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Autonomic sympathetic nerves innervate peripheral resistance arteries, thereby regulating vascular tone
and controlling blood supply to organs. Despite the fundamental importance of blood flow control, how
sympathetic arterial innervation develops remains largely unknown. Here, we identified the axon guidance
cue netrin-1 as an essential factor required for development of arterial innervation in mice. Netrin-1 was
produced by arterial smooth muscle cells (SMCs) at the onset of innervation, and arterial innervation required
the interaction of netrin-1 with its receptor, deleted in colorectal cancer (DCC), on sympathetic growth cones.
Function-blocking approaches, including cell type-specific deletion of the genes encoding Nt»n1 in SMCs and
Dcc in sympathetic neurons, led to severe and selective reduction of sympathetic innervation and to defective
vasoconstriction in resistance arteries. These findings indicate that netrin-1 and DCC are critical for the con-

trol of arterial innervation and blood flow regulation in peripheral organs.

Introduction
Arterial blood vessels and peripheral nerves both form highly
branched networks that ramify together throughout the organism
(1, 2). To orchestrate the formation of their exquisitely wired net-
works, nerves and blood vessels have developed specialized cellular
guidance structures that respond to common environmental cues
(3,4). Alignment of nerves and blood vessels allows the establishment
of a physical relationship between them, notably arterial innervation
by autonomic sympathetic nerve fibers that control vascular tone.
Periarterial sympathetic axons surround vessels in lace-like
networks. The fibers are confined to the media-adventitia bor-
der above the medial smooth muscle cell (SMC) layer and release
neurotransmitter from en passant varicosities during conduction
of an action potential (5). Maintenance of arterial neurovascular
junctions requires vascular endothelial growth factor (6). Innerva-
tion density differs between arteries, with large elastic arteries such
as the aorta being poorly innervated and small resistance arteries
such as the mesenteric and cutaneous arteries showing very dense
innervation (7, 8). Sympathetic varicosities induce vasoconstrictor
responses in these resistance arteries, thereby reducing peripheral
tissue perfusion in environmental stress situations (7, 9). For exam-
ple, cold stress will activate vasoconstriction of cutaneous arteries
and arterioles to reduce skin heat loss and thus to maintain normal
core body temperature. Sympathetic regulation of peripheral resis-
tance arteries is essential for maintaining blood flow to the heart
and central nervous system under stress conditions (7, 10). Dys-
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function of sympathetic arterial innervation contributes to orthos-
tatic hypotension and to essential hypertension (7). Catheter-based
renal artery denervation decreases blood pressure in patients with
treatment-resistant hypertension (11), indicating that targeting
arterial sympathetic innervation offers therapeutic opportunities
to develop novel antihypertensive medication.

In addition to blood vessels, sympathetic nerves innervate and
control additional targets, including exocrine and endocrine
glands, pilomotor muscles, and SMCs of the heart and internal
organs (12). Axon projections from sympathetic neurons en route
to these targets occur along arterial vasculature (12). For instance,
sympathetic neurons of the superior cervical ganglia (SCG) send
axonal projections either along the external carotid arteries to
innervate the submandibular, sublingual, and parotid glands
or along the internal carotid arteries to the lacrimal and pineal
glands, the eye, the mucosa of the oral and nasal cavities, and the
skin and blood vessels of the head (13). Molecules, such as arte-
min, neurotrophin-3 (NTF3), and endothelin-3, promote axon
extension along arteries, and mouse mutants deficient for these
factors exhibit defects in proximal axon extension during midges-
tation (13-17); however, whether these factors also control arterial
innervation per se is unknown.

Arteries are not only paths allowing axons to travel toward
end-organ targets, they are themselves targets for innervation.
Individual sympathetic axons are therefore presented with the
choice of either contacting SMCs of the arterial wall and estab-
lishing functional innervation or ignoring these potential targets
and, instead, extending along them. We reasoned that two possible
mechanisms might regulate this choice: local release of attractants
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or repellents from individual SMCs could influence sympathetic
growth cone behavior during proximal axon extension or arterial
innervation might be temporally controlled and occur after
innervation of other sympathetic targets is completed.

Results

To distinguish between these two possibilities, we investigated the
onset of arterial innervation by staining with an antibody against
tyrosine hydroxylase (TH), the rate-limiting enzyme in catechola-
mine production in the sympathetic nervous system (18, 19). In
E15.5 mouse skin, sympathetic axons selectively extended along
Tujl* sensory axons that were aligned with arteries (ref. 20 and
Supplemental Figure 1, A-D; supplemental material available
online with this article; doi:10.1172/JCI75181DS1). At PO, whole-
mount staining of mesenteric arteries with anti-smooth muscle
actin (SMA) and anti-TH antibodies showed that sympathetic
axons were present next to arteries, and some larger axon bundles
crossed over the artery, but no small fibers extending growth cones
toward anti-SMA* arterial SMCs were visible (Figure 1, A-D). In P2
mesenteries, sympathetic axons started to extend small-diameter
fibers that wrapped around the arterial wall (Figure 1, E-H). High-
magnification confocal analysis showed that TH* growth cones
contacted arterial SMCs at P2 but not at PO (Figure 1, C, D, G,
and H). Double staining with anti-TH and neuron-specific class III
B-tubulin Tuj1 antibody or Wnt1-Cre:mTmG arteries (21) confirmed
that virtually all fibers contacting the arterial wall were TH* sym-
pathetic fibers (Supplemental Figure 1, E-P). In P10 mesenteries,
arteries were fully surrounded by a lattice of sympathetic axons
(Figure 1,1 and J), with a density of arterial innervation similar to
that seen in adult arteries (see below).

