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Abstract
Mutations in the 1 (COL4A1) or 2 (COL4A2) chains of collagen type IV, a major component of the vascular
basement membrane, cause intracerebral haemorrhages with variable expressivity and reduced penetrance by mech-
anisms that remain poorly understood. Here we sought to investigate the cellular mechanisms of COL4A1-related
intracerebral haemorrhage and identify a marker for haemorrhage risk stratification. A combination of histo-
logical, immunohistochemical, and electron microscopy analyses were used to analyse the brain parenchyma,
cerebrovasculature, and retinal vessels of mice expressing the disease-causing COL4A1 p.G498V mutation. Mutant
mice developed cerebral microhaemorrhages and macroscopic haemorrhages (macrohaemorrhages), the latter with
reduced penetrance, mimicking the human disease. Microhaemorrhages that occurred in early postnatal life were
associated with a transient, generalized increase in blood–brain barrier permeability at the level of capillaries.
Macrohaemorrhages, which occurred later in life, originated from deep brain arteries with focal loss of smooth
muscle cells. Similar smooth muscle cell loss was detected in retinal arteries, and a time-course analysis of arterial
lesions showed that smooth muscle cells are recruited normally in arterial wall during development, but undergo
progressive apoptosis-mediated degeneration. By assessing in parallel the extent of these retinal arterial lesions
and the presence/absence of macrohaemorrhages, we found that the arterial lesion load in the retina is strongly
correlated with the burden of macrohaemorrhages. We conclude that microhaemorrhages and macrohaemorrhages
are driven by two distinct mechanisms. Moreover, smooth muscle cell degeneration is a critical factor underly-
ing the partial penetrance of COL4A1-related macrohaemorrhages, and retinal imaging is a promising tool for
identifying high-risk patients.
Copyright © 2017 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Spontaneous intracerebral haemorrhage (ICH) or
macroscopic haemorrhage accounts for 10–15% of
strokes, but is the most devastating subtype of stroke,
with high rates of death and long-term disability [1].
Hypertension, currently considered the most important
risk factor for ICH, results in haemorrhages in deep
brain regions. There is mounting evidence that the genes
COL4A1 and COL4A2, which encode the α1 and α2
chains of collagen type IV, respectively, play a sub-
stantial role in the pathogenesis of deep ICH. Common
variations in the genomic region bearing the human
COL4A1 and COL4A2 genes, located head-to-head
on chromosome 13, confer risk for sporadic forms

of deep ICH [2]. In addition, dominant mutations in
COL4A1 or COL4A2 cause a monogenic form of deep
ICH that is associated with a large spectrum of renal,
ocular, and skeletal anomalies [3]. Notably, the severity
of bleeding within the brain parenchyma is highly
variable, both within and between families, and ranges
from asymptomatic microbleeds detected by magnetic
resonance imaging (MRI) to life-threatening macro-
scopic haemorrhages [4]. Importantly, clinical studies
have revealed that less than 15% of COL4A1/COL4A2
mutation carriers develop ICH over the course of their
lifetimes [5].

Collagen type IV α1 and α2 chains are major compo-
nents of vascular basement membranes (BMs). Two α1
and one α2 chains assemble into heterotrimers within
the endoplasmic reticulum (ER) before being secreted
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to the BM [6]. The most prevalent COL4A1/COL4A2
mutations are glycine substitutions in the conserved
Gly-X-Y motifs within the triple-helical collagenous
domain. Previous studies have shown that heterotrimers
incorporating mutant COL4A1 or COL4A2 chains tend
to accumulate intracellularly in vascular cells, and have
proposed that the cytotoxic ER stress associated with
this intracellular accumulation, on top of abnormal
angiogenesis, underlies ICH [7]. Yet our understanding
of the pathological processes underlying ICH is still lim-
ited. Moreover, although genetic and environmental fac-
tors, such as physical exercise and anticoagulant therapy,
have been shown to increase the risk of haemorrhage [7],
a satisfactory mechanistic explanation for the reduced
penetrance of ICH is lacking. As a consequence, clinical
management of mutation carriers remains challenging;
accordingly, a predictive marker of ICH would be highly
desirable.

The COL4A1 G498V mutation has been previously
identified in a human family with cerebral bleeds, renal
cysts, muscle cramps, and retinal arterial tortuosity [8,9].
Recent studies indicate that G498V mutant mice are
viable and similarly develop renal cysts, muscular dys-
trophy, and retinal arterial tortuosity [10–12], suggest-
ing that this knock-in mouse model represents a valuable
and relevant model for studying the pathogenesis of
COL4A1 disease.

In this study, we characterized the haemorrhagic phe-
notype produced by the COL4A1 G498V mutation. To
gain insight into the mechanisms of ICH, we studied the
pathological changes of cerebral and retinal vessels. We
then investigated whether retinal vascular imaging could
be used as a screening tool to predict the risk of ICH in
mutant mice.

