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Formation of a fully functional artery proceeds through a
multistep process. Here we show that Notch3 is required
to generate functional arteries in mice by regulating ar-
terial differentiation and maturation of vascular smooth
muscle cells (vSMC). In adult Notch3−/− mice distal ar-
teries exhibit structural defects and arterial myogenic
responses are defective. The postnatal maturation stage
of vSMC is deficient in Notch3−/− mice. We further show
that Notch3 is required for arterial specification of vSMC
but not of endothelial cells. Our data reveal Notch3 to be
the first cell-autonomous regulator of arterial differen-
tiation and maturation of vSMC.
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Full elaboration of the vascular system proceeds through
highly coordinated and tightly regulated processes. Dur-
ing the early stages of vascular development, endothelial
precursors differentiate and proliferate in situ to form a
primary tubular network in a process termed vasculo-
genesis. This primary capillary plexus is subsequently
remodeled through the process of angiogenesis. The en-
suing stabilization and maturation of the vessel depend
on the recruitment of mural cells and their differentia-
tion into vascular smooth muscle cells (vSMC) or peri-
cytes (Carmeliet 2003). Blood vessels are specified as ar-
tery or vein before circulation commences (Lawson and
Weinstein 2002). Arteries are also specified into different
calibers and types of vessels to perform different func-
tions. The major arteries of the trunk are elastic, con-
ducting arteries, whereas the distal arteries are muscu-

lar, resistance arteries. In mature arteries, vSMC exist in
a quiescent contractile state, but vSMC can change their
phenotype and differentiated state when responding to
changing environmental cues. To achieve homeostasis,
factors in the arterial wall must instruct vSMC to main-
tain this quiescent differentiated phenotype (Owens
1998).

The Notch signaling pathway is an evolutionarily con-
served, intercellular signaling mechanism that plays a
central role in the development of most vertebrate or-
gans (Artavanis-Tsakonas et al. 1999). Notch pathway
components have been recently added to the growing list
of signaling molecules that control vascular develop-
ment and homeostasis (Lawson and Weinstein 2002;
Shawber and Kitajewski 2004). Notch family genes en-
code evolutionarily conserved transmembrane receptors.
In mammals, four Notch family receptors have been de-
scribed. Notch activation is triggered by interactions
with ligands of the Delta and Serrate/Jagged families and
results in the induction of the expression of Hairy and
Enhancer of Split-related basic helix–loop–helix tran-
scriptions factors (Artavanis-Tsakonas et al. 1999; Iso et
al. 2003). Targeted mutagenesis in mice disrupting
Notch1/Notch4, Jagged1, or Hey1/Hey2 results in em-
bryonic lethality with severe defects in angiogenic vas-
cular remodeling (Xue et al. 1999; Krebs et al. 2000;
Fischer et al. 2004). Recent work indicates that Notch
signaling may regulate arterial differentiation of endo-
thelial cells (Lawson et al. 2001; Fischer et al. 2004). On
the other hand, highly stereotyped mutations in human
Notch3 cause CADASIL, a hereditary vascular dementia,
suggesting a role for Notch3 in vessel homeostasis (Jou-
tel et al. 1996). CADASIL is a late-onset disorder, and
neurological symptoms arise from a slowly developing
systemic vasculopathy, characterized ultimately by de-
generation of vSMC (Ruchoux et al. 1995). Yet, the func-
tion of Notch3, which is expressed predominantly in
blood vessels in late embryos and in adults, is poorly
understood (Joutel et al. 2000). Notch3 function is not
required for viability and fertility in mice (Krebs et al.
2003). In this study we investigated the in vivo function
of Notch3 in the adult blood vessel.