To establish if arterial innervation correlated with maturation of
the arterial wall, we used immunostaining of sections of PO, P3, and
P10 mesenteries (Figure 1, K-P) and transmission electron micros-
copy (Figure 1, Q-S). PO arteries were surrounded by 2 layers of mural
cells, but only the inner one was positive for anti-SMA (Figure 1,
K, L, and Q). TH* nerve fibers were present next to the arteries, but
no contacts between individual sympathetic fibers and the arterial
wall were visible, confirming results obtained with whole-mount
stainings (Figure 1, A, B, K, L, and Q). P3 arteries had developed an
internal elastic lamina and acquired a second layer of SMA* SMCs
around the arterial wall (Figure 1, M and N). Individual TH* nerve
fibers contacted the second SMC layer and, by electron microscopy,
small-diameter nerve fibers were seen to communicate directly with
the SMCs in the second layer (Figure 1R). Finally, at P10, the arterial
wall was composed of 2 SMC layers surrounded by the external elas-
ticlamina (EEL), and adventitial cells assembling around it (Figure 1,
O, P,and S). TH" nerve fiber endings contacting SMCs were far more
numerous than at P2 (Figure 1, O and P) and communicated with
the SMCs through gaps in the EEL (Figure 18S).

To determine whether sympathetic arterial innervation followed
asimilar time course in other tissues, we performed TH staining of
skin and arteries in the Circle of Willis, which showed that, as in the
mesentery, sympathetic axons established contacts at P2 and fully
surrounded the arterial wall by P10 (Supplemental Figure 1, Q-T).

These observations show that arterial innervation in mice is ini-
tiated postnatally (P2) and completed within the second week after
birth, concomitant with maturation of the arterial wall (9). In con-
trast, alignment of sympathetic axons and arteries occurs a week
before arterial innervation, and innervation of other sympathetic
targets is completed perinatally (17).
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We reasoned that the switch from axon elongation along arter-
ies to innervation of arteries might reflect the appearance of an
attractive factor(s) generated by arteries. To identify such fac-
tors, we screened for transcripts that are differentially expressed
in PO and P2 arteries, using cDNAs isolated from PO and P2
Cx40::egfp mouse arteries. Quantitative PCR (qPCR) showed
that transcripts encoding the axon guidance cue netrin-1 (22)
were upregulated 1.8-fold in innervated arteries compared with
noninnervated arteries (Supplemental Figure 2A). X-gal staining
of PO and P2 mesenteries from heterozygous Ntn1 knock-in mice
(22) showed arterial netrin-1 expression at P2, but not at PO, con-
firming the qPCR data (Figure 2, A and B).

We also detected netrin-1 expression in arteries of the Circle of
Willis at P2 but not at PO (Figure 2, C-F). During embryonic devel-
opment, prior to innervation, no netrin-1 was detected, and net-
rin-1 expression in these arteries persisted until adulthood (Sup-
plemental Figure 2B). Therefore, netrin-1 expression correlates
temporally with the onset of arterial innervation.

Netrin-1 expression also correlated spatially with innervated
arteries, with high levels in cutaneous arteries (Figure 2G) and in
resistance arteries branching off the iliac and femoral artery. No
expression was observed in the carotid, aorta, iliac, and femoral
arteries (Figure 2, H-J), which are conduit arteries that do not
vasoconstrict in response to sympathetic stimulation. Sections
of X-gal-stained arteries labeled with anti-SMA showed that net-
rin-1 was expressed in SMCs surrounding the wall of resistance
arteries (Figure 2, K-P).

We asked whether netrin-1 regulates arterial innervation using
in vivo function-blocking approaches. As Ntnl~/- mice die at
birth (22), we generated conditional NtnI mutants by inserting
loxP sites around exon 3 of the mouse Ntnl gene (Supplemental
Figure 2C) and intercrossed Nin ¥/ mice with Sm22-Cre drivers
(23) to produce Sm22-Cre* Ntn1"f mice (hereafter referred to as
Nin17k). Ninl levels in P3 N1k mice were around 50% of those
of Cre~ littermate controls (Supplemental Figure 2D). Intercross
with mT:mG reporter mice (21) confirmed Cre activity in only a
subset of arterial SMCs (Supplemental Figure 2E). Nevertheless,
quantification of the area of TH* axons covering the SMA" arterial
wall at P3 showed significant reduction of arterial innervation
in Ntnl1sk mice compared with Cre™ lictermates, despite residual
netrin-1 expression (Figure 3, A-C). Furthermore, mesenteries
from heterozygous Ntnl-lacZ knock-in mice, which expressed half
of the wild-type Ntnl levels in arterial SMCs (Supplemental Fig-
ure 2F), also showed significant reduction of arterial innervation
compared with that of wild-type littermates (Figure 3C). Thus,
reduction of netrin-1 levels by only 50% significantly reduces arte-
rial innervation. To test effects of temporal blockade of netrin-1,
we used intraperitoneal injection of netrin-1 function-blocking
antibodies (24) at P1 and P2, followed by quantification of the
area of TH" nerve fibers covering the mesenteric arteries at P3.
Anti-netrin-1-treated mice showed a significant reduction in
arterial innervation, like Ntn17* and NtnI*/~ mice (Figure 3C),
indicating that blocking netrin-1 function during the postnatal
time window when sympathetic innervation occurs is sufficient
to impair arterial innervation.

