injuries.

ischemia | therapeutic angiogenesis | revascularization |
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Asubstantial proportion of patients surviving a stroke suffer
from mild to severe disabilities due to the brain’s limited

regenerative capacity (1, 2). Stroke is a major cause of severe
disability due to the brain’s limited capacity to regenerate dam-
aged tissue. The lack of an effective therapy that promotes long-
term recovery after stroke represents a substantial clinical bur-
den and an unmet need for medical treatment outside the
confines of conventional thrombolytic and rehabilitative therapies
(1). An approach that gained recent interest is the enhancement
of vascular repair in the ischemic border zone with the aim to
prevent secondary damage and create a permissive microenvi-
ronment for tissue recovery and regeneration. Vascular remod-
eling after stroke has been strongly associated with higher
survival rates and improved long-term neurological function in
animal models and stroke patients (3–6). To enhance vascular
repair, many previous studies have focused on the delivery of
proangiogenic growth factors, in particular VEGF, but have been
of limited success (7). This was partially due to the fact that
VEGF can exacerbate brain damage by promoting blood–brain-
barrier (BBB) permeability and the risk for hemorrhages (8).
Besides growth factors, axonal guidance molecules have been

recently shown to regulate blood vessel sprouting and migration
during development and disease (9–11). Due to similarities in
the vascular and nervous innervation pattern, both systems have
developed specialized sensory and motile structures: endothelial
tip cells (12) and axonal growth cones (13) for sensing, at least in
part, similar guidance cues (9, 10). Recently, the neurite out-
growth inhibitor Nogo-A was revealed to also function as an
antiangiogenic regulator in brain and retinal development (14, 15);

however, its effect on adult or diseased brain vasculature is
completely unknown.
Here, we show that interference with Nogo-A signaling after

focal cerebral ischemia induces enhanced regrowth of the par-
tially damaged vascular network, which is associated with be-
havioral improvements. The function-improving effect was lost
when the angiogenic response was blocked. Nogo-A genetic
deletion, knockout of the Nogo-A receptor component sphin-
gosine 1-phosphate receptor 2 (S1PR2), and the application of
anti–Nogo-A antibodies all led to improved vascular repair and
thus may represent a therapeutic option for cerebral ischemia.

Results
Vascular Repair Is Limited in the Ischemic Border Zone Despite Up-
Regulation of Growth Factors, Resulting in Long-Term Ischemic
Conditions. We characterized the expression profiles of a num-
ber of marker genes associated with tissue ischemia, vascular
growth, and remodeling in the periinfarct region surrounding the
core of focal, permanent photothrombotic strokes in adult
C57BL/6 mice at days 2, 7, 16, and 28 after injury (Fig. 1A).
Expression of mRNA extracted from microdissected periinfarct
tissue was assessed for genes characteristic for (i) sprouting
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angiogenesis (ANG), (ii) vascular maturation and remodeling
(VMR), (iii) tissue hypoxia and blood–brain-barrier damage
(HYP), and (iv) guidance cues. The selection of genes was based
on previous observations from transcriptomic data in poststroke
angiogenesis (16). We observed a strong, transient up-regulation
in a number of genes involved in sprouting angiogenesis (Esm1,
Fgf2, Itgb3, and Rac2) and vessel formation and maturation
(Col4a2, Col6a3, and S100a4) at early time points day 2 (ANG:
P < 0.001; VMR P = 0.163) and partially day 7 (ANG: P < 0.037,
VMR: P = 0.239). Many genes of these clusters were down-
regulated back to baseline levels baseline 4 wk after stroke
(ANG: P = 0.450; VMR: P = 0.788). We also found an up-
regulation of genes related to hypoxia and blood–brain-barrier
damage (Atf3, Cdkn1, Rock1, and Rhoa) at day 2 (HYP: P =
0.075) and day 7 (HYP: P = 0.022) following stroke. Remarkably,
most of these genes remained up-regulated, indicating a chroni-
cally ischemic and hypovascularized state of this region (Fig. 1 B
and D). These findings were supported by histological evidence of
a massive and sustained hypovascularization observed up to 28 d
after injury in periinfarct regions (Fig. 1E).
Apart from vascular growth- and maturation-promoting genes,

we also observed the expression of inhibitory neural and vascular
factors in the periinfarct region (9). Several of these ligands or
receptors were up-regulated after stroke (Robo4, S1pr2, Slit2, and
Rtn4a/Nogo-A); some remained elevated up to 4 wk after the in-

jury (Rtn4a/Nogo-A, Rtn4b/Nogo-B, Rtnr4, Slit2, and S1pr2).
Among these, the Nogo-A (Rtn4a) receptor, S1PR2, which was
previously suggested to play a restrictive role in postnatal devel-
opment of central nervous system (CNS) vasculature (14, 17),
showed early up-regulation (S1PR2, day 2: P = 0.009). Nogo-A
mRNA levels remained constantly high in the ischemic border
zone after stroke (P = 0.993). By immunofluorescence, Nogo-A
was exclusively detected on nonvascular cells, whereas S1PR2 was
localized to the vascular endothelium, including the motile tip
cells that are required for angiogenesis, as was particularly evident
in confocal images (Fig. 1C). Nogo-A and S1PR2 were not found
in Nogo-A−/− and S1PR2−/− animals, demonstrating the specificity
of the immunostaining, as has been described previously (18, 19).
These results show that the vascular repair in the periinfarct region

is limited, leading to long-term hypoperfusion and further tissue
damage. One mechanism for the limited vascular regrowth may be
the presence of inhibitory factors including Nogo-A and its up-
regulated receptor S1PR2 on motile vascular endothelial tip cells.

