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Cerebral autosomal dominant arteriopathy with sub-
cortical infarcts and leukoencephalopathy (CADASIL)
is an increasingly recognized adult-onset autosomal
dominant vascular dementia, caused by highly stereo-
typed mutations in the Notch3 receptor. CADASIL is a
widespread angiopathy characterized by a degenera-
tion of vascular smooth muscle cells (VSMCs) and the
abnormal accumulation of electron-dense granular
material called GOM and Notch3 protein, because of
an impaired clearance. Evidence that VSMCs are the
primary target of the pathogenic process is supported
by the restricted expression of Notch3 in these cells
but mechanisms of their degeneration remain essen-
tially unknown. We generated transgenic mice in
which the SM22� promoter drove, in VSMCs, the ex-
pression of a full-length human Notch3 carrying the
Arg90Cys mutation, a CADASIL archetypal mutation.
Transgenic mice showed no evidence of prominent
brain parenchyma damage but demonstrated the two
hallmarks of the CADASIL angiopathy, GOM deposits
and Notch3 accumulation, within both the cerebral
and peripheral arteries. Of interest, arteries of the tail
were more severely affected with prominent signs of
VSMC degeneration. Time-course analysis of vessel
changes revealed that disruption of normal VSMC an-
chorage to adjacent extracellular matrix and cells,
VSMC cytoskeleton changes as well as starting signs of
VSMC degeneration, which were detected around 10
months of age, preceded Notch3 and GOM accumula-

tion appearance, which were observed only by 14 to
16 months of age. In conclusion, we have generated
transgenic mice that recapitulate the characteristic
vascular lesions observed in CADASIL. Our results
indicate that Notch3 or GOM accumulation are un-
likely to be the prerequisites for the induction of
VSMC degeneration and suggest that degeneration
of VSMCs may rather be triggered by the disruption of
their normal anchorage, based on the important role
of adhesion for cell survival. (Am J Pathol 2003,
162:329–342)

CADASIL (cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy; MIM
125310) is an increasingly recognized autosomal domi-
nant small-artery disease of the brain.1 The onset of
symptoms occurs generally in mid-life although it can
range from 25 to �60 years. The symptoms typically
include recurrent ischemic strokes and/or cognitive im-
pairment. Progression of the disease leads to dementia
and premature death �15 to 20 years after clinical onset.
Magnetic resonance imaging of the brain displays T2-
weighted hyperintensities within the white matter in all
patients and small deep infarcts in up to 60% of the
patients. Such magnetic resonance imaging abnormali-
ties can also be detected in asymptomatic patients, indi-
cating that brain parenchyma damages are already
present at the preclinical stage of the disease.2–5 CADA-
SIL is caused by highly stereotyped mutations in the
Notch3 receptor.6 Notch3 belongs to the highly con-
served Notch receptor family involved in cell fate speci-
fication.7 It contains all typical Notch motifs, including a
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characteristic extracellular domain exhibiting 34 tandem
epidermal growth factor-like repeats. All CADASIL muta-
tions result in the addition or the loss of a cysteine residue
within 1 of the 34 epidermal growth factor-like repeats
and therefore to an odd number of cysteine residues in
the affected epidermal growth factor domain.8–10 Preva-
lence of CADASIL is unknown but more than 400 affected
families all over the world as well as sporadic cases
carrying a de novo mutation have been identified.11

On neuropathological examination, CADASIL brains
show a diffuse myelin loss and multiple, small deep in-
farcts located within the white matter and basal ganglia.
The pathological hallmark of CADASIL is a nonamyloid
and nonarteriosclerotic angiopathy, which affects pre-
dominantly the small penetrating arteries. Vascular le-
sions are characterized by degeneration and loss of
smooth muscle cells and the presence of a granular
osmiophilic material (GOM) accumulating within the
smooth muscle cell basement membrane and the sur-
rounding extracellular matrix.12–14 Examination of heart,
muscle, skin, and many other peripheral organs revealed
vessel changes, including the presence of GOM depos-
its, that were identical, although less severe, to those of
cerebral arteries, providing evidence that CADASIL is
indeed a systemic arteriopathy.15–17 GOM deposits are
highly specific of CADASIL and their detection in cerebral
and peripheral vessels from skin or muscle biopsy mate-
rial has been widely used as a diagnostic marker of this
disease.15,18,19 Importantly, VSMC alterations and GOM
deposits have been detected in skin vessels of asymp-
tomatic mutation carriers having a normal brain magnetic
resonance imaging, indicating that arterial lesions are
present at a very early stage of the disease before brain
parenchyma damages and clinical symptoms occur-
rence (MMR, ETL, and AJ; unpublished data).18

First clues to the pathogenic mechanisms underlying
CADASIL came recently from the expression analysis of
Notch3 in tissues from healthy individuals and from
CADASIL patients. Data indicate that vascular smooth
muscle cells (VSMCs) are the primary target of the patho-
genic process in CADASIL. In healthy human adults,
expression of Notch3 is highly restricted to the vessel wall
and to VSMCs. Notch3, like the other Notch receptors,
undergoes a constitutive proteolytical cleavage generat-
ing an extracellular (Notch3ECD) and a transmembrane/
cytosolic (Notch3TMIC) fragment, that remain associated
at the cell surface to form a heterodimeric receptor. In
CADASIL patients, there is an abnormal accumulation of
Notch3ECD in both brain vessels and peripheral tissue
arteries. Accumulation takes place at the cell membrane
of smooth muscle cells in very close vicinity but not within
the GOM and results from an impaired clearance of the
receptor from the cell membrane.20 Notch3 accumulation
is a specific hallmark of CADASIL and its detection by
simple immunostaining of skin biopsy is now commonly
used as an easy and reliable diagnostic marker of
CADASIL.21 Notch3 accumulation, like GOM deposits,
can be detected in mutation carriers during the long
preclinical stage of the disease (ETL and AJ, unpub-
lished observation).