Materials and methods

Detailed information for RNA preparation, immunohis-
tochemistry, transmission electron microscopy proce-
dures, quantitative analysis and the antibodies used is
available in the supplementary material, Supplementary
materials and methods.

Mice
The Col4a1 G498V mouse line was established by
homologous recombination, as previously described
[10]. To generate Col4a1 G498V mice, we first crossed
Col4a1+/G498V males (100% C57BL/6) with wild-type
females (100% 129/Sv), after which Col4a1+/G498V mice
(50% C57BL/6:50% 129/Sv) were bred together. The
mice used in this study – Col4a1+/+, Col4a1+/G498V,
and Col4a1G498V/G498V mice – were littermates with
the same hybrid background (50% C57BL/6:50%
129/Sv). Experiments were conducted in full accordance
with the guidelines of our local institutional Animal
Care and Use Committee (Lariboisière-Villemin,
CEA9).

Perl’s staining
Mice were deeply anaesthetized with sodium pen-
tobarbital (80 mg/kg) and perfused transcardially
with phosphate-buffered saline (PBS). The brain
was removed, fixed in 4% paraformaldehyde (PFA)
overnight, and cut into 50-μm-thick sagittal sections
using a vibratome. Sections were incubated in a 2%
hydrochloric acid–2% potassium ferrocyanide solution
for 15 min and imaged using a microscope-mounted
Nikon DXM1200 digital camera.

Statistics
Unless specified otherwise, data in the figures and text
are presented as means ± standard error of the mean.
Statistical significance was determined using either Stu-
dent’s t-test, one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test, or the Kruskal–Wallis
test followed by Dunn’s post hoc test, as specified in
the figure legends (GraphPad Prism 6 software; Graph-
Pad Software, Inc, La Jolla, CA, USA). Chi-square and
Fisher exact tests were used to compare the penetrance
of macrohaemorrhages between different groups. Corre-
lation analyses were performed using the Spearman test.

Results

Col4a1 G498V mutant mice exhibit highly
penetrant microhaemorrhages and macroscopic
haemorrhages with reduced penetrance that
develop along markedly different time courses
We first characterized the haemorrhagic phenotype pro-
duced by the COL4A1 G498V mutation. Heterozy-
gous Col4a1+/G498V mice were born at the expected
Mendelian ratios and were viable, whereas homozy-
gous Col4a1G498V/G498V mice showed reduced viabil-
ity, with 20% and 28.5% lethality at weaning and 3
months of age, respectively. At 1 month, Col4a1+/G498V

mice exhibited numerous, small, round foci of fresh
bleeds as well as discrete haemosiderin deposits indica-
tive of previous bleeds scattered throughout the brain
(Figure 1A). These lesions had a mean diameter of
47 ± 20 (SD) μm (range 25–138 μm, n = 7774
bleeds analysed in 19 Col4a1+/G498V mice) and will be
referred to here as microhaemorrhages (microh). Microh
were associated with small foci of CD68-positive, acti-
vated microglia/macrophages intermingled with reactive
GFAP (glial fibrillary acidic protein)-positive astrocytes
(Figure 1B). Microh were present in all Col4a1+/G498V

mice, although their numbers were variable (mean num-
ber per animal 409 ± 43; Figure 1C). Microh were
almost completely cleared in Col4a1+/G498V mice by 3
months (mean number per animal 5 ± 1); however, at
this time, large, well-delineated, dark blue haemosiderin
deposits, and more rarely large fresh bleeds, appeared in
deep brain regions, including the thalamus, brainstem,
and cerebellum (Figure 1A). These macroscopic haem-
orrhages, which we have termed macrohaemorrhages
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(macroH) had a mean diameter of 269 ± 80 (SD) μm
(range 202–462 μm, n = 9 bleeds) and consisted of a
dense core of CD68-positive cells surrounded by a large
rim of GFAP-positive reactive astrocytes, forming a glial
scar (Figure 1B). MacroH were present in only 20% and
26% of Col4a1+/G498V mice at 3 and 6 months, respec-
tively, and their number did not exceed three per mouse
(Figure 1D).

Col4a1G498V/G498V mice were also analysed at 1 and
3 months and presented with a phenotype similar to
that of Col4a1+/G498V mice, with numerous microh at
1 month and only a few macroH at 3 months (supple-
mentary material, Figure S1). However, both the pene-
trance (36%) and the number (1–12) of macroH were
higher in Col4a1G498V/G498V mice than in age-matched
Col4a1+/G498V mice (supplementary material, Figure
S1). Collectively, our data indicate that Col4a1 G498V
mice mimic the human disease, especially with respect
to the variable expressivity of bleeding and reduced pen-
etrance of macroH.

Col4a1 G498V mutant mice exhibit structural
defects in the endothelial and smooth muscle BMs
and a dose-dependent reduction in the BM levels
of COL4A1 and COL4A2
We first assessed the effect of COL4A1 G498V muta-
tion on brain vascular BMs using transmission elec-
tron microscopy (TEM) in adult mice. Compared with
wild-type mice, endothelial-pericyte BMs at the level of
capillaries and BMs surrounding smooth muscle cells
(SMCs) at the level of arteries (smooth muscle BMs)
were thinner with fuzzy edges and occasional focal inter-
ruptions in Col4a1+/G498V mice (supplementary mate-
rial, Figure S2).