Genetic Deletion of Nogo-A or S1PR2 or Neutralization of Nogo-A by
Antibodies Improves Vascular Repair and Network Formation but
Does Not Attenuate Inflammatory or Scar-Forming Processes. To
determine the influence of the Nogo-A pathway on vascular repair
after stroke we took advantage of (i) constitutive Nogo-A knock-
out mice, (ii) S1PR2 knockout mice, and (iii) a function-blocking

Fig. 1. Angiogenic response after photothrombotic
stroke. (A) Location of stroke, time points, and his-
tological stroke size. (Scale bar, 1 mm.) (B) Expression
analysis of genes associated with sprouting angio-
genesis, vascular maturation, tissue hypoxia, guid-
ance, and Nogo-A pathway at 2 (n = 3), 7 (n = 3), 16
(n = 3), and 28 (n = 4) d postinjury. Data are pre-
sented as log expression ratio (-DDCT); purple indi-
cates up-regulation and green indicates down-
regulation. (C) Representative immunofluorescence
images of Nogo-A (Upper) and S1PR2 (Lower) cos-
tained with the vascular endothelium marker Ib4
4 wk after stroke (Left) (Scale bars, 20 μm.) Time
series of Rtn4a/Nogo-A and S1pr2 expression after
stroke in three mice per time point (Right). (D) Visual
representation of the analyzed angiogenesis associ-
ated genes according to ontology and function. (E)
Representative fluorescence image of hypovascular-
ized 300-μm ischemic border zone stained for the
vascular marker CD31 4 wk after stroke with corre-
sponding heat maps of local vascular area fraction.
Ibz, ischemic border zone. (Scale bar, 100 μm.) Data
are mean ± SEM (one-way ANOVA with Dunnett’s
post hoc test). *P < 0.05.
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anti–Nogo-A antibody (Ab) that was locally infused for 2 wk
into the contralesional lateral ventricle (Fig. 2A). In wild-type
(WT) animals 3 wk after stroke, an ischemic border zone
characterized by severe hypovascularization extended up to
300 μm around the stroke core (Fig. 2B). Compared with the
intact contralesional hemisphere, the vascular structure in this
region was characterized by a significantly lower vascular area
fraction (intact: 0.10 ± 0.01; lesioned: 0.06 ± 0.01, P < 0.001),
decreased total length of blood vessels per square millimeter (in-
tact: 57.74 ± 1.34 mm; lesioned: 31.88 ± 1.62 mm, P < 0.001),
reduced number of branches per square millimeter (intact: 396.3 ±
5.21; lesioned: 126.56 ± 16.17, P < 0.001), increased nearest vessel
neighbor distance (intact: 30.34 ± 0.48 μm, lesioned: 36.85 ±
1.09 μm, P < 0.001), and higher variability in the distribution of the
blood vessels (10.28 ± 0.44 μm; lesioned: 15.55 ± 0.65 μm, P <
0.001) (Fig. 2 B and C and SI Appendix, Fig. S2B).
Both genetic knockouts Nogo-A−/− and S1PR2−/− showed a

marked improvement in vascular repair, evident in all analyzed
parameters. The effect was especially pronounced in the area
fraction that was increased by +53% (S1PR2−/−, P = 0.032) or
+179% (Nogo-A−/−, P < 0.001) and in the larger number of
branches by +85% (S1PR2−/−, P = 0.028) and +361% (Nogo-A−/−,

P < 0.001) compared with WT controls. Similar effects were
observed in WT mice treated with anti–Nogo-A Ab: The
vascular area fraction was increased by +102% (P < 0.001) and
the number of branches by +436% (P < 0.001) compared with
WT mice receiving isotype control antibodies (Fig. 2 C and D
and SI Appendix, Fig. S3). Importantly, neither Nogo-A−/− nor
S1PR2−/− nor anti–Nogo-A Ab-treated animals showed alter-
ations in the vasculature of the contralesional hemisphere (all
P > 0.05) or altered stroke volumes (all P > 0.05) (SI Appendix,
Figs. S1 and S2).
Titers and functionality of anti–Nogo-A Ab were assessed by

ELISA in serum samples. Anti–Nogo-A antibodies were de-
tectable at all three time points in the serum of all mice in the
treatment group: (i) during continuous intracerebroventricular
Ab infusion on day 8, (ii) at the end of Ab administration on day
15, and (iii) before perfusion on day 22 (i.e., 7 d after the last
infusion day). An increase of Ab titers during the 14-d administration
period (day 8: anti–Nogo-A Abs 27.77 ± 3.06 μg/mL; day 15: 65.50 ±
15.82 μg/mL) was observed followed by a decrease thereafter (day
22: 34.49 ± 12.51 μg/mL; SI Appendix, Fig. S4). An amount of
42 μg/d (in total: 478 μg over 14 d) of anti–Nogo-A Abs was
infused into the CNS (0.25 μL/h at a concentration of 7 mg/mL).