So far the mechanisms underlying pathological alter-
ations in CADASIL remain unclear. Vascular smooth mus-
cle cell degeneration may be caused by a defect in
Notch3 signaling or a toxic effect of Notch3 or GOM
accumulation. A defect in Notch3 signaling may result
from a defect in ligand binding or a defect in transmitting
the appropriate signal. It has also been proposed that the
Notch3ECD, because of its failure to be cleared from the
cell membrane, may dominantly inhibit the normal Notch3
pathway through competitive inhibition of ligand bind-
ing.22,23 However, no evidence of such defects has been
detected so far using in vitro assays (AJ, unpublished
results).24 In late-onset neurodegenerative disorders,
such as Alzheimer’s or Huntington’s diseases, a toxic role
of abnormal protein deposition is suspected to play a major
role in pathogenesis. By analogy, one might hypothesize
that smooth muscle cell degeneration in CADASIL arises
from a toxic effect of Notch3ECD and/or GOM accumulation.

To investigate the mechanisms of smooth muscle cell
degeneration caused by Notch3 mutations, we gener-
ated transgenic mice in which the SM22� promoter drove
the expression of the full-length human Notch3 with the
Arg90Cys mutation, one CADASIL archetypal mutation,
in VSMCs. We report that transgenic mice demonstrated
vascular changes, including GOM deposits, Notch3 ac-
cumulation, and evidence of smooth muscle cell degen-
eration, strikingly similar to those observed in CADASIL
patients. Vessel changes were detected in cerebral and
peripheral vessels, including the tail arteries where alter-
ations were the most prominent. Time-course analysis of
vessel changes revealed that early signs of VSMC dam-
ages were present before Notch3 and GOM accumula-
tion occurred, and that the first ultrastructural defects
included the disruption of normal VSMC anchorage to
adjacent extracellular matrix and cells as well as VSMC
cytoskeleton changes.

Materials and Methods

Generation of Transgenic Animals

A 7021-bp full-length human Notch3 cDNA carrying the
codon 90 CGT � TGT mutation was ligated to a 2191-bp
fragment of the SM22� gene, including 2126 bp up-
stream of the initiation transcription site and the complete
noncoding first exon (a kind gift from Dr. Denise Paulin,
Paris VII University).25 A 584 bp of the bovine �-globin
intron was inserted between the SM22� regulatory se-
quence and the Notch3 sequence. Polyadenylation sig-
nal was derived from the SV40 poly(A) DNA and cloned
3�. Final construct was confirmed by sequencing. Trans-
genic mice were generated by microinjection of the pu-
rified linear DNA fragment insert into fertilized eggs of
C57Bl/6/DBA2 mice. Founder mice were backcrossed to
wild-type C57Bl/6 mice. Presence of the transgene in the
founders and their littermates was checked by polymer-
ase chain reaction analysis of the genomic DNA using the
following set of primers (5�-CGATGGAATGGGTTTC-
CACT -3� and 5�-AGGCAGGAGCAGGAAAAG-3�). The
approximate copy number of the transgene was esti-
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mated by densitometric comparison of hybridization in-
tensity with known standard from Southern blot of DNA
digested by HindIII restriction enzyme cutting twice in
the transgene using a transgene-specific probe (EcoRI-
HindIII fragment of the construct).

Mice were housed on a 12-hour light-dark cycle at
constant temperature with free access to food and water,
in agreement with EC guidelines for care of animal labo-
ratories.

RNA Isolation and Reverse Transcriptase-
Polymerase Chain Reaction

Total RNA was prepared from various tissues of 1-month-
old mice. cDNA templates were reverse-transcribed from
2 �g of total RNA primed with random hexamers and then
subjected to polymerase chain reaction using a set of
primers designed from exon 1 of the murine SM22� gene
and from exon 11 of the human Notch3 gene, respec-
tively (5�-CGAAGCTACTCTCCTTCCAG-3�) and (5�-AC-
CTGGCTCTCGCAGCGTGT-3�).

Immunoblot Analysis

Tissues were homogenized in RIPA extraction buffer [150
mmol/L NaCl, 50 mmol/L Tris-HCl, 1% Nonidet P-40,
0.1% sodium dodecyl sulfate (SDS), 0.5% sodium des-
oxycholate] containing a cocktail of protease inhibitors.
Protein concentrations were determined using the bicin-
choninic acid protein assay reagent (Pierce, Rockford,
IL). Homogenates were clarified after the addition of an
equal volume of SDS-lysis buffer containing 125 mmol/L
Tris-HCl, pH6.8, 4% SDS, 10% �-mercaptomethanol, and
20% glycerol, by centrifugation at 18,000 � g for 30
minutes. One hundred �g of protein per lane was sub-
sequently resolved on 6% SDS-polyacrylamide gel and
then electrophoretically transferred to nitrocellulose
membrane. The following anti-Notch3 antibodies were
used: murine anti-Notch3ECD (clone 5E1, 1:800 dilution;
clone 11A1, 1:2500 dilution) and rabbit anti-Notch3TMIC

(BC4, 1:5000 dilution).20 Mouse anti-�-tubulin (clone DM
1A, 1:15,000 dilution) (Sigma, St. Louis, MO) and rabbit
anti-smooth muscle myosin heavy chain (1:5000 dilution)
(Biomedical Technologies Inc., Stoughton, MA) were
used to check that an equal amount of protein extract
was loaded.