Since reduction of netrin-1 levels or blocking of netrin-1 func-
tion reduced arterial innervation, we asked whether overexpres-
sion of netrin-1 could promote sympathetic axon extension in
vivo. We injected lentivirally transduced netrin-1-overexpressing
pancreatic tumor cells, which secrete 150 ng/ml netrin-1 per
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Figure 1

Sympathetic arterial innervation in mice occurs after birth.
(A—J) Confocal microscopy of mesenteric arteries stained with
anti-SMA and anti-TH antibodies. (A and B) Note no arterial
innervation at PO, (E and F) beginning of innervation at P2
(arrows), and (I and J) full innervation at P10. High-magnifi-
cation images show (C and D) axon bundles crossing over
the artery at PO but absence of individual fibers, (G and H)
whereas single sympathetic fiber growth cones contact
the artery wall at P2 (asterisks). (K—P) Cryostat section of
mesenteric arteries at PO, P3, and P10 stained with indicated
markers. Elastin staining showed arterial maturation, (N) with
internal elastic lamina (IEL, white arrowheads) present at P3
(L) but not at PO, and (P) the EEL (yellow arrowheads) form-
ing at P10. SMA immunostaining shows 1 layer of SMCs at
PO, and 2 layers at P3 and P10. (M) TH+ sympathetic fibers
start contacting arteries at P3 (arrows), and (O) their density
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day (25), intraperitoneally into neonates, thereby flooding the
peritoneal cavity with ectopic netrin-1. We reasoned that ectopic
overexpression of netrin-1 in the peritoneal cavity should com-
pete with arterial netrin-1 and might attract axons away from the
arterial wall. Examination of mesenteric arteries at P8 showed
that mice injected with netrin-1-expressing tumor cells exhibited
significant deviation of TH* axons away from the arterial wall,
compared with mice injected with control neomycin-expressing
tumor cells, which had little or no ectopic sympathetic axons
that were not aligned with or surrounding arteries (Figure 3, D
and E). Effects of ectopic netrin-1 expression on sympathetic
axons could be blocked by coinjection of an antibody that blocks
netrin-1 binding to its receptor deleted in colorectal cancer
(DCC) (26, 27), but not to UNCSB (ref. 28, Figure 3, D and E,
and Supplemental Figure 2G), which led to reduction in ectopic
axon extension away from the arterial wall.

These results suggested that netrin-1 might attract sympa-
thetic axons via DCC. Expression of DCC was readily detected in
sympathetic axons surrounding mesenteric arteries in vivo and
sympathetic growth cones in vitro (Figure 4A). To test whether
DCC mediated the response of sympathetic axons to arte-
rial netrin-1, we deleted Dcc in sympathetic axons using Dedf!
mice and TH-Cref® driver lines (29, 30) by 4-hydroxytamoxifen
(4-OHT) injection at P1 and P2, followed by analysis of arterial
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increased by P10 (arrows). (K, M, and O) Sympathetic nerve
bundles aligned with arteries were visible at PO, P3, and P10
(asterisks). (@Q—S) Scanning electronic microscopy of mesen-
teric arteries at PO, P3, and P10. Nerve bundles (asterisks) are
present at PO and P3. Boxes show (R) a P3 sympathetic axon
contacting SMC extensions and (S) a P10 axon contacting a
SMC through the EEL. A, artery; EC, endothelial cell. Scale
bars: 50 um (A, B, E, F, I, and J); 10 um (C, D, G, H, and Q);
25 um (K-P); 20 um (R and S); 1 um (insetin R and S).

innervation at P3. 4-OHT-injected Cre~ littermates were used
as controls (Figure 4, B-D). In an additional set of neonates,
we injected DCC function-blocking antibodies (27) at P1 and
P2 (Figure 4E). Both DCC function-blocking approaches led to
a significant reduction of arterial innervation at P3 (Figure 4,
B-E), mimicking the phenotypes seen after loss of netrin-1 func-
tion. Taken together, these experiments are consistent with a
model whereby netrin-1 produced by SMCs in the early post-
natal arterial wall mediates sympathetic arterial innervation by
binding to DCC receptors on sympathetic axons.

SMC coating, arterial diameter, and the diameter of the sym-
pathetic nerve bundles lining the arteries were similar among
Ntn1sko Ntn1*/~, and Dccdf TH-CrefR mice, their littermate con-
trols, and mice injected with netrin and DCC blocking antibod-
ies (Supplemental Figure 3, A and B). Cardiac innervation by TH*
fibers was also similar between wild-type and Nn1*/- littermates
(Supplemental Figure 3, C and D). Innervation density in other
sympathetic end organs, including testis and bladder, was indis-
tinguishable between wild-type and Ntn1*~ mice (data not shown).
Together, these data indicate that blocking netrin-1/DCC signal-
ing specifically affected arterial innervation but not other aspects
of sympathetic nerve or arterial development.