Fig. 2. Vascular repair in the ischemic border zone.
(A) Schematic representation of the experimental
timeline in the five experimental conditions: WT (n =
13), S1PR2−/− (n = 5), Nogo-A−/− (n = 9), Ctrl Ab (n =
13), and anti–Nogo-A Ab (n = 12). (B) Assessment of
the vascular area fraction in the ipsilesional and
contralesional sensory-motor cortex. (C) Blood ves-
sels were visualized by CD31 immunostaining. Heat
maps show the local area fraction of blood vessels in
an area 0 to 300 μm from the stroke core. (Scale bars,
100 μm.) (D) Quantitative evaluation of the vascu-
lar area fraction, blood vessel length, number
of branches, nearest-neighbor distance (NND), and
variability of NND (SD NND) in the ischemic border
zone of the different treatment groups. (E) Quanti-
fication of newly generated EdU+/CD31+ endothelial
cells. [Scale bars, 20 μm and 5 μm (zoom in).] (F) Ratio
of perfused (red) to nonperfused (green) blood
vessels in the five experimental groups. (Scale bars,
50 μm.) (G) Relative fluorescence intensity of GFAP
and the microglia/macrophage marker Iba1. (H)
Pericyte coverage assessed by the ratio of CD13+/
CD31+ cells. Data are mean ± SEM (one-way ANOVA
with Dunnett’s post hoc test). *P < 0.05, **P < 0.01,
***P < 0.001.
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To address the origin of the blood vessels in the ischemic border
zone, the nucleotide analog 5-ethynyl-2′-deoxyuridine (EdU) was
systemically applied around the peak of poststroke angiogenesis
at days 6, 7, and 8 (20). Three weeks after injury, we observed
more newly formed blood vessels in Nogo-A−/− and S1PR2−/−

mice in the ischemic border zone as indicated by a significant
increase in the number of EdU+/CD31+ cells per square milli-
meter (S1PR2−/−: 56.52 ± 7.8, P = 0.023; Nogo-A−/−: 75.31 ±
5.63, P < 0.001) compared with WT controls (33.05 ± 0.3.7).
Similar results were observed by functional neutralization of
Nogo-A (Ctrl Ab: 42.31 ± 2.1; anti–Nogo-A Ab: 83.00 ± 9.3,
P < 0.001).
The functionality of the newly formed vessel network was

assessed by the injection of a vascular tracer coupled to a fluo-
rophore (Lectin-DyLight594) and laser Doppler flowmetry.
Blood vessels were perfused to 87 to 93% in all tested conditions
3 wk after stroke (Fig. 2F). As therapeutic angiogenesis in the
brain has previously been associated with immature vessels that
lack stabilizing pericytes (21), we tested whether endothelial
(CD31) and pericyte (CD13) markers were colocalized. We found
that the pericyte coverage in the periinfarct region was higher in
anti–Nogo-A Ab-treated animals (0.45 ± 0.029, P = 0.018) com-
pared with controls (0.22 ± 0.03), suggesting a more mature vessel
network. Interestingly, the degree of inflammation and scar for-
mation, assessed by Iba1 and GFAP immunoreactivity, was com-
parable between all groups tested (P > 0.05) at 3 wk after stroke
(Fig. 2 G and H and SI Appendix, Fig. S2 D and E).
We assessed in vivo blood perfusion in WT and Nogo-A–

deficient animals around the stroke core by laser Doppler flow-
metry (Fig. 3A). First, we confirmed that naïve cerebral blood
perfusion levels did not differ between Nogo-A−/− and WT ani-
mals (SI Appendix, Fig. S5). Blood perfusion was partly restored in
all regions except the stroke core over time in all groups. How-
ever, increased blood perfusion levels were found in several re-
gions around the core in Nogo-A–deficient animals 21 d after
injury. In particular, Nogo-A−/− sensorimotor regions associated
with forelimb (region 3: +39%, P = 0.042; region 6: +85%, P =
0.031) and hindlimb (region 4: +62%, P = 0.030) function (22)
showed improved blood perfusions compared with WT controls
3 wk after injury, suggesting that the newly formed vessels were

functional and improving the local blood circulation in the periinfarct
region (Fig. 3 B and C).
Overall, this indicates that targeting the Nogo-A pathway after

stroke has a specific and local proangiogenic effect without
markedly affecting immune or scar-forming processes in the
periinfarct region.

Nogo-A– and S1PR2-Deleted Mice Have Improved Functional Outcome
after Stroke That Correlates with Angiogenesis in the Ischemic Border
Zone. Large destruction of the sensorimotor cortex by photo-
thrombotic stroke causes marked deficits in the fore- and hindlimb
motor function (23). To test whether the improved vascular re-
pair observed after Nogo-A neutralization or Nogo-A deletion or
S1PR2 deletion is relevant for functional recovery, motor perfor-
mance was assessed in two behavioral settings at regular intervals for
3 wk (Fig. 4A). We determined the error rate of paw placements of
the stroke-affected fore- and hindlimb on the irregular horizontal
ladder and the paw preference, paw dragging, and paw symmetry in
the cylinder test (24). Both tests showed a substantial deterioration of
the performance 3 d postinjury with a partial recovery over time. All
groups of animals had no differences in motor function at the
prestroke baseline and acutely 3 d after stroke (all P> 0.05). A better
performance in the cylinder test was detected 21 d after injury for
the parameters paw dragging and symmetrical paw touches in the
Nogo-A−/− and the S1PR2−/− animals as well as after Ab-mediated
neutralization of Nogo-A (paw dragging (S1PR2−/−: −36.1%, P =
0.047; Nogo-A−/−: −63.0% P = 0.001; anti–Nogo-A Ab:−68.2%, P <
0.001 compared with their respective controls; symmetry of paw
touches: S1PR2−/− +23.1%, P = 0.368; Nogo-A−/−: +62.2% P =
0.003; anti–Nogo-A Ab: +58.4%, P < 0.005). No changes for the
parameter paw preference could be detected between groups
(Fig. 4B).
Differences in the recovery of forelimb function were also

observed in the horizontal ladder task. S1PR2 and Nogo-A–

deficient animals as well as anti–Nogo-A–treated animals showed
fewer error touches per run (S1PR2−/−: −35.9%, P = 0.031;
Nogo-A−/−: −49.1%, P = 0.041; anti–Nogo-A Ab: −34.3%, P = 0.002)
compared with their respective controls 21 d after injury. Changes
in hindlimb function were less pronounced. Only Nogo-A–deficient
animals performed fewer hindlimb errors compared with their