Histological and Immunohistochemistry Analysis

Mice were killed by cervical dislocation. Tissues were
removed, immediately fixed by immersion in formalin
10%, and routinely processed for paraffin embedding.
Tissue sections were stained with hematoxylin and eosin
(H&E). Brain sections were stained with H&E and luxol-
Barrera method.

Immunohistochemistry was performed on 8-�m paraf-
fin sections. The following primary antibodies were used:
murine anti-Notch3ECD (clone 1E4, 1:5 dilution),20 murine

anti-smooth muscle �-actin (clone 1A4, 1:100 dilution)
(DAKO, Glostrup, Denmark), rabbit anti-glial fibrillary
acidic protein (1:2000 dilution) (Sigma). Immunoreactivity
was visualized with the appropriate biotinylated anti-
mouse or anti-rabbit antibody and avidin/biotin-horserad-
ish peroxidase complex (Vectastain ABC-HRP kit; Vector
Laboratories, Burlingame, CA) and developed with 3,3�-
diaminobenzidine (Sigma). Sections were examined on a
Leica DMR microscope.

Electron Microscopy

Trimmed sections (1 to 2 mm thick) of tissues were fixed
in a solution of Carson pH 7.2 (3.5% formaldehyde, 110
mmol/L Na2HPO4). All samples were transferred to 2%
osmium tetroxide in 0.1 mol/L of phosphate buffer pH 7.2.
This was followed by rapid dehydration using a series of
graded concentrations of alcohol and acetone and em-
bedded in Epon. Semithin sections (1 �m) stained with
toluidine blue were observed under a light microscope to
select areas of interest. Ultrathin sections were cut and
mounted on copper grids, stained with uranyl acetate
and lead citrate, and observed with an electron micro-
scope (Leo 906).

Ultrastructural Morphometry

Analysis was conducted on all available arterioles dis-
playing one layer of smooth muscle cells (metarteriole);
larger arterioles as well as veins and capillaries have
been excluded from the analysis. Investigators were un-
aware of the genotype of mice. Photographic prints of
arterioles were made, imported into an image-analysis
system (AnalySIS 2.1), and stored on magnetic media
(Samsung Computer Pentium Sync Master 700b). Elec-
tron micrographies at the original magnification of �1000
to 6000 were analyzed with a modified digitizer (Soft
Imaging System, Digivision Software) coupled with the
computer.

The following morphometric variables were measured:
internal diameter (i � lumen diameter), external diameter
(e), subendothelial space, intersmooth muscle cell
space, and calculated as follows. The limits of the exter-
nal diameter correspond to the outermost zone of the
VSMC basement membrane facing the adventitia. In ar-
teries with an elliptical profile, measurement was taken
perpendicular to the long axis; in arteries with a round-
like shape profile, measurement was taken in two differ-
ent axes and the average value was recorded. The sub-
endothelial space is the space between the abluminal
endothelial cell plasmalemma and the luminal plasma-
lemma of the first VSMC layer, an average of 10 mea-
surements all around the circumference was recorded.
The intersmooth muscle cell space corresponds to the
extracellular space located between the VSMC plasma-
lemma, the average of 10 measurements was recorded.
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Figure 1. Transgene construct and analysis of transgene expression in brain
tissues. A: Schematic view of the Notch3 transgene. The construct contains the
SM22� promoter, a fragment of the SM22� gene including 2126 bp upstream
of the initiation transcription site, and the complete noncoding first exon, the
full-length human Notch3 cDNA with the Arg-to-Cys mutation at codon 90
(Arg90Cys). The bovine �-globin intron was inserted between the SM22�
regulatory sequence and the Notch3 sequence; the SV40 polyadenylation
(SV40pA) 3� of the Notch3 cDNA. B: Specificity of the 5E1 and 11A1 anti-
Notch3 monoclonal antibodies against the human and murine Notch3 proteins.
Protein extracts prepared from murine C2C12 cells and human vascular
smooth muscle cells (hVSMCs) were separated on a 6% SDS-polyacrylamide
gel electrophoresis and immunoblotted with the 5E1 anti-Notch3ECD

monoclonal antibody (left) and with the 11A1 anti-Notch3ECD monoclonal
antibody (right). A 210-kd band, corresponding to the Notch3ECD, is detected
in both murine and human cell extracts with the 5E1 antibody, while the 210-
kd band is detected only in the human cell extract with the 11A1 antibody.
The asterisk marks bands of unknown significance (cross-reacting material or
postlysis degradation product). C: Immunoblot analysis of total and mutant
Notch3 in transgenic mice and nontransgenic littermate brain tissue. Protein
extracts were prepared from half a brain including the meningeal vessels of 1-
month-old transgenic mice (Tg) (lines Ma, Ve, and Or) and of nontransgenic
littermate (Ntg) separated on a 6% SDS-polyacrylamide gel electrophoresis and
immunoblotted with the 5E1 and the 11A1 antibodies. Equal loading of
protein extracts (�100 �g) was assessed by Ponceau staining and anti-smooth
muscle myosin heavy chain (SMMHC) antibody further confirmed that protein
extracts contained a similar amount of vessel. Notice that the blot incubated
with the 11A1 antibody required at least a fivefold longer exposure than the
one incubated with the 5E1 antibody. D: Immunohistochemistry analysis of
Notch3 expression in transgenic mice and nontransgenic littermate brain
tissue. Paraffin brain sections from a 1-month-old nontransgenic littermate
control (Ntg) (a) and from 1-month-old transgenic mice (Tg) (b, line Ma; c,
line Ve) were immunolabeled with the 1E4 anti-Notch3ECD monoclonal
antibody (hematoxylin counterstaining). No staining was detected in the vessel
of the NTg mouse and vessels from both Tg lines exhibited a moderate
staining. Scale bar, 50 �m.
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Results