Netrin-1 binding to DCC mediates axon attraction and branch-
ing (31-35), suggesting that netrin-1 might promote arterial
Volume 124
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Arterial innervation correlates with netrin-1 expression. X-gal staining of
Ntn1+- tissues. (A) Note absence of blue netrin-1 staining in noninnervated
PO mesenteric arteries and (B) netrin-1 expression at P2 coincident with
the onset of arterial innervation. (C—F) Arteries in the Circle of Willis start
expressing netrin-1 at P2. Images in D and F show higher-magpnification views
of the boxed areas in C and E, respectively. (G) Adult skin arteries express
netrin-1. (H) Resistance arteries branching off the femoral artery are netrin-1
positive. (I) Absence of netrin-1 expression in cardiac muscle and carotid
arteries. (J) lliac and femoral arteries do not express netrin-1. (K-M) Cryostat
sections through the middle caudal artery show netrin-1 expression in anti-
SMA* SMCs. (N-P) Note absence of netrin-1 staining in SMCs of the carotid
artery. V, vein. Scale bars: 200 um (A, B, and H); 1 mm (D, F, G, and J);

Ntn1+*-lacz

K

2 mm (C, E, and I); 50 um (K-M); 25 um (N-P).

innervation by attracting DCC-expressing sympathetic axons or
by stimulating their branching. Netrin-1 addition to medium
that promoted growth of cultured sympathetic neurons had no
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effect on axon branching, growth, extension, or survival, as
assessed by quantification of these parameters after 2 and
24 hours (data not shown). Netrin-1 is therefore unlikely
to mediate arterial innervation through major effects on
sympathetic axon branching or growth. To test for attrac-
tive effects, we used cocultures between mesenteric arter-
ies from P8 wild-type and Ntn1*/- littermates and wild-type
SCG. After 7 days of coculture, in the presence of nerve
growth factor (NGF) to stimulate axon outgrowth, TH*
axons were attracted toward and wrapped around wild-
type arteries, recapitulating arterial innervation seen in
vivo (Supplemental Figure 3, E-I). In contrast, the ability
of TH* axons to move toward and wrap around Ntnl*/~
arteries was significantly reduced (Supplemental Figure
3, G-I). These observations suggest that netrin-1 is likely
to promote arterial innervation by attracting sympathetic
axons toward the arterial wall via DCC.

Reduction of netrin-1 levels could lead to a permanent
arterial innervation defect or to a transient reduction in
innervation that could be compensated for later in life by
other factors. In adult Nt 1% and in Ntn1*/~ mice, con-
focal microscopy of resistance arteries in the skin and the
esophagus showed normal arterial patterning and SMC
coating and the presence of TH* fibers next to the arteries
(Figure 5, B-F, and Supplemental Figure 4, A-F). However,
in contrast to Cre- or wild-type littermates, in which TH*
fibers surrounded the arterial wall (Figure 5, A and D),
TH" fibers failed to contact arteries in Ninl#"% and N1/~
mice (Figure 5, B, C, E, and F, and Supplemental Figure
4, A-F). Microdissection of the arterial trees from adult
mice showed that the plexus of TH* sympathetic fibers
surrounding arteries in wild-type mice increased in density
as artery caliber decreased and reached highest density in
peripheral resistance arteries (Figure 5, G and H). Ntn1"/~
mice showed normal density of TH" fibers in large-diam-
eter arteries, including the iliac and femoral arteries, but
near-complete absence of arterial innervation in resistance
arteries (Figure SI). Transmission electron microscopy of
adult mesenteric arteries confirmed that sympathetic axon
contacts with SMCs and the area of synaptic varicosities
in Ntn1*/~ mesenteric arteries were reduced compared with
those in wild-type littermates (Figure 5, J-M). These results
show that a decrease in netrin-1 expression levels causes
permanent, severe defects in innervation and synaptic var-
icosity formation of resistance arteries.

In contrast to the resistance vessels described above,
arterial innervation in the Circle of Willis was similar
between wild-type and Ntnl*/~ littermates (Figure 5,
N and O). Treatment of Ntnl”~ mice with a netrin-1
function-blocking antibody also failed to decrease inner-
vation in these arteries (Figure SP). Taken together, these
data show that innervation of peripheral resistance arter-
ies, but not of cerebral arteries, is highly dependent on
netrin-1, thus revealing unanticipated complexity in the
mechanisms regulating arterial innervation.

The severe sympathetic innervation defect suggested
that adult Ntn 177k and Ntn1*/~ mice should exhibit defec-

tive vasoconstriction in response to noradrenalin release from
sympathetic nerve terminals in the skin. We evaluated paw cuta-
neous blood flow by laser-Doppler flowmetry in anesthetized
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Netrin-1 is required for arterial innervation.
(A and B) Confocal images of mesenteric
arteries from (A) control and (B) Ntn1smko
mice at P3 stained with anti-TH and anti-SMA
antibodies. (C) Quantification of mesenteric
artery innervation in P3 Ntn1%% Sm22-Cre-
and Ntn1smke mice, in wild-type and Ntn1+-
mice, and in mice injected with PBS vehicle
or an anti—netrin-1 function-blocking antibody
(20 ng/g, intraperitoneal injection at P1 and
P2). Innervation in control litermates was
set as 1. All measurements were made by an
observer blinded to the experimental condi-
tion (n = 6 mice per group, 8—10 images per
mesentery). ***P < 0.0001, unpaired 2-tailed
t test. (D) TH immunostaining of mesenteric
arteries from P8 mice intraperitoneally injected
at P1 with tumor cells transfected with control-
or netrin-1—producing expression vector. Note
ectopic innervation adjacent to the arteries in
mice injected with cells expressing netrin-1,
which is abolished when mice were treated
with anti-DCC function-blocking antibody
(2.5 ug/g, intraperitoneal injection at P2, P5,
and P7). (E) Ectopic innervation in P8 mice
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adult mice placed on a temperature-controlled heating pad. In
wild-type mice, vasoconstriction was observed when the core
body temperature dropped from 38°C to 36°C (Figure 6). In
contrast, Ntnl* and Ntn1*- mice exhibited significantly less
vasoconstriction in response to the same body temperature
decrease (Figure 6). Vasoconstrictor responses in both wild-type
and Ntnl”~ mice were completely abolished by pretreatment
with the a-1 adrenergic receptor blocker prazosin (Figure 6B),
indicating that o-1 adrenoreceptors were functional in Ntn1-defi-
cient mice. Furthermore, qPCR measurement of adrenoreceptor
levels and SMC markers failed to reveal quantitative differences
between wild-type and Nin Ik or Ntn1*”~ arteries (Supplemental
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was quantified by measuring the area of TH*
pixels adjacent to the arteries. All measure-
ments were made by an observer blinded to
the experimental condition (n = 6 mice per
group, 8 images per mesentery). ***P < 0.0001,
unpaired 2-tailed t test. Scale bars: 50 um.