Fig. 3. Functional assessment of blood perfusion in the ischemic border zone by laser Doppler flowmetry. (A) Schematic representation of cerebral blood
flow measurements in the same animal at sequential time points for WT (n = 4) and Nogo-A−/− (N = 4) animals after stroke. (B) Heat maps indicate local
cerebral blood flow in nine subfields covering the stroke area. (C) Blood perfusion changes in forelimb- and hindlimb-related areas after stroke in Nogo-A−/−

and WT animals. Data are mean ± SEM (Student’s t test). *P < 0.05.
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respective controls at 21 d postinjury (−66.1%, P = 0.008; Fig.
4C). Importantly, sham-operated animals did not change
motor performance in any of the assessed tests (SI Appendix,
Fig. S6).
Since all animals that underwent behavioral testing were also

analyzed histologically, we correlated the behavioral improve-
ments in both behavioral tests of each single animal to all of the
vascular parameters from the periinfarct region. Importantly, we
first confirmed that stroke volume did not correlate to any of the
behavioral or vascular anatomy measures (Fig. 4E). In contrast,
both functional outcomes correlated to a remarkable degree with
the vascular repair. The strongest Pearson correlation was ob-
served in paw dragging (r = −0.59, P < 0.001) and paw symmetry
(r = +0.77, P < 0.001) in the cylinder test with vascular branching
(Fig. 4 E and F).
These results indicate that inhibition of the Nogo-A pathway

results in functional improvements 3 wk after stroke, which can
be correlated with the vascular repair seen in the ischemic
border zone.

Nogo-A Neutralization Improves Survival of Interneuronal Subtypes,
Increases Specific Neurotransmitter Levels, and Reduces Apoptosis in
the Ischemic Border Zone. We hypothesized that the restored
blood flow and energy supply in the ischemic periinfarct zone
may generate a permissive environment for protective and re-
generative processes that could be responsible for the observed
sensory-motor improvements. We first looked for a potential
rescue effect on cortical neurons and levels of apoptosis. There
was a marked 46% decrease of apoptotic caspase three-positive
cells in animals treated with anti–Nogo-A antibodies (10.14 ±
0.95, P = 0.004) compared with controls (18.82 ± 2.79), although
this was not reflected in the absolute number of cells expressing
the neuronal marker NeuN per square millimeter (Ctrl Ab:
1,086.68 ± 142.57; anti–Nogo-A Ab: 1,216.99 ± 68.12, P = 0.972;
Fig. 5 A and B).
With the metabolic differences of cortical neuron subtypes in

mind, we next sought to look at neuronal subtypes that might be
more susceptible or resilient to ischemia. GABAergic interneu-
rons play an important role for perilesional plasticity and asso-
ciated motor improvement after stroke (25, 26). We focused on

Fig. 4. Motor performance after photothrombotic stroke. (A) Timeline of behavioral testing after stroke. Motor performance of all animals was tested 3, 7,
14, and 21 d after stroke (arrows) in the horizontal ladder and cylinder test and compared with baseline performances. The groups consist of WT (n = 13),
S1PR2−/− (n = 5), Nogo-A−/− (n = 9), Ctrl Ab (n = 13), and anti–Nogo-A Ab (n = 12). (B) Ratios of paw preference, dragging, and symmetry in the cylinder test.
(C) Sequence of a horizontal ladder run with errors indicated by black bars from representative animals from each group. (D) Ratio of forelimb and hindlimb
errors per total number of steps in the horizontal ladder test. (E and F) Correlation between motor function improvement and vascular parameters in single
animals of WT, S1PR2−/−, Nogo-A−/−, Ctrl Ab, anti–Nogo-A Ab group 3 wk after stroke. Data are mean ± SEM (one-way ANOVA with Dunnett’s post hoc test).
*P < 0.05, **P < 0.01, ***P < 0.001.
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three main subtypes that account for ∼85% of all cortical
GABAergic interneurons (27): parvalbumin (PV)-, somatostatin
(SST)-, and vasoactive intestinal peptide (VIP)-expressing cells.
Quantification 21 d after stroke revealed an overall but unequal
loss of interneurons: PV-positive cells: −64%, SST-positive
cells: −55%, and VIP-positive cells: −16% compared with the
intact cortex (intact: PV: 116.22 ± 14.54, SST: 85.01 ± 12.29,
VIP: 24.9 ± 4.45; stroked: PV: 45.33 ± 2.95, SST: 38.26 ± 2.82,
VIP: 20.94 ± 1.68). Interestingly, in the anti–Nogo-A Ab-treated
animals the loss of PV-positive interneurons was partially res-
cued to 50% (Ctrl Ab: 45.33 ± 2.95; anti–Nogo-A Ab: 68.21 ±
4.02, P = 0.003). No differences in the number of the other two
GABAergic interneuron subtypes SST (Ctrl Ab: 38.26 ± 2.82;
anti–Nogo-A Ab: 43.94 ± 2.54, P = 0.286) and VIP (Ctrl Ab:
20.94 ± 1.68; anti–Nogo-A Ab: 22.04 ± 1.29, P = 0.806) were
detected (Fig. 5C).
To investigate synaptic changes, immunostaining was per-