Generation of Transgenic Lines Expressing the
Mutant Human Notch3Arg90Cys Protein
We introduced the Arg90Cys missense mutation, one of
the archetypal mutations found in CADASIL patients, into
the human Notch3 cDNA by site-directed mutagenesis
and made a mutant Notch3 expression vector as shown in
Figure 1A. Arterial smooth muscle cell-specific expression
of this mutant human Notch3cDNA was driven by regulatory
elements of the mouse SM22� gene. This promoter has
been shown to specifically drive expression of a LacZ trans-
gene in arterial smooth muscle cells in both murine embryo
and adult mouse (AJ, personal observation).25

We established three lines from three distinct founders
that integrated and transmitted the transgene. Normal
Mendelian ratios were observed in the subsequent
breeding, indicating that no embryonic lethality occurred.
Genomic Southern blotting showed that the approximate
transgene copy number ranged from 5 to 15 across the
three lines (Ve, Ma, Or) (data not shown). Reverse tran-
scriptase-polymerase chain reaction analysis, using a set

of primers specific for the noncoding exon 1 of SM22�
and for the exon 11 of human Notch3, confirmed the
expression of the transgene mRNA in all three transgenic
lines (data not shown).

The total amount of mutant and endogenous Notch3
proteins was then assessed by immunoblot analysis with
the 5E1 monoclonal antibody, which recognizes both
human and murine Notch3ECD proteins and was found to
be almost identical in various tissues from 1-month-old
transgenic and wild-type littermates (Figure 1, B and C,
and data not shown). Similar results were obtained when
the blots were probed with the BC4 polyclonal antibody,
which recognizes both human and murine Notch3TMIC

proteins (data not shown). To further specifically study
the expression of the transgene by Western blot, we used
the 11A1 monoclonal anti-Notch3 antibody that proved to
specifically recognize the human but not the murine
Notch3ECD protein (Figure 1B). The human mutant pro-
tein was detected in two of the three lines, with the
highest expression in line Ve, although its absolute level
was very low (Figure 1C). We also examined the expres-
sion of mutant and endogenous Notch3 proteins by im-

Figure 2. Notch3 accumulation in cerebral blood vessels from 17- to 20-month-old transgenic mice. Paraffin brain sections from a 20-month-old nontransgenic
littermate control (Ntg) (A), 20-month-old transgenic mice (Tg) (B, line Ma; C, line Ve), and a 60-year-old CADASIL patient carrying the Arg153Cys mutation (D,
hum CADASIL) were immunolabeled with the 1E4 anti-Notch3ECD monoclonal antibody. Vessels of the transgenic mice and of the CADASIL patients showed the
same characteristic granular immunostaining that was not detected in the nontransgenic mouse. Scale bar, 20 �m.
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munohistochemistry analysis using the 1E4 monoclonal
anti-Notch3ECD antibody. No signal was detected in the
brain vessels from nontransgenic mice, suggesting that
the 1E4 clone, like the 11A1, recognizes the human but
not the murine Notch3 protein. A weak signal was de-
tected in the brain vessels from lines Ve and Ma, with line
Ve displaying a stronger signal than line Ma (Figure 1D).

Together these data indicate that the two transgenic
lines, Ve and Ma, expressed the human Notch3 trans-
gene in the vessels, at a very low level, which can be
estimated to be approximately �25% of the endogenous
Notch3 protein; expression level of the murine endoge-
nous protein in these two lines being almost identical to
the one in nontransgenic mice.

Figure 3. GOM deposits in cerebral blood vessels from 17- to 20-month-old transgenic mice. Ultrathin brain vessel sections from a 19-month-old nontransgenic
littermate control (NTg) (A) and from a 17-month-old transgenic mouse (line Ma) (Tg) (B, C) were examined by electron microscopy. Vessel from the transgenic
mouse showed no prominent changes but exhibited electron-dense granular deposits corresponding to GOM (arrows) within the basement membrane that are
better seen on the higher magnification (C). Higher magnification of a GOM in a transgenic mouse brain vessel (inset, Tg) and of a GOM in a CADASIL patient
brain vessel (inset, Hum) showing that GOM deposits in mouse and human had a similar structure. SMC, smooth muscle cell; EC, endothelial cell. Original
magnifications: �1293 (A, B); �3597 (C); �27,800 (inset, Tg); �19,500 (inset, Hum).
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Old Transgenic Mice Develop Notch3
Accumulation and GOM Deposits within the
Cerebral Vessels

Transgenic lines Ma and Ve were used for further analy-
sis. No significant difference in body weight, appear-
ance, home cage behavior, or social interaction was
observed between the transgenic and the wild-type litter-
mates. Moreover, the survival of transgenic mice was not
significantly different from that of wild-type mice, with
�85% of mice surviving until 18 months of age.