Figure 4, C and D), indicating that SMCs
are fully functional in Ntn1-deficient mice
and that the vasoconstriction defect origi-
nates from the presynaptic side.

Discussion
We show that sympathetic arterial innerva-
tion in mice occurs within the first 2 weeks
after birth, coincident with maturation
of the arterial wall. Innervation therefore
occurs after alignment of sympathetic
axons with arteries and after sympathetic
axons have reached other targets in vis-
ceral organs (17, 20). Classic studies that
traced sympathetic axons projections in
rat embryos showed that SCG fibers have
reached distal targets as far away as the eye
by E15.5, leading the authors to suggest that more proximal end
organs, i.e., smooth muscle of the carotid arteries, might receive
postganglionic projections even earlier (36). According to this
traditional view, the processes of axon extension and innervation
may be linked for peripheral arteries. However, the data shown
here demonstrate that alignment of sympathetic axons and arte-
rial innervation are temporally uncoupled processes, suggesting
that arterial innervation might be triggered by specific signals pro-
duced by early postnatal arteries that attract sympathetic axons
toward the maturing arterial smooth muscle wall. Future studies
are required to determine whether arterial innervation is mediated
by branching of sympathetic axons or perhaps by a separate set of
Number 7
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DCC mediates sympathetic innervation in response to netrin-1. (A) Anti-DCC immunostaining
on TH* SCG axons in vitro and sympathetic nerves surrounding mesenteric arteries in vivo.
(B and C) Confocal images of P3 mesenteric arteries from Dcc/ TH-Cre control mice (B) and
Dcc" TH-Cre* mice (C) injected with 4-OHT at PO, P1, and P2 and stained with anti-TH and
anti-SMA antibodies. (D and E) Quantification of mesenteric artery innervation in Dcc"TH-Cre
control mice and DccTH-Cre* mice shown in B and C and in mice injected with PBS vehicle
or an anti-DCC function-blocking antibody (2.5 ng/g, intraperitoneal injection at P1 and P2).
Innervation in control litermates was set as 1. All measurements were made by an observer
blinded to the experimental condition (n = 6 [E] and 3 [D] mice per group; 8—10 images per
mesentery). ***P < 0.0001, unpaired 2-tailed t test. Scale bars: 50 um (A, top row, B, and C);
10 um (A, bottom row).
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relates temporally and spatially with arterial
innervation. Strikingly, smooth muscle-
specific deletion of the Nl gene, which
leads to a 50% reduction in the levels of
netrin-1 expression and absence of one
copy of the Ntnl gene, was sufficient to
severely impair arterial innervation in small-
diameter resistance arteries branching off
the iliac and femoral artery as well as arter-
ies in the skin and internal organs, such as
the esophagus and mesentery. Acute tempo-
ral netrin-1 blockade during early postnatal
life with a function-blocking antibody (37)
was sufficient to reduce arterial innervation.
Conversely, overexpression of netrin-1 in the
peritoneal cavity led to ectopic extension of
sympathetic axons away from the arteries,
and this process could be blocked by block-
ing the netrin-1 receptor DCC. Inducible cell
type-specific Dcc deletion in sympathetic
neurons during early postnatal life pheno-
copied arterial innervation defects seen in
Ntnl-deficient mice. Together, these data
show that netrin-1 produced by postnatal
arterial SMCs attracts sympathetic axons via
DCC and is required for sympathetic arterial
innervation (Figure 7).

DCC expression is detectable in sympa-
thetic axon bundles surrounding mesen-
teric arteries, but the arterial wall is inner-
vated by a subset of DCC-expressing axons,
suggesting that some axons innervate artet-
ies in response to netrin-1/DCC signaling,
while others continue to extend. Further-
more, since SMC-specific deletion of Ntnl
only partially lowered netrin-1 levels and
arterial innervation was reduced, but not
completely abolished in Ntn1 mutants, we
cannot exclude that other factors may con-
tribute to arterial innervation. Previously
identified factors, such as NGF, NTF, and
artemin, may participate to this process.
Defects in sympathetic outgrowth and
alignment with arteries were described in
mouse mutants for Ngf, Ntf3, and the arte-
min receptor, Ret, but perinatal lethality
so far precluded analysis of arterial inner-
vation in these mice (38-40). Nevertheless,
despite the possible involvement of other
factors, partial loss of netrin-1 function was
sufficient to induce severe defects in adult
artery innervation, functionally leading to
loss of vasoconstriction, which was induced

sympathetic neurons. In line with the latter idea, previous studies
in the superior cervical ganglion have shown that separate sets of
neurons are destined to project axons along the internal or the
external carotid artery (13).