formed in the periinfarct region for three synaptic markers:
synaptophysin localized in presynaptic vesicles and the vesicular
glutamate and GABA transporters vGlut2 and vGat, expressed
in synaptic vesicles of glutamatergic or GABAergic neurons,
respectively. Compared with the contralesional side, synaptophysin
immunoreactivity was decreased by −25%, suggesting a loss
of synapses 3 wk after stroke in the ischemic border zone. This
loss was much lower in the ischemic zone of anti–Nogo-A
treated animals (P = 0.003), reaching 94% of intact cortical
synaptophysin expression. Quantitative analysis of vGlut2 and
vGat expression revealed a decrease of −13% for vGlut2 and an
increase of 20% for vGat in the ischemic border zone compared
with intact cortical regions 3 wk after stroke. However, no

changes were observed when comparing control and anti–Nogo-A
Ab-treated animals (vGat: P = 0.192; vGlut: P = 0.369; Fig. 5D).
Neurotransmitters shown to play key roles in motor learning,

function, and recovery are dopamine (DA) and serotonin
(5-HT). Areal optical density measurements after immunostaining
for tyrosine hydroxylase, an enzyme required for DA synthesis,
or 5-HT showed a decrease of 19.2% for DA and increase of
23% for 5-HT 21 d after stroke compared with the intact
sensory-motor cortex. In anti–Nogo-A Ab-treated stroke corti-
ces, DA levels were found to be significantly higher (42.2%, P =
0.029) than in the stroked controls, whereas 5-HT levels did not
significantly change between the groups (P = 0.892; Fig. 5E).
Importantly, we also observed that anti–Nogo-A treatment

promoted the growth of axons within the ischemic border zone.
Utilizing Neurofilament 160 (Nf160) as a marker, we assessed
the optical axon density in the perilesional area. Three weeks
after stroke the density of axons decreased to 20% compared
with intact cortex. However, animals receiving anti–Nogo-A Ab
had 83% (P < 0.001) more fibers in the ischemic border zone
compared with their controls (Fig. 5F).
These results show that the restored vascular circulation in-

duced by Nogo-A neutralization results in protective and re-
generative neuronal processes in the ischemic border zone.

Blocking VEGF-Mediated Angiogenesis Decreases the Beneficial
Effects of Nogo-A Deletion. Since Nogo-A is known to be an im-
portant inhibitor of axonal remodeling (28, 29), it was uncertain
to what extent functional improvements could be directly linked
to improved vascular repair in the ischemic border zone. To test
this, we systemically blocked VEGF-mediated angiogenesis in
Nogo-A−/− mice using an anti-VEGF Ab (Avastin; Roche) after

Fig. 5. Nonvascular effects of Nogo-A neutralization in the periinfarct zone 3 wk after stroke. The groups consist of animals receiving Ctrl Ab (n = 13) and
anti–Nogo-A Ab (n = 12). (A) Number of NeuN+ cells per mm2. (Scale bar, 100 μm.) (B) Number of apoptotic cells positive for cleaved caspase 3 per mm2 (Scale
bar, 50 μm). (C) Numbers of PV+, SST+, and VIP+ GABAergic interneurons per mm2. (Scale bars, 100 μm.) (D) Relative fluorescence intensity of the synaptic
markers synaptophysin, vGat and vGlut2. (Scale bars, 20 μm.) (E) Relative fluorescence intensity for TH/DA and 5-HT. (Scale bars, 100 μm.) (F) Relative
fluorescence intensity of Nf160. (Scale bar, 20 μm.) Data are mean ± SEM (Student’s t test). *P < 0.05, **P < 0.01, ***P < 0.001.
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stroke and examined these animals for functional recovery in the
ladder walk and the cylinder test (WTAV and Nogo-A−/−

AV) as
characterized before. Control groups received FG12, a control
Ab (WTCTRL and Nogo-A−/−

CTRL) (Fig. 6A).
As expected, we observed a decrease in vascular area fraction

(−41.8%, P = 0.020), vascular length (−30.9%, P = 0.083), and
branching (−63.0%, P = 0.006) in Avastin-treated Nogo-A−/−

AV
animals compared with their Nogo-A−/−

CTRL controls. Interest-
ingly, all these vascular parameters were also decreased in WTAV
animals, suggesting the presence of limited spontaneous, VEGF-
dependent angiogenesis also in WT animals after stroke (Fig.
6B). The number of newly formed blood vessels was reduced by
half in Nogo-A−/−

AV (−56.5%, P < 0.001) as well as WTAV
(−56.7%, P = 0.010) compared with control Ab-treated animals
(Fig. 6B). Quantification of EdU+/CD31+ cells showed that en-
dothelial proliferation was equally reduced (Fig. 6C). Impor-
tantly, the stroke volumes were comparable in all tested groups
(SI Appendix, Fig. S7).
To test whether the reduction of poststroke angiogenesis in

the periinfarct regions by anti-VEGF affects the behavioral
outcome, we tested Nogo-A and WT animals that received either
Avastin or the control Ab, respectively, in the same behavioral
tasks as described before (Fig. 6A). The results from the horizontal
irregular ladder (foot placement error rate) and the cylinder test
confirmed the results from the previous study: Nogo-A−/−