Because there is a long preclinical stage in CADASIL
patients during which vessel changes and brain paren-
chyma damages can be detected, we conducted a de-
tailed histopathological analysis in these mice. Brain sec-
tions were stained using H&E and luxol-Barrera methods
searching for lacunar infarcts and myelin loss, respec-
tively, they were immunostained with an antibody specific
to glial fibrillary acidic protein to search for reactive glio-
sis. We also extensively examined brain vessels search-
ing for the pathological hallmarks of the CADASIL vascu-
lopathy, including the accumulation of Notch3ECD and
the presence of GOM deposits in the smooth muscle
cells. Brains sections were examined using immunohis-
tochemistry with antibodies specific to smooth muscle
�-actin and Notch3ECD (clone 1E4), and we performed
electron microscopy analysis.

Transgenic animals and age-matched wild-type litter-
mates were first analyzed at 10 months of age (four
transgenic and two nontransgenic). Transgenic animals
showed no evidence of brain parenchyma damage or of

vessel changes, including neither Notch3 accumulation
or GOM deposits (data not shown).

Because the CADASIL phenotype become apparent
on aging, we suspected that older transgenic mice might
show histological lesions. Brains of 17- to 20-month-old
mice (six transgenic and three nontransgenic) were ex-
amined by the same protocol used above. Brain paren-
chyma of 17- to 20-month-old transgenic mice showed no
significant difference from those of age-matched non-
transgenic littermates, apart from one infarct and some
glial scars observed in one 20-month-old transgenic
mouse. However, brain vessels of all transgenic animals
examined (n � 6) exhibited a positive granular immuno-
staining with the 1E4 anti-Notch3ECD antibody that was
not detected in age-matched nontransgenic littermates
(n � 3) (Figure 2). In addition, electron microscopy anal-
ysis revealed in all transgenic animals examined (n � 4),
GOM deposits within the meningeal and the intracerebral
arteries that were never seen in age-matched nontrans-
genic littermates (n � 2) (Figure 3). Approximately one to
three GOM patches around one smooth muscle cell were
observed per vessel section. GOM deposits were located
close to the smooth muscle cells, often within an infolding
of the cell membrane and their electron microscopic
structure was very similar to the one of GOM from
CADASIL patients (Figure 3, insets). GOM deposits were
made of 10- to 15-nm electron dense granules, without
filament-like profiles, their size ranged from very small,
barely detectable to large deposits (0.2 to 0.6 �m). Im-
portantly, both Notch3 accumulation and GOM deposits

Figure 4. Dense vascular network in the mouse tail. Paraffin tail section from a wild-type mouse stained with H&E. The tail contains four vascular bundles
(encircled by black squares), each being located between skeletal muscle bundles (m) (A). High magnification of one vascular bundle (B), depicted by an
asterisk on A, shows the high density of vessels. A, arteries; V, veins. Original magnifications: �4 (A); �20 (B).
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were detected in the two transgenic lines Ma and Ve
analyzed.

Old Transgenic Mice Develop Notch3
Accumulation and GOM Deposits within the
Peripheral Arteries

Because CADASIL is a systemic arteriopathy, we won-
dered whether transgenic mice would also display
smooth muscle cell abnormalities within the extracerebral
vessels. We essentially focused on the tail, because the
tail in rodents contains a dense vascular network com-
posed of four vascular bundles, each having at least one
muscular artery and one vein (Figure 4). In addition, the
tail offered the advantage of being easily sampled in alive
mice. Analysis was conducted on 17- to 20-month-old
mice and included light microscopy analysis with H&E
staining, �-actin and 1E4 anti-Notch3ECD immunostain-
ing, and electron microscopy analysis. Because of the
extreme heterogeneity in the nature of the tissues com-

posing the tail, ranging from extremely hard, such as the
bone, to very soft tissues, sectioning of paraffin blocks
proved to be quite difficult. As a result only a limited
number of samples could be really analyzed by immuno-
histochemistry. Nevertheless, we observed the charac-
teristic granular 1E4 anti-Notch3ECD immunostaining in
tail arteries from transgenic mice (n � 3) that was never
detected in the wild-type littermates (n � 3) (Figure 5, A
and D). Tail samples embedded in Epon were easily
processed for electron microscopy and analysis revealed
the presence of GOM deposits in the tail arteries from all
transgenic mice examined (n � 4) (Figure 6, insets 1 and
2). Of interest GOM deposits were more numerous than in
the brain vessels, with at least two to five GOM deposits
around one smooth muscle cell per vessel section.

We also examined other peripheral arteries including
renal, carotid, and femoral arteries. Electron microscopy
analysis demonstrated the presence of GOM deposits in
the transgenic mice (n � 3) but not in control age-
matched mice (n � 2) (data not shown).

Figure 5. Age-dependent granular Notch3 immunoreactivity in the tail arteries from transgenic mice. Paraffin tail artery sections from a 20-month-old
nontransgenic littermate (Ntg) (A) and from transgenic mice (B, 12 months old; C, 16 months old; and D, 19 months old) were immunostained with the 1E4
anti-Notch3ECD antibody. No staining was detected in the nontransgenic mouse, a homogeneous and nongranular staining was observed in the 12-month-old
mouse. A granular staining was observed in the tail arteries from the 16-month-old and the 19-month-old transgenic mice, being discrete and present around a
few smooth muscle cells in the 16-month-old mouse (arrowheads) and more prominent in the 19-month-old mouse. Scale bar, 20 �m.
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Figure 6. GOM deposits and prominent morphological alterations in the tail
arteries from 17- to 20-month-old transgenic mice. Ultrathin tail artery sec-
tions from a 19-month-old nontransgenic littermate control (NTg) (A) and a
19-month-old transgenic mouse (Tg) (B and insets) were examined by
electron microscopy. Artery from the transgenic mouse showed GOM de-
posits (arrows), which are better seen in the two insets (top right) (high
magnification of the two areas encircled by white squares in B). Smooth
muscle cells and endothelial cells in the tail artery of the transgenic mouse
also exhibited prominent alterations. Endothelial cells had a thinner profile
with pyknotic nuclei. Smooth muscle cells were filled with numerous electron-
lucent vacuoles (asterisk) indicative of degeneration, and some cells contained
an increased number as well as thicker dense plaques (arrowheads). They had
an irregular shape and appeared separated from their neighboring cells, leading
to an abnormal enlargement of the intersmooth muscle space. el, elastical
lamina; SMC, smooth muscle cell; EC, endothelial cell; ICS, intersmooth muscle
cell space. Original magnifications: �1293 (A, B); �12,930 (insets).