Here, we identify the axon guidance cue netrin-1 as the first
specific regulator of arterial innervation. We find that netrin-1 is
expressed in SMCs of resistance arteries and that its expression cor-
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by a drop in core body temperature in anesthetized mice. These
data show that even a 50% reduction in netrin-1 levels has func-
tional consequences on blood flow supply to peripheral organs in
stress conditions. SMC-specific Ntn1-deficient mice therefore pres-
ent a unique mouse model to study consequences of loss of periph-
eral arterial sympathetic innervation on blood pressure control and
cardiovascular homeostasis in resting and stress conditions.
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Figure 5

Innervation of peripheral resistance arteries in adult Ntn1-deficient mice. (A—F) Confocal microscopy
shows (A and D) normal innervation of skin arterioles in Ntn1## Sm22-Cre- and wild-type mice,
while TH* fibers are present but fail to contact the arterioles (B and C) in Ntn1# Sm22-Cre+ and
(E and F) Ntn1+- skin. (G-I) Anti-TH staining of microdissected iliac and femoral arteries and side
branches from adult (G and H) wild-type and (I) Ntn7+- mice. Images in H and | were taken of the
femoral artery; right panels in H and | show a higher-magnification images of resistance arteries.
(I) Note normal femoral artery innervation in Ntn1+- mice but reduction of resistance artery inner-
vation. (J—M) Transmission electron microscopy images from mesenteric arteries of wild-type and
Ntn1+- mice. SM, SMC; el, EEL; V, varicosity. (N—P) Similar innervation of arteries in the Circle of
Willis in wild-type mice, Ntn1+- mice, and Ntn1+- mice treated with an anti—netrin-1 function-blocking
antibody (BIAb; 20 ug/g, intraperitoneal injection at P12, P15, and P18; analysis at P20). Scale
bars: 50 um (A-F, left panels; H and I, right panels; and N-P); 10 um (A-F, right panels); 100 um
(H and |, left panels); 1 um (J—M); 2 mm (G).
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Sympathetic nerves were present
and aligned with arteries in Ntn 17k
and Ntnl*¥~ mice, indicating that
netrin-1 production by resistance
arteries is selectively required for
arterial innervation but does not
affect development of the sym-
pathetic nervous system per se.
Netrin-1 was not expressed in the
heart, and cardiac innervation was
normal in Ntnl mutants. Interest-
ingly, a growing body of evidence
indicates that innervation of the
heart and large arteries is regulated
by other molecules, including NGF
and the axon guidance molecule
Sema3A and its receptor Nrpl
(41-43). Therefore, sympathetic
innervation of cardiovascular tar-
gets may be regulated by specific
combinations of guidance mole-
cules: Sema3A/Nrpl for the heart
and large arteries and netrin/DCC
for resistance arteries.

Innervation of cerebral arteries
in the Circle of Willis was also not
affected by Ntn1 deficiency, although
these vessels expressed netrin-1.
Treatment of Ntnl”~ mice with net-
rin-1 function-blocking antibody,
which reduced mesenteric artery
innervation, did not affect inner-
vation of these arteries, indicating
that their sympathetic innervation
does not depend on netrin-1 but
on other, as yet unidentified, cues.
Interestingly, sympathetic innerva-
tion of these arteries does not con-
tribute significantly to control of
cerebral blood flow, which is mainly
regulated by neural activity sensed
by astrocytes and transmitted to the
precapillary arteriole, which dilates
to increase blood delivery to the
active region (10, 44). These data
suggest that netrin-1 is selectively
required for sympathetic innervation
of peripheral resistance arteries that
vasoconstrict in response to sympa-
thetic activation.

In addition to attracting axons
toward the arterial wall, netrin-1
may be required for additional steps
of arterial innervation, such as the
formation of en passant synapses,
which starts around P10 and can
undergo dynamic changes through
adulthood (5). This idea is supported
by the observation that defects in
arterial innervation in adult resis-
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Figure 6

Defective vasoconstriction in
Ntn1smko and Ntn1+- mice. (A)
Laser-Doppler recordings of blood
flow in the paws of anesthetized
mice monitored for body core
temperature. Red color denotes
highest blood flow. Note vasocon-
striction in Ntn1%1 Sm22-Cre- and
in wild-type control mice between
36.9°C and 36.6°C, but absence
of vasoconstriction in the Nitn1smko
or Ntn1+- littermates (n = 5 mice
per group for Ntn1#" Sm22-Cre-
and Cre* and n = 6 mice per
group for Ntn7++ and Ntn1+-). (B)
Laser-Doppler quantification of
vasoconstriction in control litter-
mates and Ntn7smke and Ntn1+-
mice. At 37.8°C, the foot blood
flow was not significantly different
between all experimental groups.
For each animal, the measure-
ment of foot blood flow at 37.8°C
was considered as 100%, and the
data of foot blood flow at other
temperatures were expressed
as the percentages of the mea-
surement at 37.8°C. ***P < 0.001,
2-way ANOVA followed by Bonfer-
roni post test. Prazosin treatment
(1 mg/kg, intraperitoneal injection
30 minutes prior to the onset of
the experiment) abolishes vaso-
constriction in both Ntn1+- mice
and wild-type littermates.
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tance arteries are more severe when compared with postnatal arter-
ies and that synaptic area, if it has formed, appears reduced. Netrin-1
plays a role in directing the formation of presynaptic, specialized en
passant synapses in C. elegans (45, 46), and DCC regulates arboriza-
tion and synapse formation of dopaminergic axons in the mouse
brain (33), suggesting that netrin-1 and DCC may participate in the
formation of en passant autonomic synapses.