We next investigated the effect of COL4A1 G498V
mutation on the localization and levels of the α1
(COL4A1) chain using a monoclonal antibody to
the C-terminal domain of COL4A1, in combination
with the BM marker heparan sulphate proteogly-
can core protein (perlecan) and the SMC marker
smooth muscle α-actin (α-SMA). To disentangle
the effect of mutant and wild-type COL4A1 chains,
we analysed Col4a1G498V/G498V mice in addition to
Col4a1+/G498V mice. High-magnification confocal
microscopy showed a uniform distribution of COL4A1
at endothelial-pericyte and smooth muscle BMs in both
heterozygous and homozygous mutant mice as seen
by co-localization with perlecan, with no evidence of
intracellular accumulation of COL4A1 (supplementary
material, Figure S3A–C). Consistent with this obser-
vation, quantitative reverse transcription–polymerase
chain reaction performed on isolated brain vessels from
Col4a1+/G498V mice revealed no change in the level of
the ER stress-induced genes coding for C/EBP homol-
ogous protein (CHOP), glucose-regulated protein 78
(GRP78), and X-box-binding protein 1 spliced (sXBP1)
in mutant mice (supplementary material, Figure S4).
However, the intensity of COL4A1 immunofluorescence
was significantly reduced along endothelial-pericyte

BMs, at the level of capillaries, in Col4a1+/G498V mice
compared with Col4a1+/+ mice (supplementary mate-
rial, Figure S3B, D). Of interest, this reduction was even
more pronounced in Col4a1G498V/G498V mice compared
with Col4a1+/G498V mice (supplementary material,
Figure S3D). There was also a trend towards a reduction
in COL4A1 staining along smooth muscle BMs, at the
level of arteries, in mutant mice, although this did not
reach statistical significance (supplementary material,
Figure S3C, D).

We then examined whether the expression level
of the α2 (COL4A2) chain, which assembles with
two α1 chains into heterotrimers, was also affected.
Notably, COL4A2 staining was significantly reduced
along endothelial-pericyte BMs and to a lower extent
along smooth muscle BMs in Col4a1+/G498V mice,
and COL4A2 labelling was even further reduced
in Col4a1G498V/G498V brain vessels (supplementary
material, Figure S3E, F).

To investigate whether other collagen IV isoforms
may compensate for the altered levels of the α1α1α2
(IV) trimer, we assessed the levels of α3α4α5 and
α5α5α6 (IV) trimers using monoclonal antibod-
ies against COL4A3 and COL4A6, respectively. In
Col4a1+/+ mice, COL4A3 was only expressed in
choroid plexus BMs, and COL4A6, which is expressed
in the pia mater BMs, was detected only around
arteries as previously reported [13]. Importantly, no
de novo expression of COL4A3 was observed in
Col4a1+/G498V mice, and COL4A6 had comparable
levels in Col4a1+/G498V and Col4a1+/+ mice (supple-
mentary material, Figure S5). Collectively, these data
indicate that the G498V mutation compromises the
structural integrity of brain vascular BMs and causes a
dose-dependent reduction in the levels of COL4A1 and
COL4A2 in the BMs of cerebral vessels, which is not
compensated by other collagen IV isoforms.

Microh are associated with a transient increase
in blood–brain barrier (BBB) permeability
We next investigated the pathological changes respon-
sible for cerebral bleeding. Our above findings indicate
that microh and macroH may represent separate
pathophysiological events. We first sought to localize
the sites of microh by triple immunostaining brains
from 1-month-old mutant mice using the markers
haemoglobin α (Hbα) for red blood cells (RBCs),
α-SMA for SMCs, and perlecan for BMs. Vessels
were classified according to the criteria of Hill et al
[14]: arteries/arterioles were defined as vessels cov-
ered by α-SMA-positive SMCs independently of their
size; capillaries as α-SMA-negative vessels with a
diameter ranging from 3 to 9 μm; and veins/venules
as α-SMA-negative vessels with a diameter greater
than 9 μm. An analysis of 45 randomly selected
microh (n = 3 mice) revealed that RBCs were pre-
dominantly located around capillaries and, to a lesser
extent, around post-capillary venules (Figure 2A, B).
Diffuse brain haemorrhages have been previously
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Figure 1. Col4a1 G498V mutant mice exhibit two distinct types of cerebral haemorrhages. (A) Representative images of sagittal brain
sections from Col4a1+/+ (+/+) mice and Col4a1+/G498V (+/G498V) mice, aged 1, 3, and 6 months, stained for haemosiderin. The bottom
pictures show higher magnifications of the boxed regions. Numerous fresh (black arrowhead) and old (white arrowhead) microh are seen
at 1 month in mutant mice, and fewer macroH are detected at 3 and 6 months (arrow). (B) Representative images of consecutive brain
sections from Col4a1+/G498V mice with microh (left column, 1 month) or macroH (right column, 3 months) stained for haemosiderin (Perls)
(top) or CD68 (activated microglia/macrophages) and GFAP (reactive astrocytes) (bottom). (C, D) Quantification of the number of microh
(C) and macroH (D) as defined in the Materials and methods section (+/+, n = 16, 28, and 12 mice at 1, 3, and 6 months, respectively;
+/G498V, n = 19, 24, and 45 mice at 1, 3, and 6 months, respectively). Significance was determined by the Kruskal–Wallis test followed
by Dunn’s post hoc tests (C) and Fisher exact test (D) (*p < 0.05; ****p < 0.0001). Scale bars: 1 mm (A, top); 500 μm (A, bottom); and 100
μm (B).