Figure 7. Ultrastructural vessel changes in transgenic mice are identical to
those observed in human CADASIL patients. Electron micrographs of ultra-
thin tail artery sections from 16- to 20-month-old transgenic mice (left
column: A, C, E, G) and skin vessel sections from CADASIL patients (right
column: B, D, F, H) showed strikingly similar vessel changes in transgenic
mice and CADASIL patients including GOM deposits located in smooth
muscle cell infolding (A, B), an enlargement of the subendothelial space (C,
D), prominent vacuolization of smooth muscle cells and enlargement of the
intersmooth muscle cell space (E, F), and an irregular shape of smooth
muscle cells with their plasma membrane having a blurred and moth-eaten
appearance (arrowheads) (G, H). Lum, lumen; MC, smooth muscle cell; En,
endothelial cell; SES, subendothelial space; ICS, intersmooth muscle cell
space. Original magnifications: �13,400 (A); �15,000 (B); �3750 (C); �3800
(D); �4646 (E); �6000 (F); �7750 (G); �12,000 (H).

Table 1. Age-Related Values of Subendothelial Space and Intersmooth Muscle Cell Space in Tail Arteries from Transgenic and
Nontransgenic Mice

Age, months

Subendothelial space Intersmooth muscle cell space

Nontransgenic Transgenic Nontransgenic Transgenic

5 0.43 � 0.02 (n � 8) 0.42 � 0.10 (n � 11) 0.41 � 0.02 (n � 8) 0.37 � 0.04 (n � 11)
10 to 12 0.35 � 0.05 (n � 10) 0.84 � 0.16* (n � 11) 0.31 � 0.05 (n � 11) 0.72 � 0.03* (n � 11)
14 to 16 0.58 � 0.08 (n � 6) 0.85 � 0.22* (n � 14) 0.42 � 0.24 (n � 6) 1.18 � 0.14* (n � 14)
17 to 20 0.74 � 0.04 (n � 7) 1.16 � 0.30* (n � 5) 0.75 � 0.08 (n � 7) 1.06 � 0.30* (n � 5)

Results are are mean � SDs �m from metarterioles (n � 5 to 14) analyzed in two to eight mice per group
*P � 0.01 versus age-matched nontransgenic group (unpaired, two-tailed Student’s t-test).
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Tail Arteries from Transgenic Mice Show, in
Addition to Notch3 Accumulation and GOM
Deposits, Prominent Morphological Alterations

Importantly, electron microscopy analysis of tail arteries
from transgenic mice demonstrated, in addition to GOM
deposits, prominent morphological alterations with evi-
dence of dramatic changes of both VSMCs and endothelial
cells that were not seen in littermate controls (Figure 6).

Degenerating cells and cellular debris were frequently
seen within the media. Smooth muscle cells were filled
with numerous electron-lucent vacuoles and swollen mi-
tochondriae (Figures 6B and 7E). Plasma membrane of
smooth muscle cells, instead of being smooth and clearly
distinguishable, appeared fuzzy and like moth-eaten
(Figure 6, inset 2; Figure 7G). Of interest, neither the
presence or the number of GOM deposits were found to
be correlated with the severity of cell damage. Indeed
GOM deposits could be absent on degenerating smooth
muscle cells or, on the contrary, be present on less
damaged cells. Smooth muscle cells showed cytoskele-
ton changes. Cytoplasm of some cells had an abnormal
homogeneous and granular appearance. Other cells ex-
hibited an increased number of dense bodies and more
and thicker dense plaques giving the cell an irregular and
indented shape (Figure 6B and inset 2). In addition,
smooth muscle cells were much less closely packed,
appearing separated from their neighbors and from the
elastica lamina. As a result, the intersmooth muscle cell
space and the subendothelial space appeared enlarged
(Figures 6B and 7C; Table 1). Endothelial cells also had
a thinner profile, with their nuclei and their cytoplasm
appearing more osmiophilic (Figure 6B). In contrast, tail
arteries from age-matched nontransgenic littermates
(n � 4) showed only minor age-related ultrastructural
changes, including a slight thickening of the extracellular
matrix and the presence of very few electron-lucent vacu-
oles, but that were rarely observed and only in a very few
smooth muscle cells (Figure 6A).

Importantly, all of the morphological alterations de-
tected in the tail arteries of 17-to 20-month-old transgenic
mice were strikingly and remarkably similar to those ob-
served in the cerebral and peripheral arteries from patients
(Figure 7) (PB, MMR, and AJ, unpublished data).16–18,26,27

Morphological Alterations of Smooth Muscle
Cells and Endothelial Cells Precede Notch3
Accumulation and GOM Deposits

As a next step we aimed to determine the time course of
vessel changes, in particular to ascertain the earliest

vessel changes in relation to the appearance of Notch3
accumulation and GOM deposits, with the hope that it will
give us important clues to the mechanisms of smooth
muscle cell degeneration. Analysis was conducted in tail
arteries from transgenic mice, from 5 months of age up to
16 months of age and after, and included Notch3 immu-
nostaining and electron microscopy analysis with ultra-
structural morphometry.