Results and Discussion

Adult Notch3−/− mice exhibited marked arterial defects.
Mutant arteries were enlarged and exhibited a less fes-
tooned elastica lamina (Fig. 1A–J). Staining with smooth
muscle cell-specific markers, including �-smooth
muscle actin (�-SMA) and smooth muscle myosin heavy
chain (SMMHC) showed no evidence of vSMC defi-
ciency in mutant arteries, but revealed that the vSMC
coat was thinner than in wild-type arteries (Fig. 1C–F,I,J).
The caudal artery within the tail exhibited a thinner,
disorganized tunica media composed of discontinuous
layers of noncohesive smooth muscle cells, especially
within the outermost layers (Fig. 1I,J). High resolution
optic microscopy and ultrastructural analysis of mutant
arteries indicated that vSMC were present but had
marked alterations in shape and size. Mutant vSMC
were thinner and often extended thin elongated cyto-
plasmic processes, which frequently overlapped (Fig.
1G,H,K,L). Endothelial cells of mutant arteries appeared
morphologically normal. Arterial defects were observed
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in all the organs analyzed from Notch3−/− mice. In con-
trast, major elastic arteries of the trunk in mutant mice
appeared indistinguishable from those of control mice
(data not shown). Arterial vessels from Notch3+/− hetero-
zygous mice appeared similar to those of wild-type mice
(data not shown). Despite these arterial defects, there
was no indication of parenchyma damage. In particular,
there was no evidence of brain pathology, even in older
mice up to 12 mo of age (data not shown).

We next determined the impact of Notch3 deficiency
on the functional properties of the arteries. Defects of
vSMC in resistance arteries may affect systemic blood
pressure. However, resting arterial blood pressure did not
differ between control and mutant mice, suggesting a
compensatory role of other factors involved in its regu-
lation, such as cardiac output, autonomic innervation, or
circulating hormones (Fig. 2A). Constrictive response to
pressure elevation is a highly characteristic function of
arteries, particularly distal arteries. This behavior, which
primarily involves a vascular myogenic mechanism, is
particularly well developed in cerebral arteries. It under-
lies autoregulation of cerebral blood flow (CBF), the
maintenance of constant blood flow during variations in
systemic blood pressure, and cerebrovascular resistance
(CVR) (Davis and Hill 1999). In response to angiotensin II
or phenylephrine injections, Notch3−/− mice showed
normal arterial blood pressure elevations but strongly
impaired CBF reactivity and CVR (Fig. 2B,C; data not
shown). The slight increase in CBF elicited by acute in-
duced hypertension in control mice was exacerbated in

Notch3−/− mice (Fig. 2C, middle panel). Consistently, in
wild-type mice CVR exhibited a dose-dependent increase
in response to injections of angiotensin II or phenyleph-
rine, while in Notch3−/− mice acute induced hyperten-
sion did not elicit any change in CVR (Fig. 2C, upper
panel; data not shown). Thus, the results indicate that
Notch3−/− mice exhibit strongly defective arterial myo-
genic responses. Taken together these observations indi-
cate that Notch3 function is required in adult mice for
the structural and functional integrity of arteries, par-
ticularly smaller-diameter arteries.

Arterial defects in adult Notch3−/− mice could result
from a defect in vessel maturation or a perturbation in
vessel homeostasis. To distinguish between these two
possibilities, we searched for the earliest detectable de-
fects in Notch3−/− mice. We focused on the tail vascula-
ture because of its highly stereotyped pattern (Supple-
mentary Fig. 1). At birth, arterial vessels in Notch3−/−

neonates were indistinguishable from those of control
littermates. However, at this stage both wild-type and
mutant vessels were immature. At birth, both wild-type
and mutant arteries located in the lateral bundles, here-
after designated lateral arteries, were surrounded by a
single layer of �SMA- and SMMHC-positive cells (Fig.
3A,B; data not shown). The tunica media of both wild-
type and mutant caudal arteries was composed of a loose
meshwork of mural cells with �SMA and SMMHC ex-
pression predominating within the two innermost cell
layers (Supplementary Fig. 2A,B; data not shown). These
presumptive vSMC, in lateral and caudal arteries, had a
polygonal or rounded shape with little cytoplasmic con-
tent and were poorly oriented around the lumen (Fig.