attributed to a dysfunctional BBB [15,16]. There-
fore, we investigated the integrity of the BBB by
monitoring extravasation of Evans blue and fluores-
cein isothiocyanate-labelled albumin (FITC-albumin)
tracers and endogenous immunoglobulins (IgGs),
which normally do not cross the BBB. At 1 month,
we found massive, diffuse leakage of Evans blue in
the brains of Col4a1+/G498V mice that was absent in
Col4a1+/+ mice (Figure 2C). Remarkably, at 3 months,
extravasation of Evans blue was no longer detected
in mutant brains (Figure 2C), except rarely in areas

of recent macroH (not shown). Identical results were
found using FITC-albumin tracer and endogenous IgGs
(Figure 2D). Similarly, diffuse increased permeability
of the BBB was observed in Col4a1G498V/G498V mice at
1 month but not at 3 months (supplementary material,
Figure S6).

It has been shown previously that pericytes play
a critical role in the formation and maintenance of
BBB integrity [17]. However, we found that pericyte
coverage of capillaries, assessed by immunostain-
ing for the platelet-derived growth factor receptor-β
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Figure 2. Microh arise from transient leakage of capillaries. (A) Representative images of brain sections from 1-month-old Col4a1+/G498V

(+/G498V) mice stained for α-SMA, perlecan, and haemoglobin (Hbα). RBCs in microh (arrowheads) are predominantly located around
capillaries and to a lesser extent around post-capillary venules. (B) Quantification of the distribution of microh according to the parent
vessel (n = 45 microh in three mice). (C) Col4a1+/+ and Col4a1+/G498V mice, aged 1 or 3 months, were injected intraperitoneally with Evans
blue. After allowing Evans blue to circulate for 16 h, the brain was removed and nuclei were stained with DAPI. Representative images of
whole sagittal brain sections showing diffuse leakage of Evans blue in Col4a1+/G498V mice at 1 month. Note that Evans blue fluorescence
can be observed in the choroid plexus (arrowhead) where endothelial cells are fenestrated. (D) Representative images of brain sections of
Col4a1+/+ and Col4a1+/G498V mice, aged 1 or 3 months, injected intravenously with FITC-albumin (FITC-Alb) (five sections per mouse from
four mice per group) and stained for the endothelial marker GLUT1 alone (top) or co-stained with GLUT1 and endogenous mouse IgGs
(bottom). Diffuse extravasation of FITC-albumin and IgGs is seen in Col4a1+/G498V mice at 1 month. Scale bars: 50 μm (A, D) and 1 mm (C).

(PDGFRβ) pericyte marker, was comparable between
Col4a1+/G498V and Col4a1+/+ mice (supplementary
material, Figure S7).

Altogether, these data show that microh mostly
occur at the level of capillaries and are associated
with a generalized, but transient, increase in BBB
permeability.

MacroH originate from deep brain arteries and are
associated with focal and segmental SMC loss
We next sought to identify the haemorrhagic vessels
within macroH in 3-month-old mutant mice. Brain
samples from Col4a1+/G498V and Col4a1G498V/G498V

mice containing recent macroH were processed in
their entirety into 10-μm-thick cryosections and
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immunostained for nuclei (DAPI), endogenous IgG
or Hbα, α-SMA, and elastin, a component of the elastic
laminae of arteries. Fluorescence microscopy anal-
yses showed that fresh macroH, identified by light
microscopy or by reduced density of nuclei, likely as
a result of the presence of blood, were centred around
vessels exhibiting robust Hbα staining or strong endoge-
nous IgG deposits within and around the vessel wall
(Figure 3A and supplementary material, Figure S8).
All ‘haemorrhagic’ vessels were identified as arteries,
as evidenced by their positive staining for α-SMA or
elastin. More importantly, α-SMA and elastin staining
in these haemorrhagic arteries was strongly reduced and
discontinuous compared with that in control arteries,
indicating disruption of the arterial wall (Figure 3A and
supplementary material, Figure S8).