Notch3 Accumulation and GOM Deposits

Up to 12 months of age, granular Notch3 immunostaining
was never detected in transgenic mice (n � 6) (Figure
5B). At 14 to 16 months of age, a faint 1E4 granular
immunostaining was occasionally detected in a few
smooth muscle cells of tail arteries, being observed in
two of the four transgenic mice that were examined (Fig-
ure 5C). Up to 14 months of age, extensive electron
microscopy analysis failed to detect any GOM deposits in
the arteries (Figure 8). GOM deposits were detected in
tail arteries only by 16 months of age (Figure 7A).

Morphological Alterations

In 5-month-old mice, no significant difference was de-
tected between the transgenic mice (n � 3) and the
wild-type mice (n � 2) (Table 1 and data not shown). The
first visible defects were detected in 10- to 12-month-old
transgenic mice. In wild-type mice (n � 6), the media was
made of highly packed smooth muscle cells with an
intimate contact of the innermost layer of smooth muscle
cells to the internal elastica lamina (Figure 8, A and D). In
contrast, in transgenic mice (n � 6) the media showed
that smooth muscle cells were less packed, and that the
innermost layer did not fit any more the festoons of the
internal elastic lamina (Figure 8; C, E, F, G). As a result
there was a widening of the intersmooth muscle cell
space (0.72 � 0.03 �m versus 0.31 � 0.05 �m in the
wild-type mice) and of the subendothelial space (0.84 �
0.16 �m versus 0.35 � 0.05 �m in the wild-type mice)
(Table 1). The enlarged subendothelial space was filled
with extracellular matrix elements, cellular debris and
microfibrils merged at the margins of elastica lamina
(Figure 8E). Smooth muscle cells exhibited cytoskeleton
changes with the presence of more and larger dense
bodies as well as more and thicker dense plaques, hav-
ing sometimes a more oblique orientation (Figure 8, F and
G). Importantly, a very careful ultrastructural examination
of vessels from 10- to 12-month-old transgenic mice al-
ready revealed starting signs of smooth muscle and en-
dothelial cell damages. Some electron-lucent vacuoles,

Figure 8. Ultrastructural changes of smooth muscle cells and of endothelial cells in tail arteries from 10- to 12 month-old transgenic mice, but no GOM deposits.
Ultrathin tail artery sections of nontransgenic littermate control (NTg) (A, 10 months old; D, 12 months old) and of transgenic mice (Tg) (B and C, 10 months
old; E–G, 12 months old) were examined by electron microscopy. Vessels from transgenic mice exhibited an enlarged intersmooth muscle cell space (better seen
on C) and an enlarged subendothelial space filled with extracellular matrix and cellular debris (better seen on E–G). Smooth muscle cells contained more and
thicker dense plaques (large arrows) having an abnormal oblique orientation and an increased number of dense bodies (thin arrows) (better seen on F and
G). Starting signs of smooth muscle cell degeneration were also observed with a blurred and moth eaten appearance of the plasma membrane, the presence of
some vacuoles (arrowheads) (C, E, F), or the abnormal accumulation of mitochondriae (G). Endothelial cells (ECs) with pyknotic nuclei were also detected (C,
E, G). Importantly, no GOM deposit was observed. Lum, lumen; el, elastica lamina; SMC, smooth muscle cell; EC, endothelial cell; SES, subendothelial space; ICS,
intersmooth muscle cell space. Original magnifications: �1270 (A, B); �6000 (C); �1670 (D, E); �4646 (G).
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an abnormal accumulation of swollen mitochondriae, as
well as a blurred and moth-eaten appearance of the
plasma membrane were detected in smooth muscle cells
(Figure 8; C, E, F, G) and endothelial cells having a more
osmiophilic nuclei were also observed (Figure 8, E and G).

In 14- to 16-month-old transgenic mice (n � 6), all of
the alterations described above were more prominent.
Both the subendothelial space and the intersmooth mus-
cle cell space were further enlarged (subendothelial
space � 0.85 � 0.22 �m versus 0.58 � 0.08 �m in the
wild-type mice; intersmooth muscle cell space � 1.18 �
0.14 �m versus 0.42 � 0.24 �m in the wild-type mice)
(Table 1). Clear degenerative changes of smooth muscle
cells were detected in the outermost layer of smooth
muscle cells of larger arterioles and smooth muscle cell
phantoms were observed (data not shown).