Figure 2. Impaired cerebral blood flow reactivity in Notch3−/−

mice. (A) Arterial blood pressure measurements in conscious wild-
type (open bars, n = 8) and Notch3−/− mice (filled bars, n = 8; 5–7 mo
old). Mean values ± SEM of systolic, diastolic, and mean arterial
pressure (MABP) do not differ between wild-type and mutant mice.
(B) Representative blood pressure (lower) and CBF (upper) tracings
from wild-type (left) and mutant (right) mice in response to angio-
tensin II injection. (C) The effects on MABP (in millimeter Hg
change, lower panel), on CBF (in percent change, middle panel), and
CVR (in percent change, upper panel) were measured in response to
three distinct doses of angiotensin II (0.15, 0.37, and 0.74 µg/kg) in
wild-type mice (open bars, n = 6) and mutant mice (filled bars, n = 6).
Angiotensin II infusion induces similar blood pressure response in
wild-type and mutant mice but strongly defective CBF and CVR
responses in Notch3−/− mice. Bars represent the mean ± SEM. Sta-
tistical analysis was carried out using the unpaired Student’s t-test.
(*** P < 0.001).

Figure 1. Arterial defects in adult Notch3−/− mice. (A–D) Cerebral
arteries from wild-type and Notch3−/− mice. Toluidine blue staining
of semithin sections (A,B) shows that the Notch3−/− artery is en-
larged; SMMHC staining (C,D) shows the thinner profile of
Notch3−/− vSMC. (E–H) Tail lateral arteries. �SMA staining (E,F)
shows that the Notch3−/− artery is enlarged and has a thinner vSMC
coat; electron micrographs (G,H) show the marked alteration in the
shape and size of vSMC in Notch3−/− mice. Arrowheads point to the
thin elongated cell processes from distinct vSMC that overlap. (I–L)
Caudal arteries. �SMA staining (I,J) shows the disorganized tunica
media in Notch3−/− artery with noncohesive vSMC in the outermost
layers (arrows); toluidine blue staining of semithin sections (K,L)
shows the thinner and irregular profiles of mutant vSMC. Bars:
A,B,I,J, 85 µm; C–F,K,L, 34 µm; G, 8 µm; H, 14 µm.
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3D,E; Supplementary Fig. 2C,D). Subsequently, vSMC
underwent coordinated changes in their shape and ori-
entation, lending the arterial vessels their final appear-
ance by postnatal day 28 (P28). This process was strongly
impaired in Notch3−/− mice.

In wild-type mice, vSMC harmoniously increased in
length and thickness and reached a circumferential ori-
entation around the lumen. By P28 wild-type lateral ar-
teries exhibited a single, regular layer of cohesive and
continuous cells closely applied to the elastica lamina
(Fig. 3J). In the wild-type caudal artery, morphological
changes of vSMC occurred with a luminal to abluminal
gradient. These changes were coincident with the pro-
gressive juxtaposition of the vSMC layers toward the
elastica lamina and with an increase in the levels of
�SMA and SMMHC. At P28 and beyond, the wild-type

caudal artery harbored four cohesive, continuous layers
of circumferentially elongated vSMC (Supplementary
Fig. 2G). In contrast, in Notch3−/− mice vSMC did not
appropriately remodel their shape and did not reach their
proper place and orientation in the tunica media and
around the lumen. In mutant lateral arteries, vSMC ex-
tended abnormal thin elongated cytoplasmic processes,
which frequently overlapped. Additionally, mutant
vSMC formed abnormal clusters of cells that were not
properly oriented around the lumen (Fig. 3H,K). The
Notch3−/− mutant caudal artery exhibited, by P7, abnor-
mal aggregates of �SMA-, SMMHC-, and desmin-posi-
tive cells, that did not subsequently apply to the inner
layers and did not acquire the proper orientation (Supple-
mentary Fig. 2F,H; data not shown). In addition, several
cytoskeletal components characteristic of mature arte-
rial smooth muscle cells, including dense plaques and
dense bodies, were markedly reduced in number in
Notch3−/− mice (Fig. 3M,N; Supplementary Fig. 2I,J).
These results indicate that the postnatal maturation of
vSMC that lends arterial vessels their final shape is de-
ficient in Notch3−/− mice.

We next examined whether altered cell proliferation or
survival contributed to the failure of arterial maturation
in Notch3−/− mice. No differences were observed in neo-
natal mutant (17.5% ± 2.5%) or control (17.4% ± 3.4%)
mice in the percentage of presumptive smooth muscle
cells in the arterial vessels that stained with the mitotic
marker KI67. Moreover, we did not find apoptotic,
TUNEL-positive cells either in mutant or control arter-
ies (data not shown). These data indicate that alterations
in cell proliferation and cell death did not contribute to
the arterial maturation defects of Notch3−/− mice.