Besides axon guidance, netrin-1 has been implicated in regulat-
ing angiogenesis and arteriogenesis (25, 47-49). Netrin-1 mediates
capillary retraction via repulsive UNCSB receptors expressed on
endothelial cells and arteriogenesis following hind limb ischemia
via an as yet unknown receptor. Netrin-1 also regulates leukocyte-
endothelial interactions during inflammation (50-52). As the sym-
pathetic nervous system also regulates production of hematopoi-
etic cells (53), angiogenesis, and arteriogenesis (54, 55), the data
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presented here suggest that some of the functions of netrin-1 in
blood vessels may be due to its effects on sympathetic axons and
underscore the critical role of netrin-1 during coordinated wiring
of the nervous and vascular system.

Methods

Animals. Ntn1"/~, Cx40-GFP, flk1-GFP, mTmG, Sm22-Cre, TH-Cre, and Dcc/!
mice were described previously (21-23, 29, 30, 56, 57). L. Miquerol (UMR
7288, Marseille, France) provided Cx40-GFP mice. Ntn1/f mice were gen-
erated by Ozgene. LoxP sites were inserted on both sides of exon 3 of
the mouse Ntnl gene, which contained the initiation codons for net-
rin-1 full-length and short nucleolar forms (58). Cre recombination and
exon 3 deletion are predicted to produce a misfolded protein truncated
of its 353 N-terminal amino acids, lacking the signal peptide and first
2 laminin EGF-like domains.
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A E15-P2: axon extension along artery

B P2-P10: artery innervation

Netrin-1

C P10 - adulthood: En passant synapse formation

Neonatal mouse injections. At day P1, P2 wild-type pups on a CD1 back-
ground (n = 6 per group) received intraperitoneal injections of 20 ug/g
anti-netrin-1 antibody, 2.5 ug/g anti-DCC antibody (Calbiochem), or vehi-
cle PBS. Neonatal pups were collected for analysis at day P3. The Dcd"/
TH-Cre*R mice were injected with 100 ug 4-OHT at PO, and tissues were
collected at P3. For gain-of-function experiments, pups were injected at P2
with Miapaca cells (1 million cells per intraperitoneal injection) expressing
control vector or netrin-1 and injected with blocking antibody anti-DCC at
P2, PS5, and P7, and then sacrificed at P8.

Immunostaining and histology. For whole-mount staining, dissected tissues
were fixed in 4% PFA for 2 hours on ice and blocked overnight in block-
ing buffer (PBS/0.5% blocking reagent [Perkin]/0.3% Triton X-100/0.2%
BSA). Tissues and embryos were incubated overnight at 4°C with pri-
mary antibodies in blocking buffer (anti-TH [Millipore, 1:100]; anti-TuJ1
[R&D Systems, 1:100], and Cy3-conjugated anti-SMA [Sigma-Aldrich,
1:200]). Tissues were washed in PBS/0.3% Triton X-100 and incu-
bated overnight with fluorescent streptavidin (CyS5, GE Healthcare)
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Figure 7

Model for arterial innervation. (A) Proximal axon extension along the
arterial vasculature occurs before birth and requires molecules, such
as endothelins, artemin, and neurotrophins, produced by the arteries
(symbolized by colored dots). (B) Innervation of arteries occurs at P2,
coincident with expression of netrin-1 by SMCs in the arterial wall
(symbolized by orange color). (C) Full artery innervation and synapto-
genesis occurs around P10 and is deficient in small resistance arteries
following blocking of netrin-1 and DCC function.

or species-specific fluorescent secondary antibodies (Alexa Fluor 488,
555, or 647; Invitrogen). The samples were then washed in PBS/0.3%
Triton X-100 and mounted (Dako Fluorescent Mounting Medium,
Dako). Images were captured using a confocal microscope (SPS, Leica)
with acquisition software (LAS AF, Leica) and a x10 NA 0.3 Plan Fluotar
lens (HC, Leica), a x20 NA 0.7 Plan Apo lens (HCX CS, Leica), and a x40
NA 1.4 Plan Apo lens (HCX CS, Leica). For quantification of mesenteric
artery innervation, TH" area per artery was imaged and analyzed using
Image]J by an observer blinded to the experimental condition.

LacZ staining was performed on 20-um transverse cryosections of unfixed
middle caudal and carotid arteries. After fixation in acetone for 20 minutes
at-20°C, slides were washed in washing buffer (0.1% sodium deoxycholate,
0.2% Nonidet P40, and 2 mM MgCl, in PBS) and incubated overnight at
30°C in X-gal staining solution [2 mM MgCl,, 5 mM K4Fe(CN)s, 5 mM
K3Fe(CN)g, and 1 mg/ml X-gal in PBS]. Organs were fixed with 4% PFA for
30 minutes at room temperature and then incubated in X-gal staining solu-
tion at 30°C for 2 hours or overnight depending on the organ.

Standard procedures were used for transmission electron microscopy.