CTRL
animals performed significantly better in both behavioral tasks
than their WTCTRL 3 wk after injury (Fig. 6 D and E). This re-
duction in the error misstep rates on the horizontal ladder was
abolished in the Nogo-A−/−

AV group (8.8 ± 1.1%, P = 0.003)
compared with the Nogo-A−/−

CTRL controls (0.3 ± 0.2%) and
similar to the WT groups (WTCTRL: 5.5 ± 0.7%; WTAV: 7.2 ±

0.7%) (Fig. 6D). A similar pattern was observed in the cylinder
test. Nogo-A−/−

AV animals had an increased ratio of dragging to
total paw touches compared with the control group (Nogo-A−/−

CTRL:
0.11 ± 0.04; Nogo-A−/−

AV: 0.34 ± 0.03, P = 0.005; Fig. 6E).
These observations suggest that neutralization of VEGF abol-

ishes the beneficial effect of Nogo-A deletion and that periinfarct
angiogenesis plays an important role for certain behavioral im-
provements after stroke.

In Vitro Vessel Formation by Human Umbilical Vein Vascular
Endothelial Cells Is Limited by Nogo-A in a 3D Glycosaminoglycan-
Poly(Ethylene Glycol) Hydrogel Model. Three-dimensional cultures
of human umbilical vein vascular endothelial cells (HUVECs) in
defined hydrogels represent a valuable tool to study capillary
network formation in vitro, eliminating the impact of signaling
from surrounding tissues observed in in vivo studies (30). To
investigate the effect of Nogo-A in such a minimalistic setup, we
have embedded HUVECs in a glycosaminoglycan-based bio-
hybrid hydrogel supplemented with the vascular growth factors
VEGF, SDF1, and FGF2, which has been shown to effectively
promote HUVEC vessel formation (31) (Fig. 7A). Within 3 d of
culture, extensive, branched, and anastomosing vessel-like cap-
illary networks formed. To assess whether Nogo-A also inhibits
vascular growth in the presence of growth factors in vitro we
have added crude myelin extract known to contain Nogo-A (31)
to the hydrogel culture. Vascular growth was inhibited by ∼60%,
as reflected by all of the measured vascular parameters (area
fraction: −56.1%; vascular diameter: −66.8%; number of branches:
−57.7%; vascular length: −52.4%, all P < 0.001). Vessel growth
could be partially rescued by the addition of a neutralizing anti–
Nogo-A Ab as evidence by an increase in vascular area (+41.0%,

Fig. 6. Reduction of angiogenesis in the periinfarct region by anti-VEGF reduces the functional recovery effects of Nogo-A deletion. (A) Experimental
timeline after stroke. WT or Nogo-A KO animals received either anti-VEGF (Avastin, Av; arrows) or a control Ab (Ctrl) i.v. every other day for 10 d after stroke.
(B) Assessment of the vascular area fraction, vascular length and number of branches in the periinfarct region. (Scale bar, 20 μm.) (C) Quantification of EdU+/
CD31+ cells. (Scale bars, 20 μm.) (D and E) Behavioral performance assessed at baseline and 3, 7, 14, and 21 d postinjury in the horizontal ladder (D) and
cylinder test (E). Data are mean ± SEM (one-way ANOVA with Dunnett’s post hoc test). *P < 0.05, **P < 0.01, ***P < 0.001.
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P = 0.044), an increased number of vascular branches (+108.6%,
P = 0.002), and vascular diameter (+59.0%, P = 0.002) compared
with myelin-exposed HUVECs (Fig. 7 B and C). These data show
that crude myelin extracts significantly inhibit vessel formation in
vitro in a Nogo-A–dependent way.
To gain more insight into the protein domain responsible for

this effect we added the Nogo-A inhibitory fragment Nogo-A
Δ20 to the culture (19). Nogo-A Δ20 substantially inhibited
vessel formation as reflected by all of the measured vascular
parameters (area fraction −38.4%, P < 0.001; diameter: −49.7%,
P < 0.001; branches: −37.5%, P = 0.002; length: −38.0%, P =
0.003), which suggests that Nogo-A limits angiogenesis despite
the presence of growth factors with critical involvement of its
Nogo-A Δ20 domain. The addition of anti–Nogo-A antibodies
known to block the Nogo-A Δ20 activity (19) partly rescued the
HUVEC network formation (Fig. 7 B and C) and improved
vascular growth in all vascular measures, especially in the aver-
age diameter of the blood vessels (+85.8%, P = 0.032) and
vascular length (+66.7%, P = 0.008). Importantly, the addition of
scrambled Nogo A Δ20 peptide as well as the Δ20 activity-
blocking Ab alone did not influence the vascular network for-
mation (Fig. 7 B and C).
These data confirm the inhibitory function of Nogo-A on an-

giogenesis and show that the Nogo-A fragment Δ20 plays an
important inhibitory role in vessel formation. Targeting this do-
main with neutralizing antibodies may thus represent a promising
clinical approach to improve vascular repair in ischemic diseases.