Next, we examined the ultrastructure of haemorrhagic
blood vessels associated with macroH, identified before-
hand on semi-thin sections by light microscopy. TEM
confirmed that blood was deposited around arteries in
mutant mice, and that these arteries had a highly dis-
organized wall (Figure 3B). Indeed, whereas SMCs of
control arteries constituted one continuous, regular layer
of elongated cells, SMC coverage of haemorrhagic arter-
ies was discontinuous and the remaining SMCs were
fragmented or noticeably thinner.

To determine if these SMC defects were causally
related to the occurrence of macroH or were the result
of toxic effects of blood breakdown products, we exam-
ined whether brain arteries at a distance from macroH
were also altered. An analysis of 100-μm-thick brain
sections, which allowed visualization of long arterial
segments, revealed patchy loss of α-SMA staining along
medium-sized (10–50 μm diameter) penetrating arter-
ies within deep brain regions in Col4a1+/G498V mice
(Figure 4A). TEM revealed focal and segmental loss
in the SMC coat of the deep brain arteries that left
the endothelial cells in direct contact with the brain
parenchyma (Figure 4B). SMCs with altered morphol-
ogy, including rounded cells and cells with a thinner
cytoplasm and a reduced number of dense plaques, were
also observed (Figure 4B, C). Collectively, these results
suggest that focal and segmental loss of SMCs in deep
brain arteries is involved in macroH in Col4a1 G498V
mutant mice.

Retinal arteries of Col4a1 G498V mutant mice
exhibit similar SMC defects
Retinal vessels share many properties with cerebral
vessels [18], prompting us to examine whether reti-
nal arteries from Col4a1 G498V mutant mice exhibit
defects similar to those observed in cerebral arteries.
Flat-mounted retinas (Figure 5A) were prepared from
wild-type and mutant mice at 3 months of age, a time
when the latter develop macroH, and immunostained
for α-SMA and perlecan. Focal and segmental SMC
abnormalities highly reminiscent of those observed in
deep brain arteries were apparent in Col4a1+/G498V

and Col4a1G498V/G498V retinal arteries (Figure 5B and

supplementary material, Figure S9A). SMC defects
were detected on proximal arteries (diameter 20–40 μm)
and consisted of patchy gaps of SMCs (Figure 5B and
supplementary material, Figure S9A). Notably, mea-
surements of the lengths of arterial segments with SMC
defects showed that arterial defects were more pro-
nounced in Col4a1G498V/G498V mice than in age-matched
Col4a1+/G498V mice (supplementary material, Figure
S9B). Co-staining for nuclei and α-SMA further showed
that SMCs were lost in mutant arteries rather than
just losing α-SMA expression (supplementary material,
Figure S9C).

Arterial SMCs are recruited normally in Col4a1
G498V mutant mice, but undergo progressive
degeneration
We took advantage of the flat-mounted retina prepara-
tion, in which, unlike the brain, the arterial tree is nearly
planar and has a stereotyped organization (Figure 5A),
to investigate the cellular mechanisms underlying SMC
abnormalities. An analysis of the time course of arterial
lesion development revealed comparable α-SMA stain-
ing in Col4a1+/G498V and Col4a1+/+ mice at 1 month of
age, but showed a gradual progression of lesions beyond
that time, with the percentage of arterial beds exhibiting
SMC defects increasing from 2.7% at 3 months to 7.2%
at 6 months (Figure 5B, C).

To assess whether loss of α-SMA staining reflected
a switch of SMCs to a less differentiated synthetic
phenotype or, alternatively, a degenerative process,
we stained retinas of Col4a1 G498V mutant mice and
age-matched controls for α-SMA, the undifferentiated
mesenchymal marker PDGFRβ, and the apoptosis
marker cleaved caspase-3. No PDGFRβ-positive cells
were detected within α-SMA gaps (Figure 5D), argu-
ing against dedifferentiation of mutant SMCs, but the
number of caspase-3-positive cells detected in mutant
retinal vessels was significantly increased, suggesting
that loss of mutant SMCs is mediated by apoptosis in
Col4a1+/G498V mice (Figure 5E, F). Similar findings
were observed in Col4a1G498V/G498V mice (supplemen-
tary material, Figure S9D–F). Collectively, our data
indicate that the COL4A1 G498V mutation does not
impair mural cell recruitment or differentiation, but
causes progressive degeneration of arterial SMCs.