Cocultures. SCGs from P1 pups were dissected, incubated for 1 hour at
37°C with Mitomycin C (10 mg/ml, Sigma-Aldrich) to arrest nonneural
cell growth, and severed into 2 explants. Those explants were placed into
type I collagen gel (Rat Tail Collagen, Roche; 100 ml at 3 mg/ml into acetic
acid, MEM 10X, NaHCOj3) close to mesenteric arteries from P8 wild-type
and heterozygous littermates and cultivated in DMEM/F12 medium with
2 mM penicillin/streptomycin, 10% fetal calf serum, 2 mM L-glutamine,
and 20 ng/ml NGF (2.5S Nerve Growth Factor, mouse natural, Becton
Dickinson) for 7 days at 37°C and 5% CO,. Collagen gels were fixed with
4% PFA overnight at 4°C and immunostained as described above.

qRT-PCR analysis. Mesenteric arteries from P3 and 6- to 8-week-old
Ntn1*/- mice, Ntn 1V Sm22-Cre mice, and control littermates were dissected
and homogenized. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen) according to manufacturer’s instructions. The RNA yield was
measured by absorbance at 260 nm.

The first-strand cDNA was synthesized by the Bio-Rad iScript cDNA
Synthesis Kit. The real-time PCR reactions were performed using IQ
SYBR Green Supermix Kit (Bio-Rad) in a CFX96 Real-Time PCR detec-
tion system (Bio-Rad). Primers were designed using AlleleID 7 software.
The sequences of the primers were as follows: netrin, sense, CTCAGT-
GGTTACATACAG, anti-sense, CTCCTCATTTCAGTCTTG; SMA, sense,
GGCATCAATCACTTCAAC, anti-sense, CTATCTGGTCACCTGTATG;
calponin, sense, AAACAAGAGCGGAGATTTGAGC, anti-sense, TGTC-
GCAGTGTTCCATGCC; desmin, sense, CGTGACAACCTGATAGAC,
anti-sense, TTCTCTGCTTCTTCTCTTAG; MHC, sense, CAAGATGAT-
GAGATGTTC, anti-sense, AAGGACAGATGATACTAC; smoothelin, sense,
CCTCAGATACCTTGGACTC, anti-sense, TTGGCAGGATTTCGTTTC;
SM22a, sense, CAACAAGGGTCCATCCTACGG, anti-sense, ATCTGGG-
CGGCCTACATCA. The B-actin primers were from Qiagen (QT01136772,
QuantiTect Primer Assay.) The cycle conditions comprised a 3-minute
period of polymerase activation at 95°C and 40 cycles at 95°C for
30 seconds, 30 seconds at 62°C, and 30 seconds at 72°C. Analysis of DNA
Volume 124
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melting curves demonstrated a single peak for each set of primers. Ampli-
fication products were size controlled on a 1% agarose gel. Quantitative
data were normalized relative to the internal housekeeping control B-actin
gene. Results are presented as data normalized to the expression of the
corresponding gene in control littermate.

One-way ANOVA was used to determine whether there were any signifi-
cant differences between the gene expression levels in netrin-1-deleted
mice and their control litctermates.

ELISA. 96-well plates (Maxisorp, Nunc) were coated using 100 ul of
1 ug/ml rmDCC-Fc or rmUNCS5B-Fc (R&D Systems) diluted in 1x PBS and
incubated overnight at 4°C. Plates were washed 6 times with PBS-Tween
(1x PBS; 0.05% Tween20) and blocked by adding 300 ul blocking solution
(1x PBS; 0.05% Tween20; 1% BSA) to each well for 1 hour at room tem-
perature. Plates were washed 6 times and incubated with various concen-
trations of DCC blocking antibody (50, 10, 5, 1, 0.5, 0.1, and 0.05 ug/ml;
Calbiochem), 100 ul per well, for 2 hours at room temperature. After
6 washes, plates were incubated with 0.5 ug/ml rmnetrin-1, 100 ul per
well, for 2 hours at room temperature. After 6 washes, ELISA detection
was performed by incubation with anti-mnetrin-1 biotinylated anti-
body (0.1 ug/ml; R&D Systems) for 2 hours at room temperature. After
6 washes, ELISA revelation was performed with R&D Systems substrate
reagent pack incubated for 10 minutes at room temperature and blocked.
Results were obtained by reading sample optical density with a 96-well
plate reader (Thermo Scientific) at 450 to 550-nm wavelength.

Laser-Doppler flow. Adult mice were anesthetized using 1.5% isoflurane in
airata flow rate of 11 per minute. Mice were next placed on a heating plat-
form, and core body temperature was monitored continuously by refined
monitoring systems. Using laser-Doppler flowmetry (59), the evaluation
of paw cutaneous blood flow was then measured at every 0.3°C drop of
body temperature from 37.8°C + 0.1°C to 35.1°C + 0.1°C (Moon Instru-
ments). Two weeks later, the same experiment was conducted on those
animals treated with an a-1 adrenergic receptor antagonist (1 mg/kg via
intraperitoneal injection, prazosin hydrochloride, Sigma-Aldrich) (60).

Statistics. Data shown are expressed as mean + SEM. The statistical signif-
icance was determined using unpaired 2-tailed Student’s ¢ test. One-way
ANOVA was used to determine whether there were any significant differ-
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ences between the gene expression levels in netrin-1-deleted mice and their
control littermates. Statistical analysis for laser-Doppler experiments was
performed using 2-way ANOVA followed by Bonferroni post test for group
comparison. Statistical analysis was performed using GraphPad Prism soft-
ware. Pvalues of less than 0.05 were considered significant in all experiments.

Study approval. All experimental protocols were approved by Yale Univer-
sity Institutional Animal Care and Use Committee and the CIRB ethical
committee and were conducted in accordance with the ARRIVE guidelines

for the care and use of laboratory animals.
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