Discussion

We established two lines of transgenic mice expressing
the Arg90Cys mutant Notch3, at a very low level, in
VSMCs. A thorough analysis clearly showed that old
transgenic mice developed the specific pathological hall-
marks of the CADASIL vasculopathy. As in human pa-
tients, transgenic mice demonstrated Notch3ECD accu-
mulation and GOM deposits that were detected in both
cerebral and peripheral arteries. Prominent ultrastructural
alterations with evidence of degenerative changes of
vascular smooth cells were also detected in the tail ar-
teries of the transgenic mice. Vascular smooth muscle
changes, which included vacuolization of the smooth
muscle cells, a moth-eaten appearance of the plasma
membrane, and cytoskeleton changes were strikingly
similar to those observed in CADASIL patients. In addi-
tion, as in human patients, vessels in transgenic mice
showed a disruption of the normal smooth muscle cell
anchorage to cells and extracellular matrix (PB, MMR,
and AJ; unpublished observations).16,17,27,28 As in hu-
man patients, endothelial cells, in addition to smooth
muscle cells, showed degenerative changes.17,26 How-
ever, these transgenic mice did not show evidence of
brain parenchyma damages. Altogether our data indicate
that the pathological alterations seen in our old trans-
genic mice recapitulate the characteristic and specific
aspects of the CADASIL vasculopathy, modeling the
early stage of the human disease before onset of clinical
symptoms and brain parenchyma damages. It is often
difficult to predict the accuracy with which transgenic
mouse lines will model a corresponding human disease.
Because modeling the CADASIL disease in the mouse
was the main purpose of this study, we did not generate
as a first step mice transgenic for the wild-type Notch3
protein. Therefore, at the present time we cannot formally
exclude the possibility that the phenotype observed in
the Notch3Arg90Cys mice may be the result of an over-
expression of Notch3 or that we can state that it is merely
the result of the expression of a mutant Notch3 protein.
However, this former scenario seems very unlikely be-
cause the expression level of the Notch3Arg90Cys trans-
gene proved to be very low in both lines, being far �25%

of the endogenous murine Notch3 protein. Future studies
will be needed to clarify this point as well as to determine
whether mice expressing much more mutant protein may
develop the lesions sooner.

A surprising aspect of this study was the location of the
most severe lesions in the tail arteries rather than in the
cerebral arteries. This is the opposite finding of what is
observed in human CADASIL patients, in which, for a still
unknown reason, vessel changes are much more prom-
inent in the brain arteries than in the peripheral tissue
arteries. One possibility may be that, in transgenic mice,
the expression level of the transgene and/or the ratio of
the transgene to the endogenous Notch3 in the tail arter-
ies are slightly different from the brain arteries. Another
possibility may be that, depending on the vascular bed,
smooth muscle cells are more or less vulnerable to the
mutation. Of interest, the tail vasculature is likely to be
highly solicited in terms of hemodynamic and mechanical
constraints because the tail contributes to two major
functions in rodents, being a major thermoregulatory or-
gan and an important balancing and stabilizing organ.

Most pathological studies performed in human pa-
tients focused on end-stage lesions of the CADASIL ar-
teriopathy. Modeling the pathological vascular alterations
characteristic of CADASIL in the tail arteries of these
transgenic mice provided the opportunity to investigate
the time course of vessel changes throughout a very long
period. Appearance of Notch3ECD accumulation and
GOM deposits seemed clearly dependent on age, being
detected by 14 to 16 months of age. More importantly, we
found that morphological alterations of smooth muscle
cells preceded Notch3ECD and GOM deposit appear-
ance, at least in tail arteries. Indeed, early signs of
smooth muscle cell damage were detected at 10 to 12
months of age whereas GOM deposits and Notch3 ac-
cumulation were absent. Moreover, we failed to detect
any apparent correlation between the presence or the
number of GOM deposits and the severity of smooth
muscle cells damages. Together these data indicate that
neither the development nor the distribution of Notch3ECD

accumulation and GOM deposits correlate with the early
changes in smooth muscle cell integrity and strongly
suggest that they are not the prerequisites for the
induction of smooth muscle cell damage. However we
cannot rule out that Notch3ECD accumulation or GOM
deposits may contribute at a later stage of the patho-
genic process when smooth muscle cells are commit-
ted to degeneration.

Time-course analysis of vessel changes revealed that
the first ultrastructural abnormalities included the disrup-
tion of normal VSMC anchorage to adjacent extracellular
matrix and cells as well as cytoskeleton changes with an
increased number of dense plaques and dense bodies,
present at around 10 months of age. A detailed ultra-
structural analysis of a large series of vessels from CA-
DASIL patients previously showed that loss of VSMC
anchorage was a prominent feature in CADASIL, how-
ever, this finding was interpreted as a consequence of
VSMC loss.28 Our data indicate that loss of smooth mus-
cle cell anchorage is unlikely the result of smooth muscle
cell loss but rather a very early event because there was
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no evidence of smooth muscle loss when it was first
detected. Cell-cell and cell-matrix interactions have ma-
jor effects on phenotypic features such as gene regula-
tion and cytoskeleton structure. In addition, a growing
number of studies indicate that a number of cell types are
dependent on adhesion to the extracellular matrix for
their continued survival and that disruption of appropriate
cell-matrix contacts both in vitro and in vivo is sufficient to
initiate cell death.29–31 On this basis, we raise the hypoth-
esis that the disruption of normal smooth muscle cell
anchorage may be one of the key events initiating the
cascade leading to smooth muscle cell degeneration in
CADASIL.

Modeling the pathological vascular alterations charac-
teristic of CADASIL in the tail arteries of these transgenic
mice provides several new opportunities for future in-
vestigations. The emerging view is that vasculopathy in
CADASIL likely leads to vascular dysfunction rather than
vessel occlusion because detailed pathological analysis
in human CADASIL patients failed to detect any evidence
of vessel stenosis.13,28 Because of the simple and easy
accessibility of the tail arteries and its possible functional
monitoring on living animals, these mice will allow the
investigation of the nature of this potential vascular dys-
function as well as to determine whether it may be ap-
parent at the early stage of the disease even before
vessels exhibit prominent smooth muscle cell loss. In
addition these mice could provide a preclinical model for
testing therapeutic drugs.
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