The severity of arterial SMC loss in the retina
correlates with macroH burden
Retinal vascular imaging represents a promising screen-
ing tool for evaluating cerebrovascular diseases in
humans [18]. Accordingly, we asked whether scoring
the arterial lesion load in the retina could be used as
a risk marker for macroH. Such an approach would
be within reach in humans, owing to revolutionary
changes in retinal imaging made possible by the use
of adaptive optics technology [19]. To achieve this,
we investigated the relationship between the extent of
SMC loss in retinal arteries and the burden of macroH
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Figure 3. MacroH originate from arteries with impaired SMC coverage. (A) Representative images of a brain sample from a 3-month-old
Col4a1+/+ (+/+) mouse and from a Col4a1+/G498V (+/G498V) mouse with a fresh macroH, immunostained for α-SMA, perlecan, and Hbα.
Fresh macroH were identified beforehand by visual inspection of the brain sample. The bleeding vessel is characterized by robust deposition
of Hbα within and outside its wall. The presence of α-SMA staining identifies this vessel as an artery. However, discontinuous α-SMA
staining in the bleeding vessel suggests focal loss of SMCs (yellow arrowheads). Three recent macroH from three different mutant mice
were analysed. (B) Top panels: representative electron micrographs of a Col4a1+/+ (+/+) mouse and haemorrhagic Col4a1+/G498V (+/G498V)
arteries within the thalamus at 3 months of age. Asterisk shows a remaining SMC in the wall of the mutant artery. Middle panels: higher
magnification of the boxed regions. Bottom panels: schematic representations of the walls of control and haemorrhagic mutant arteries.
Three different macroH from two Col4a1+/G498V mice were analysed (four sections per macroH). L, lumen; E, endothelium; SMC, smooth
muscle cell; EBM, endothelial BM; SMBM, smooth muscle BM. Scale bars: 15 μm (A), 5 μm (B, top), and 2 μm (B, bottom).

in cross-sectional analyses; macroH and SMC defects
were quantified by two different investigators blinded to
group-identifying information. The data above showed
that Col4a1G498V/G498V mice exhibit a more severe
haemorrhagic phenotype; hence we used a cohort of
14 Col4a1G498V/G498V mice for an initial analysis. We
found that SMC loss was significantly more severe in
the subgroup of Col4a1G498V/G498V mice with macroH
(26.4% ± 3.7%) compared with those without macroH
(5.5% ± 0.9%), and that Col4a1G498V/G498V mice with
macroH had an arterial lesion load greater than 15%
(Figure 6A, B). Moreover, the extent of SMC loss in
Col4a1G498V/G498V mice was significantly correlated (r
= 0.83) with the number of macroH (Figure 6C).

Since COL4A1 mutations are expressed in a het-
erozygous state in humans, we next analysed a cohort
of Col4a1+/G498V mice. Mutant mice (n = 45) aged
6 months were stratified into three groups, each con-
sisting of 15 mice, according to the severity of SMC
defects, and the prevalence of macroH was determined
within each group. In group I [marginal SMC defects (<
2.2% of total length)], only 6.6% of Col4a1+/G498V mice
had macroH (Figure 6D). The prevalence of macroH
increased in group II mice [moderate SMC defects

(2.3–7.8% of total length)] and reached 66.6% in group
III [severe SMC defects (> 7.9% of total length)]. Statis-
tical analyses showed that the increasing prevalence of
macroH according to the severity of SMC defects was
highly significant (p = 0.0018, chi-square test). Taken
together, these findings suggest that the arterial lesion
load score in the retina is a promising marker for macroH
risk stratification.

Discussion

Although it has been a decade since mutations in
COL4A1 were shown to cause ICH in humans and
mice, it is still unknown how and why ICH occurs.
Here, using meticulous histological, immunohisto-
chemical, and electron microscopy analyses of the brain
parenchyma, cerebrovasculature, and retinal vessels of
a mouse model expressing a COL4A1 disease-causing
mutation, we provide major new insights into the
pathological processes underlying ICH associated with
COL4A1 mutations and identify a promising marker for
ICH risk stratification.
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Figure 4. Focal and segmental SMC loss in cerebral arteries outside macroH. (A) Representative images of 100-μm-thick vibratome brain
sections in a non-haemorrhagic area of the brainstem from Col4a1+/G498V (+/G498V) mice at 3 months and from an age-matched Col4a1+/+

(+/+) mouse, stained for α-SMA and perlecan, showing focal gaps in α-SMA labelling (arrowheads) in the mutant artery. Ten sections from
five mice per group were analysed. (B, C) Top: representative electron micrographs of deep cerebral arteries from 3-month-old Col4a1+/+

and Col4a1+/G498V mice outside a macroH showing SMC loss (B, arrows), SMCs with an abnormal shape (B, asterisk), and abnormally thin
SMCs (C, arrows) devoid of dense plaques (C, arrowheads in control artery) in Col4a1+/G498V mice. Bottom: schematic representations of
the walls of WT and mutant arteries. Eight ultra-thin sections from four different brain areas were analysed in three Col4a1+/+ and three
Col4a1+/G498V mice. L, lumen; E, endothelium; SMC, smooth muscle cell; EBM, endothelial BM; SMBM, smooth muscle BM. Scale bars: 50
μm (A) and 2 μm (B, C).