Discussion
Brain tissue lost due to severe ischemia has a very limited capacity
to spontaneously regenerate, resulting in a cavity with a sparse,
disordered vasculature. This results in a hypoperfused ischemic
boundary region, which gradually evolves into infarction in the
absence of reperfusion and is associated with permanent func-
tional deficits in stroke patients. Clinically, treatments to enhance
poststroke angiogenesis, for example by VEGF (8), are lacking or
not feasible, mainly due to side effects, despite preclinical evi-
dence for beneficial effects (7). The present results show that
genetic deletion of Nogo-A or its receptor subunit S1PR2 or Ab-
mediated neutralization of Nogo-A results in strong stimulation
of blood vessel regrowth in the periinfarct region of adult mice
with large cortical strokes. The restored, perfused vascular bed
promoted survival and repair of critical neuronal subpopula-
tions and fiber systems and was correlated with enhanced motor
recovery. Vessel growth and behavioral recovery were lost when
the enhanced angiogenic response was blocked by anti-VEGF
antibodies.
The recognition that higher levels of angiogenesis correlate

with improved functional recovery in animal models and stroke
patients represents a therapeutic option for ischemic stroke (4).
In an attempt to enhance vascular repair, most studies have fo-
cused on the prototypical angiogenic mediator VEGF. However,
the delivery of recombinant VEGF showed considerable side
effects, as it worsened edema and raised the risk for hemor-
rhages through its enhancement of vascular permeability and the

Fig. 7. Vessel and capillary network formation by HUVECs in vitro is limited by CNS myelin and Nogo-A in a 3D GAG-PEG hydrogel model. (A) Schematic
overview of the in situ assembly of GAG-PEG gel-based 3D cultures from reactive polymer conjugates, HUVECs, and heparin-binding growth factors (VEGF,
FGF2, and SDF1). (B) Bright-field and fluorescent images of tubular network formation by HUVECs (CD31+) in GAG-PEG hydrogels supplemented with the
neurite growth inhibitory Nogo-A domain Nogo-A Δ20, the neutralizing Nogo-A Ab 11C7, scrambled Nogo-A Δ20, or CNS myelin extract. (Scale bar, 100 μm.)
(C) Quantification of area fraction, diameter, branch number, and length of HUVEC-derived vessels (n = 5 to 7 cultures). Data are mean ± SEM (one-way
ANOVA with Dunnett’s post hoc test). *P < 0.05, **P < 0.01, ***P < 0.001.
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fragility of the immature, sprouted vessels (8). VEGF negatively
regulates vascular maturation and stabilization by ablating peri-
cyte coverage of nascent vascular sprouts (32). These destabi-
lizing effects were shown to be mediated through RhoA/ROCK
signaling, whose regulation of cell motility, proliferation, sur-
vival, and permeability is well-characterized (33). Thus, alter-
native strategies beyond VEGF like the delivery or inhibition of
guidance factors have attracted attention in the field of angio-
genic therapy. Interestingly, the inhibitory effects of Nogo-A on
brain endothelial cells are mediated by intracellular RhoA acti-
vation through the receptor S1PR2 (17, 18). Nogo-A blockage
may, therefore, reduce RhoA activation and thus promote tip
cell migration and reduce BBB leakage, both by decreasing Rho/
ROCK activation. We found that anti–Nogo-A Abs stimulated
vascular structures with pericyte coverage, which are important
for stabilization and maturation of newly formed blood vessels
(34, 35). No evidence was found for an increase of stroke size or
inflammatory Iba1+ cell activation as previously associated with
VEGF therapy (36). Our results in the in vitro model further
indicate that the presence of growth factors alone might not be
sufficient to establish a robust vascular network at mutual pres-
ence of inhibitory factors including Nogo-A. We propose a
similar process in the pathophysiological conditions after stroke,
where inhibitory factors including Nogo-A are present (28).
Findings from a growing number of studies suggest that im-

proved angiogenesis supports tissue preservation and repair,
leading to functional improvement. However, angiogenesis has
rarely been directly tested for its role in behavioral recovery (37).
In the present study, we show that the functional improvements
generated through Nogo-A neutralization are abolished when
VEGF-mediated angiogenesis is inhibited in the periinfarct re-
gions, indicating their dependence on vascular repair. Although
numerous in vitro studies have shown a direct and independent
inhibitory effect of Nogo-A on growth of both neuronal axons
(19) and vascular endothelial cells (14), it is experimentally chal-
lenging to completely uncouple neuro- and angiogenic effects in
vivo due to the mutual influence of both systems on each other.
Enhanced motor recovery has been previously observed in stroked
rats under anti–Nogo-A Ab treatment, which was abolished by
silencing the sprouted corticospinal fibers from the intact hemisphere
(29). Similarly, functional recovery was improved by local in-
jection of angiogenic biomaterials that promoted revasculariza-
tion following stroke. The beneficial behavioral effects were
blocked by either blocking angiogenesis or silencing the newly
formed axonal network in the periinfarct regions (37). Thus, we
think that both mechanisms, vascular repair and neural sprouting,
may act in conjunction. Advancements in genetic models and in
vivo microscopy may help to further dissect the vascular form the
neuronal plastic effects and their contribution to specific aspects
of functional recovery in future studies.
To investigate the underlying function-improving effects of