Remarkably, during all the postnatal maturation
stages examined, vSMC in mutant arterial vessels exhib-
ited several features that were highly reminiscent of
those of vSMC in wild-type veins, suggesting that in
Notch3−/− mice, vSMC exhibited a venous instead of an
arterial pattern of maturation. At birth, vSMC of veins
appeared similar to those of wild-type and mutant arter-
ies (Fig. 3A–C). Subsequently, venous vSMC did not un-
dergo the extensive morphological changes and cell re-
orientation that wild-type arterial vSMC did. Instead, ve-
nous vSMC, like vSMC of mutant arterial vessels,
extended thin elongated cytoplasmic processes that fre-
quently overlapped and formed clusters of poorly ori-
ented cells around the lumen (Fig. 3, cf. H and I, K and L,
N and O).

This observation raised the question whether Notch3
was required for arterial differentiation of vSMC. We ex-
amined expression of smoothelin, one of the rare smooth
muscle markers that is expressed predominantly in arte-
rial rather than venous vSMC (van der Loop et al. 1997).
Smoothelin expression was markedly reduced in mutant
arteries, suggesting an impaired arterial identity of mu-
tant vSMC (Fig. 4C,D). Alternatively, the diminished ex-
pression of smoothelin may also simply reflect an im-
paired terminal differentiation of mutant vSMC, since
smoothelin is a late-stage vSMC differentiation marker.
To directly assess vSMC arterial differentiation, we in-
troduced an arterial smooth muscle-specific reporter
into the Notch3-deficient background. The SM22� gene
is normally transcribed in arterial, venous, and visceral
smooth muscle cells (Li et al. 1996). Previous work has
identified arterial-specific regulatory elements within
the SM22� promoter. A 2.1-kb genomic fragment of the

Figure 3. Impaired postnatal maturation of the lateral arteries from
the tail in Notch3−/− mice. (A–C) �-SMA staining of P0.5 arteries
from wild-type (A) and Notch3−/− mice (B) and vein from wild-type
mice (C) showing that arteries and veins are surrounded by �-SMA-
positive mural cells. (D–L) Toluidine blue staining of semithin sec-
tions at P0.5 (D–F), P7 (G–I), and P28 (J–L) from wild-type arteries
(D,G,J), Notch3−/− arteries (E,H,K), and wild-type veins (F,I,L). At
P0.5 wild-type and Notch3−/− arteries and wild-type vein appear
similar. At later stages, vSMC in wild-type arteries harmoniously
increase in length and thickness and become circumferentially ori-
ented around the lumen, while vSMC in Notch3−/− arteries exhibit
thin, irregular, and overlapping cytoplasmic processes (arrows), and
form abnormal clusters of poorly oriented cells (black arrowheads).
Note the similar aspect of vSMC from veins to those from Notch3−/−

arteries at the same age. (M–O) Electron micrographs at P28 of wild-
type artery (M), Notch3−/− artery (N), and wild-type vein (O), show-
ing the irregular shape of vSMC with thin cytoplasmic expansions
as well as the marked reduction of dense plaques (white arrowheads)
in the mutant artery and the wild-type vein (ec, endothelial cells).
Bars: A–L, 17 µm; M, 7.5 µm; N, 10 µm; O, 5 µm.
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SM22� gene was shown to drive expression of a lacZ
reporter in arterial but not venous or visceral smooth
muscle cells in transgenic mice (Moessler et al. 1996).
We examined �-galactosidase expression in the vessels of
freshly dissected tails. In control mice heterozygous for
the SM22�–LacZ transgene, �-galactosidase expression
was detected in arterial vSMC but was absent from both
venous and visceral SMC; �-galactosidase expression
was detectable in arterial vessels of the tail by late em-
bryonic stages (Fig. 4E,G; data not shown). Notch3−/−