Copyright © 2017 Pathological Society of Great Britain and Ireland. J Pathol 2018; 244: 408–420
Published by John Wiley & Sons, Ltd. www.pathsoc.org www.thejournalofpathology.com



416 J Ratelade et al

Figure 5. Progressive SMC loss in retinal arteries of Col4a1 G498V mice. (A) Representative image of a flat-mounted retina stained
for α-SMA (green) and perlecan (red). Arrowheads point to the proximal segment of a retinal artery. (B) Representative images of
immunostaining for α-SMA and perlecan in proximal retinal arteries from Col4a1+/+ (+/+) and Col4a1+/G498V (+/G498V) mice at the
indicated ages. Arrowheads point to patchy gaps in α-SMA labelling in mutant mice by 3 months of age. (C) Quantification of SMC defects
in the proximal segment of retinal arteries. Results are expressed as a percentage of the arterial bed containing patchy gaps in α-SMA
labelling. From left to right: n = 13, 9, 11, and 8 mice. Significance was determined by the Kruskal-Wallis test followed by Dunn’s post
hoc tests (***p < 0.001). (D) Representative images of co-immunostaining for PDGFRβ and α-SMA in the retinal arteries of Col4a1+/+ and
Col4a1+/G498V mice at 6 months; gaps in α-SMA labelling are not labelled by the PDGFRβ antibody (arrowhead). Four control and six mutant
mice were analysed. (E) Representative images of immunostaining for cleaved caspase-3 (Cl-casp3) and α-SMA in the retinal arteries of
Col4a1+/+ and Col4a1+/G498V mice at 6 months showing apoptotic cells (arrowheads) in the mutant artery. The yellow line delimitates the
vessel. (F) Quantification of the percentage of the arterial bed containing cleaved capase-3-positive cells (n = 4 Col4a1+/+ and n = 6
Col4a1+/G498V mice aged 6 months). Significance was determined by Student’s t-test (*p < 0.05). Scale bars: 500 μm (A), 20 μm (B), and 10
μm (D, E).
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Figure 6. The severity of SMC loss in retinal arteries correlates with the macroH burden. (A) Representative images of immunostaining
for α-SMA and perlecan in proximal retinal arteries from Col4a1G498V/G498V mice with macroH (macroH+) or without macroH (macroH−)
at 3 months. (B) Quantification of SMC defects in the retinal arteries of Col4a1G498V/G498V mice with macroH (macroH+, n = 5 mice) or
without macroH (macroH−, n= 9 mice) at 3 months. Significance was determined by Student’s t-test (***p < 0.001). (C) Positive correlation
(Spearman test) between the severity of SMC defects in retinal arteries and the number of macroH in 3-month-old Col4a1G498V/G498V mice.
(D) Six-month-old Col4a1+/G498V mice (n = 45) were stratified into three groups according to the severity of SMC defects in retinal arteries:
group I, 0.2–2.2% (n = 15 mice); group II, 2.3–7.8% (n = 15), and group III, 8.1–21.7% (n = 15). Bars represent the percentage of mice
with macroH in each group. Scale bar: 20 μm.

We found that Col4a1 G498V mutant (heterozygous
and homozygous) mice develop numerous microh in
early postnatal life that were almost completely cleared
with age, whereas a few macroH appeared with age in
deep regions of the brain. A similar pattern of microh
and macroH has recently been reported in the exten-
sively studied Col4a1+/Δex41 model and was interpreted
as reflecting a single continuum of haemorrhage sizes
at distinct stages of the disease [7]. We now provide
evidence that microh and macroH represent distinct
pathophysiological events. Microh occur at the level
of capillaries and are associated with a generalized
but transient increase in BBB permeability. The surge
of microh and the transient BBB leakage that occur
during the first month of life in mutant mice suggest
a defect in the remodelling of the cerebrovascular

network that normally occurs in the mouse brain during
this period [20]. On the other hand, our data suggest
that macroH arise from weakening and rupture of the
wall of deep brain arteries due to age-related focal
and segmental SMC degeneration, although further
studies are needed to establish the causality between
SMC loss and macroH. Similar SMC degeneration in
arteries and arterioles has been previously described in
ICH associated with hypertension and cerebral amyloid
angiopathy, suggesting a central role for SMC defects
in spontaneous ICH [21–24]. Investigation of other
Col4a1 mouse models is warranted to confirm that
similar mechanisms operate with other COL4A1 muta-
tions, although the observation that Col4a1+/Δex41 mice
exhibit a similar pattern of microh and macroH suggests
that the mechanisms described above are not specific
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to the G498V mutation [7]. Notably, our finding that
microh and macroH represent distinct entities should
be taken into consideration in future preclinical studies.
Indeed, genetic manipulations or therapies may affect
microh and macroH differently, and assessing their
impact without explicitly differentiating between them
may prevent meaningful conclusions from being drawn.

Clinical studies have shown that cerebral bleeds in
patients with COL4A1 or COL4A2 mutations range
in severity from asymptomatic microbleeds detected
by MRI to life-threatening macroscopic haemorrhage.
Although it is not entirely clear whether microbleeds in
humans correspond to what we have defined as ‘microh’
in the mouse, our findings suggest that microbleeds
and macroscopic haemorrhages are two distinct, inde-
pendent events in COL4A1/2 patients and predict that
microbleeds are probably not a risk marker for macro-
scopic haemorrhage. This is important, given that the
significance of microbleeds in defining the risk for future
macroscopic haemorrhage is an active area of ongo-
ing research [25]. Further analyses of the relationship
between these two events in longitudinal studies are war-
ranted to confirm this prediction.