Nogo-A neutralization, we studied several classes of cells known
to be associated with repair and plasticity processes after stroke.
Within the region of improved vascular repair we observed fewer
apoptotic cells accompanied by an increase in the number of
PV+ GABAergic interneurons that have been shown to play key
roles in cortical activity networks including learning and other
activity-dependent plasticity paradigms (38–40). Furthermore,
we observed an increase in expression of synaptic marker (syn-
aptophysin), indicating that Nogo-A neutralization may facilitate
aspects of synaptic activity or synaptic density that may enhance
the susceptibility of the lesioned brain to adaptive change and
recovery. In addition, dopamine, a neurotransmitter essentially
involved in cortical synaptic plasticity and motor skill learning
(41, 42), was increased. Axonal density was significantly higher
after Nogo-A neutralization in the ischemic border zone, but
further studies are required to analyze if these are newly formed

axonal sprouts or surviving axons and how they contribute to
functional improvement.
All these findings suggest that the ischemic perilesional tissue

undergoes reduced degenerative changes due to the early re-
vascularization and that anti–Nogo-A antibodies also enhance
sprouting and reconnectivity in this metabolically stabilized tis-
sue. From a clinical perspective, a treatment that combines
beneficial regenerative effects on both the vascular and neuronal
network would seem highly advantageous for the promotion of
functional recovery in stroke patients.
Nogo-B, another isoform of the Nogo/RTN4 family, and its

receptor NgBR have been shown to promote angiogenesis in
several non-CNS tissues (43, 44). Here, Nogo-B was found to be
up-regulated in the periinfarct region of WT animals and has
also been previously reported to be activated following Nogo-A
deletion (45). Although no function of Nogo-B in the ischemic
CNS has been recognized so far, we cannot exclude its participation
in the proangiogenic effect in our studies using conventional Nogo-
A–deficient animals. However, the finding that animals lacking
S1PR2, the Nogo-A–specific receptor in endothelial cells, also
had improved vascular parameters suggests that Nogo-A sig-
naling significantly contributes to vascular impairment. This is
in accordance with in vitro findings from previous and the
current study indicating that the Nogo-A Δ20 active domain but
not Nogo-66 inhibits sprouting and migration of vascular cells
through the S1PR2 receptor (14, 17, 18).
From a therapeutic perspective, it might be even beneficial if

Ab-targeted Nogo-A neutralization may support other proan-
giogenic signaling cascades including Nogo-B.
Besides Nogo-A suppression, similar beneficial effects have

been shown for other guidance molecules in a number of pre-
clinical studies for CNS ischemia. For example, viral over-
expression of the positive guidance molecule Netrin1 promoted
angiogenesis and long-term neurological recovery in a mouse
model of transient focal ischemia (46). Also, activation of the
guidance molecule ephrinB2 enhanced neurovascular repair and
pericyte recruitment after brain ischemia (47). On the other hand,
inhibition of the repulsive axonal guidance molecule Semaphorin
4D reduced BBB permeability as well as infarct volume and im-
proved neurologic performance of rats after transient middle ce-
rebral artery occlusion (48).
Guidance cue-targeted therapies may also ameliorate vascular

disease in the retina, as intravitreal administration of Semaphorin
3A blocked misguided neovascularization in a mouse model of
oxygen-induced retinopathy (49, 50). In the same mouse model,
intravitreal application of anti–Nogo-A Abs markedly inhibited
neovascular tuft formation, enhanced the vascularization of deep
retinal layers, and improved visual function (15). These findings
together with our present data suggest that therapeutic interven-
tions targeting repulsive guidance cues, in particular Nogo-A,
might be a promising strategy to promote functional angiogene-
sis in ischemic CNS conditions. Indeed, safety and feasibility of
intrathecal anti–Nogo-A Ab delivery have recently been demon-
strated in a phase I clinical trial for spinal cord injury (51).

Materials and Methods
The goal of the present study was to test if blockage of the neurite outgrowth
inhibitor Nogo-A improves vascular repair in mice with cerebral ischemia. We
hypothesized that high Nogo-A levels restrict the formation of new blood
vessels in the ischemic border zone, similar to its previously reported role in
negative regulation of developmental CNS vasculature (14). Its inhibition may
facilitate the generation of a more permissive environment for neuroprotective
and regenerative processes that ultimately might result in improved function.

To test this, we first test genetic mouse models deficient for Nogo-A (n = 9)
or its corresponding receptor S1PR2 (n = 5) or neutralized Nogo-A with a
function-blocking anti–Nogo-A Ab (n = 12). Control animals in all experiments
were WT littermates (n = 13) or animals receiving an IgG isotype control Ab
(n = 13). We assessedmotor skills of the stroked animals at baseline and at 3, 7,
14, and 21 d after injury (52). Ischemic cortical tissue was histologically
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analyzed after 3 wk for vascular function (53), cell survival, synaptic and
neurotransmitter activity, and regenerative processes. A subset of Nogo-A−/−

and WT animals underwent functional blood perfusion analysis with laser
Doppler flowmetry (n = 4 per group). To link improved vascular repair with
functional improvement after Nogo-A blockage, we blocked poststroke an-
giogenesis of Nogo-A−/− mice by systemic application of anti-VEGF antibodies
for 10 d after stroke (n = 6 to 7 per group). Moreover, in an in vitro 3D
hydrogel model we tested the effects of Nogo-A components together with
VEGF on the vascular network (54, 55) (n = 5 to 7 per group).

All animals are presented in the study; no statistical outliers were excluded.
Data were acquired blinded. The surgery, behavioral testing and analysis of
the data were performed by different investigators that were blinded in all
steps of analysis.

All experiments were conducted in accordance with the applicable na-
tional regulations and approved by the Cantonal Veterinary Department
of Zurich.

For a detailed description of these topics, see SI Appendix, SI Materials
and Methods.
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