mice heterozygous for the SM22�–LacZ transgene
showed strongly reduced �-galactosidase expression in
arterial vSMC by late embryogenesis and beyond (Fig.
4F,H; data not shown). Similarly, in the brain �-galacto-
sidase expression was markedly reduced in mutant pial
arteries (Supplementary Fig. 3A,C), which exhibited
morphological alterations similar to those observed in
mutant tail arteries. However, �-galactosidase expres-
sion in the aorta, which appeared morphologically nor-
mal, was retained (Supplementary Fig. 3B,D). Expression
of endogenous SM22� protein was maintained in both

venous and visceral smooth muscle cells in Notch3-de-
ficient mice, indicating that the other nonarterial regu-
latory elements of the SM22� gene were transcription-
ally active. Importantly, normal levels of SM22� protein
expression were maintained in vSMC of the mutant ar-
teries, indicating that in these cells the endogenous
SM22� gene was transcribed from the nonarterial pro-
moter elements (Fig. 4I,J). These results indicate that, in
the absence of Notch3 function, arterial differentiation
of vSMC was impaired.

Recent studies in zebrafish and mouse have estab-
lished a critical role for Notch signaling in arterial speci-
fication of endothelial cells during embryogenesis (Law-
son et al. 2001; Lawson and Weinstein 2002; Fischer et
al. 2004). Additionally, avian studies indicated that com-
ponents of the vessel wall might control endothelial cell
identity (Moyon et al. 2001). We examined expression of
ephrinB2 and Connexin 40, which are well-established
arterial-specific endothelial markers (Wang et al. 1998;
Mukouyama et al. 2002). Notch3−/− mice exhibited ex-
pression of ephrinB2 and Connexin 40 within endothe-
lial cells of arterial vessels at normal levels, indicating
that arterial identity of endothelial cells was retained
(Supplementary Fig. 4A–D). Moreover, in situ hybridiza-
tion analysis showed that expression of Notch3 was de-
tected primarily in the presumptive arterial smooth
muscle cells and was absent in endothelial cells, indicat-
ing that Notch3 was acting autonomously in vSMC
(Supplementary Fig. 4E,F). Taken together the results
suggest that Notch3 acts cell-autonomously to specifi-
cally regulate the arterial differentiation of vSMC with-
out affecting arterial identity of endothelial cells.

We next investigated effects downstream from Notch3
function. Using in situ hybridization and quantitative
RT–PCR, expression of immediate downstream targets
of Notch signaling (including Hes1, Hey1, Hey2, and
HeyL, but not Hes5) was detected in vessels. However,
these genes exhibited distinct expression levels and pro-
files with respect to endothelial versus smooth muscle
cells and arteries versus veins. We did not find any dif-
ferences between Notch3−/− mice and control littermates
in the transcript levels or expression pattern of these
genes in vessels (Supplementary Fig. 5). Thus, in striking
contrast to Notch-dependent arterial differentiation of
endothelial cells, in which Hey1 and Hey2 were found to
be down-regulated (Fischer et al. 2004), effects down-
stream from Notch3 in vSMC do not seem to involve
previously identified Notch target genes.

How does Notch3 expression regulate postnatal arte-
rial maturation of vSMC? This maturation process may
be controlled by regulation of the actin cytoskeleton,
since cytoskeletal dynamics and cell shape control are
highly interdependent. To test whether Notch3 activa-
tion could affect actin cytoskeletal dynamics, we in-
fected vSMC in vitro with a recombinant adenovirus ex-
pressing a constitutively active Notch3 receptor con-
struct. Results of these in vitro studies suggest a direct
effect of Notch3 signaling on actin cytoskeletal dynam-
ics. Expression of the constitutively active Notch3�E in
cultured vSMC resulted in cell shape changes, an in-
crease of actin stress fibers, and steady-state levels of
polymerized actin (Fig. 5A–E). Additionally, Notch3�E
expressing vSMC had higher resistance to actin-depoly-
merizing drugs (Fig. 5F,G; data not shown). The postna-
tal arterial maturation of vSMC does not correlate with
the temporal expression of the Notch ligands Jagged1