In the present study, we did not find evidence of intra-
cellular accumulation of collagen type IV or of ER stress
in the cerebrovasculature of mutant mice. The G498V
mutation is a typical glycine substitution in the con-
served Gly-X-Y motifs within the amino-terminal half
of COL4A1. Hence, our findings are consistent with
in vitro studies showing that glycine substitutions in
the amino-terminal half of the protein cause milder or
even no intracellular accumulation [26]. On the other
hand, Col4a1 G498V mutant mice, which also develop
a type of muscular dystrophy, exhibit intracellular accu-
mulation of COL4A1–COL4A2 heterotrimers in the
endothelial cells of skeletal muscle capillaries that is
associated with major structural abnormalities of the
ER and activation of the unfolded protein response
[11]. Therefore, these data suggest that the effect of
COL4A1 mutations on collagen IV formation and secre-
tion can be tissue and cell-context dependent in addition
to being position-dependent. Cellular specificity of the
consequences of COL4A1 mutations on secretion and
ER stress was previously reported in animal models of
COL4A1-related renal disease [27].

Importantly, we found that BM levels of COL4A1
and COL4A2 were reduced in the cerebral vessels of
heterozygous mutant mice, a reduction that was not
compensated by other collagen IV isoforms and was
even more pronounced in homozygous mutant mice,
which exhibited a more severe haemorrhagic phenotype.
The reduction of both COL4A1 and COL4A2 levels
may be related to impaired assembly or altered stabil-
ity/enhanced degradation of α1α1α2 heterotrimers con-
taining mutant α1 chains. Although we cannot formally
exclude a subtle or transient intracellular accumulation
of mutant collagen in the cerebrovasculature that might
have gone undetected by our confocal microscopy anal-
ysis, our results suggest that ICH is driven by a BM
deficiency of COL4A1–COL4A2 in Col4a1 G498V

mice. Supporting this mechanism, COL4A1 frameshift
or splice site mutations associated with a reduction in
COL4A1 mRNA and protein levels have been identi-
fied in ICH patients [28]. Alternatively, the remaining
mutant type IV collagen present at BMs may also be
non-functional or exert de novo deleterious effects.

Although molecular details of the mechanism under-
lying SMC degeneration remain unsettled, previous
studies have shown that vascular BMs are important
for SMC viability [29]. Notably, a polymorphism of
the COL4A2 gene that decreases the transcription of
COL4A1 and COL4A2 has been shown to affect SMC
survival [30]. Moreover, collagen type IV directly inter-
acts with cellular receptors such as integrin β1, which
plays a crucial role in SMC differentiation, contractile
function, and survival [31,32]. Yet it is unclear why SMC
degeneration is focal and segmental, and occurs in a sub-
set of arteries, especially in deep brain regions, whereas
COL4A1–COL4A2 expression is diffusely reduced in
the cerebral vessels. One possibility may relate to the
higher blood flow velocity and pulsatility in these deep
brain arteries [33]. Of particular interest is the observa-
tion that ICHs associated with hypertension in humans
affect the same deep brain regions [24]. Alternatively,
there may be a threshold effect in the reduction of
COL4A1–COL4A2 expression that could have gone
undetected in our quantitative analyses.

Clinical management of COL4A1 or COL4A2 muta-
tion carriers is especially challenging because only a
small proportion of individuals will develop macro-
scopic haemorrhage in their lifetime. Recent work sug-
gested that retinal imaging may be useful to identify
patients at elevated risk of ICH [34]. In a cross-sectional
analysis of a large cohort of heterozygous Col4a1
G498V mice and a second cohort of homozygous mice
displaying a more severe haemorrhagic phenotype, we
discovered that imaging of the arterial wall in the retina
is a promising tool for macroH risk stratification. Clin-
ical translation of this approach should be straightfor-
ward because adaptive optics scanning laser ophthal-
moscopy can non-invasively visualize morphological
changes in mural cells of retinal arterioles and arteries in
humans [19]. Such retinal biomarkers might be particu-
larly useful for individual clinical management as well
as for patient stratification or disease-activity monitoring
in the context of clinical trials.

Collectively, our data support the concept that
life-threatening macroH arise from SMC degeneration
in a subset of arteries and suggest the possibility of
identifying mutation carriers at high risk for macro-
scopic haemorrhage by assessing the arterial lesion
load in the retina. Finally, our work identified ‘escaper’
animals – Col4a1 mutant mice that developed neither
arterial lesions nor macroH despite decreased expres-
sion of COL4A1/COL4A2. Used in conjunction with
genome-wide sequencing and gene-expression profiling
approaches, these mice represent an invaluable tool
for identifying signalling pathways that protect against
collagen deficiency, as recently exemplified in Duchene
muscular dystrophy [35].
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