Figure 4. Expression of arterial markers of smooth muscle cells is
impaired in Notch3−/− mice. SMMHC (A,B) and smoothelin (C,D)
staining of wild-type and Notch3−/− caudal arteries. Notch3−/− arter-
ies exhibit normal SMMHC expression levels but markedly reduced
smoothelin expression levels. White arrows point to the ectopic
vSMC stained with SMMHC in the mutant artery. (E–H) �-Gal
staining of tails from Notch3+/+ and Notch3−/− mice heterozygous
for the SM22�–LacZ transgene. Macroscopic view of caudal artery
(E,F, black arrows) and microscopic view through artery (a) and vein
(v) in a lateral bundle (G,H) showing that �-gal staining is restricted
to arterial vSMC in control mice and is markedly reduced in mutant
arteries. (I,J) SM22� staining of Notch3+/+ and Notch3−/− tail sec-
tions. SM22� is expressed in arterial, venous, and visceral (arrow-
heads) smooth muscle cells in both control and Notch3−/− mice.
Mice shown in panels A–D were P28 and those in panels E–J were
P7. Bars: A–D,G–J, 85 µm; E,F, 560 µm.
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and Delta4 (data not shown). Instead, it parallels the in-
crease in arterial blood pressure, which occurs during the
first month after birth (Tiemann et al. 2003). Thus, our
current mechanistic hypothesis is that Notch3 may act
as a sensor or transducer that affords vSMC the ability to
rearrange the actin cytoskeleton in response to mechani-
cal stretching of the vessel wall by the intraluminal
blood pressure.

In summary, we describe here a dynamic process that
is essential for the elaboration of fully functional arter-
ies. This process commences during late embryogenesis
with arterial differentiation of vSMC, continues postna-
tally with the subsequent maturation of vSMC, and ends
around P28 when the artery acquires its final shape. We
identify Notch3 to be the first key player of this process,
by regulating cell-autonomously the arterial differentia-
tion and maturation of vSMC. Our findings extend the
current concept of arterial/venous specification, initially
defined at the level of endothelial cells, to vSMC and
provide new molecular and cellular insights into this
process. First, the results indicate that arteries are ge-
netically distinct from veins at both the level of vSMC
and endothelial cells, and suggest that the pathways con-
trolling arterial identity of these two vascular cell types
are regulated independently. Second, while it has been
shown that arterial specification of endothelial cells is
required during early embryonic vascular development
to maintain boundaries between arteries and veins, this
study indicates that arterial differentiation of vSMC is
required to ensure integrity of the structure and function
of adult arterial vessels.

Finally, the finding of vascular defects in Notch3-defi-
cient mice provides the groundwork for future study of
the in vivo effects of CADASIL mutations on Notch3
receptor activity and function.

Materials and methods
Mice
Notch3 mutant mice and SM22�–lacZ transgenic mice have been de-
scribed previously (Moessler et al. 1996; Krebs et al. 2003). Experimental
procedures involving mice were approved by the relevant French legal
authority (Préfecture de Paris, authorization numbers 75–572 and 75–
071).

Histology, immunohistochemistry, and X-gal histochemistry
For histological analyses, tissues were fixed in formaldehyde and paraf-
fin-embedded or fixed in CARSON and embedded in Epon E812, then
sectioned and stained using standard protocols. For electron microscopy,
tissues were processed as described (Ruchoux et al. 2003). Immunohis-
tochemistry was performed on acetone-fixed cryostat sections or paraffin
sections using the following primary antibodies: desmin (clone D33;
DAKO), SM22� (gift from M. Gimona, Department of Genetics and Cell
Biology, Austrian Academy of Sciences, Salzburg, Austria), SMMHC
(Biomedical Technologies Inc.), �-SMA (clone 1A4; DAKO), smoothelin
(gift from G. Van Eys, Department of Genetics and Cell Biology, Univer-
sity of Maastricht, Maastricht, The Netherlands), and connexin 40 (gift
from M. Théveniau-Ruissy, CNRS-UMR 6545, Institut de Biologie du
Developpement de Marseille, Marseille, France). We carried out LacZ
staining on freshly dissected tissues as described (Moessler et al. 1996).

Cell proliferation and apoptosis assay
We used antibody to KI-67 (clone MM1; Novocastra Laboratories Ltd) to
detect mitotic cells. Apoptotic cell death was analyzed by TUNEL stain-
ing of paraffin sections using digoxigenin-labeled dNTP and a TRITC-
conjugated anti-digoxigenin antibody (Intergen).

In situ hybridization
We carried out in situ hybridization of Hes1, Hes5 (from V. Taylor, De-
partment of Molecular Embryology, Max Planck Institute of Immunobi-
ology, Freiburg, Germany), Hey1, Hey2, and HeyL (from M. Gessler, The-
odor-Boveri-Institut fur Biowissenschaften, Universitat Wurzburg,
Wurzburg, Germany), Jagged1 (from T. Mitsiadis, CNRS-UMR 5665
CNRS/ENS de Lyon, Lyon, France), Delta4, Notch3, and ephrin B2 using
35S-labeled cRNA probes, as described (Joutel et al. 2000).

RNA analysis
Total RNA was extracted from snap-frozen caudal arteries dissected from
P15 mice, treated with DNase I using the SV total RNA isolation system
(Promega) and converted into cDNA using the MMLV (Invitrogen).
Quantitative PCR was performed using the SYBR Green PCR master mix
(Bio-Rad) on an MyiQ Single-Color Real-Time PCR detection system
(Bio-Rad). Each sample was amplified in triplicate using primers specific
for Hes1, Hes5, Hey1, Hey2, HeyL, and GAPDH. Expression levels were
normalized for GAPDH expression.

Cerebral blood flow reactivity
We used laser-Doppler flowmetry to study cerebral blood flow (CBF) in
mice (Bonvento et al. 1994). Surgical preparation was carried out on anes-
thetized mice with inhaled halothane. Tygon catheters were inserted
into the femoral artery for heart rate and blood pressure recording, and
into the femoral vein for drug infusions. The head was then placed in a
Kopf stereotaxic frame. The left and right parietal bones (∼2.5 × 2.5 mm2

area) were thinned to translucency with a dental drill for positioning of
the two laser-Doppler flowmeter probes (Moor Instrument MBF3-Dual)
to monitor CBF. Mice were allowed to recover from anesthesia and held
under minimal restraint. Body temperature was monitored with a rectal
probe and maintained between 37.0°C and 37.7°C. Heart rate, blood pres-
sure, and CBF were continuously monitored using a 4-Multichannel re-
corder (Gould RS 3400). CBF reactivity was examined in response to
acute hypertension produced by intravenous administration of angioten-
sin II (0.15–0.74 µg/kg) or phenylephrine (11–37 µg/kg; Sigma). Cerebro-
vascular resistance (CVR) was calculated as the ratio of mean arterial

Figure 5. Activated Notch3 modulates cell shape and actin dynam-
ics in cultured vSMC. (A,B) Cells expressing an activated Notch3
construct (N3�E) have a markedly different morphological appear-
ance compared to GFP-expressing cells, being larger and having a
less elongated shape. (C,D) N3�E cells exhibit a more robust actin
stress fibers network compared to GFP cells. (E) The F:G actin ratio
is increased in N3�E-expressing cells. *P < 0.05 compared with GFP
cells. Results are mean ± SEM of three independent experiments
performed in triplicate. (F,G) GFP cells are latrunculin B sensitive,
with marked actin cytoskeleton disassembly, while N3�E cells have
higher latrunculin B resistance. Bars: A,B, 135 µm; C,D,F,G, 69 µm.

Domenga et al.

2734 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


blood pressure to concomitant CBF. Changes in CBF and CVR were ex-
pressed as percent change relative to the resting level.

Morphological analysis of cultured vSMC
Porcine aorta SMC were prepared and cultured as described (Berrou and
Bryckaert 2001). A Notch3�E cDNA (corresponding to amino acids
1617–2321 of human Notch3) was used to generate a recombinant ad-
enovirus expressing a constitutively activated Notch3 as described
(Chartier et al. 1996). An adenovirus expressing the Green Fluorescent
Protein (GFP) was used as the control. Cells were infected with the ap-
propriate virus using 25 TCID50 per cell. Filamentous (F) actin was de-
tected using TRITC-labeled phalloidin and monomeric globular G actin
using Alexa Fluor 594-labeled DNase I. The F:G ratio was expressed as
the ratio of both fluorescence measured in cells plated in triplicate wells,
using a plate reader (Fluoroscan Ascent FL; Labsystems).
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