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Type XV collagen occurs widely in the basement membrane zones
of tissues, but its function is unknown. To understand the biolog-
ical role of this protein, a null mutation in the Col15a1 gene was
introduced into the germ line of mice. Despite the complete lack of
type XV collagen, the mutant mice developed and reproduced
normally, and they were indistinguishable from their wild-type
littermates. However, Col15a1-deficient mice showed progressive
histological changes characteristic for muscular diseases after 3
months of age, and they were more vulnerable than controls to
exercise-induced muscle injury. Despite the antiangiogenic role of
type XV collagen-derived endostatin, the development of the
vasculature appeared normal in the null mice. Nevertheless, ultra-
structural analyses revealed collapsed capillaries and endothelial
cell degeneration in the heart and skeletal muscle. Furthermore,
perfused hearts showed a diminished inotropic response, and
exercise resulted in cardiac injury, changes that mimic early or mild
heart disease. Thus, type XV collagen appears to function as a
structural component needed to stabilize skeletal muscle cells and
microvessels.

Type XV collagen belongs to the heterogeneous group of
non-fibril-forming collagens and is thought to be a homotri-

mer consisting of three a1(XV) collagen chains (1). It is char-
acterized by a central highly interrupted triple helical domain
and large N- and C-terminal noncollagenous domains (2–4), and
it has been shown to be a chondroitin sulfate proteoglycan (5).
Type XV collagen mRNAs are expressed in many tissues, but the
highest mRNA levels in the mouse can be detected in the heart
and skeletal muscle (4). The protein is shown by immunostaining
to have a widespread tissue distribution and has been localized
mainly to the basement membrane zones, although it can also be
found in the fibrillar collagen matrix of some tissues (6, 7). Its
function is not known, however.

In terms of primary structure, type XV collagen is highly
homologous with type XVIII collagen, and together they form
a distinct subgroup among the collagens (1, 3). They have
thrombospondin-1 sequence homology in the N terminus, seven
homologous collagenous domains, and highly homologous C-
terminal noncollagenous domains. Type XVIII collagen is the
precursor of endostatin, which has been shown to have a potent
antiangiogenic effect (8), and the highest degree of homology
between collagen types XV and XVIII involves the C-terminal
endostatin sequence. The corresponding fragment in type XV
collagen has also been shown to have antiangiogenic activity
(9, 10).

To understand the biological function and significance of type
XV collagen, we generated a mouse strain lacking in a1(XV)
collagen chains by site-specific Cre-loxP-mediated deletion in
embryonic stem (ES) cells (11). The data suggest a structural
role for type XV collagen in providing mechanical stability
between cells and the extracellular matrix in skeletal muscle
fibers and microvessels. Col15a1 deficiency leads to functional

rather than structural changes in the myocardium, changes that
are apparent after increased workload.

Materials and Methods
Generation of a Mouse Strain Lacking in Type XV Collagen. To
construct a targeting vector, a 10.2-kb genomic fragment con-
taining exons 1 and 2, 4.5 kb of the second intron, and a 5.5-kb
59-f lanking region was subcloned into the pSP72 vector (Pro-
mega). A loxP sequence (12) was inserted into the SpeI site
existing about 900 bp upstream of the first exon. A selection
marker gene cassette flanked by loxP sites (12) was inserted into
an ApaI site 120 bp downstream of the second exon. The
linearized targeting vector was electroporated into R1-ES (13)
cells and cultured on embryonic fibroblast feeder cells as de-
scribed (14). Genomic DNA from G418-resistant ES clones was
digested with SpeI and analyzed by Southern blot hybridization
with a 59 external probe (HP59). Of 140 clones, seven were
correctly targeted, having the selection marker genes neor and
HSV-tk in the second intron of the Col15a1 gene and loxP sites
flanking exons 1 and 2. Targeted ES cells were electroporated
with the supercoiled Cre plasmid (pIC-Cre, a gift from Dr.
Müller); after ganciclovir selection, the DNA from surviving ES
clones was digested with XbaI and EcoRI, and two clones shown
by Southern blotting with the IP4E probe to have an inactivated
Col15a1 allele were injected into blastocysts and implanted in
pseudopregnant mice (14). Chimeric founders were bred to
129sv mice to generate inbred mutant mice, which were used for
analyses with sibling controls.

Histological Analysis. Muscle samples were oriented under a
microscope, frozen in isopentane cooled with liquid nitrogen,
and stored at 280°C. Sections were stained with hematoxylin and
eosin. The histology of the various muscle groups (soleus,
gastrocnemius, quadriceps femoris, triceps brachii, diaphragm,
and muscles from the neck and back) was studied at ages ranging
from 3 to 84 weeks in 14 mutant and 10 wild-type sibling mice.
In addition, hematoxylin and eosin-stained quadriceps femoris
samples were analyzed at ages of 7–13 weeks (Col15a11/1, n 5
4; Col15a12/2, n 5 5) and 27–34 weeks (Col15a11/1, n 5 7;
Col15a12/2, n 5 6). For indirect immunofluorescence staining,
frozen tissue samples were sectioned, fixed, and stained as
described (7).
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Ultrastructural Examinations. The samples from free wall of the left
ventricles were fixed and dehydrated, and sections were viewed
in a transmission electron microscope (Philips CM100). At least
two samples from the heart (wild-type mice, n 5 6, 12–97 weeks
old; Col15a12/2 mice, n 5 7, 12–129 weeks old), and the
gastrocnemius and quadriceps femoris muscles (wild-type mice,
n 5 4, 12–97 weeks old; Col15a12/2 mice, n 5 5, 12–131 weeks
old) were examined per mouse. In addition, the structure of the
capillaries was examined in three samples from the cerebellum
and lung from each mouse (wild-type mice, n 5 1, 19 weeks old;
Col15a12/2 mice, n 5 2, 22 and 36 weeks old).

Physical Exercise Experiments. In experiment 1 (Exp1), four mu-
tant and seven wild-type male mice, aged 7–13 weeks, ran on a
motor-driven treadmill with 6° uphill tracks at a speed of 10.5 m
3 min21 for 4 h. After 2 h of running, there was a 20-min rest
period, during which the animals had free access to pelleted food
and water. In experiment 2 (Exp2), 11 mutant, aged 27–34 weeks,
and 11 age and sex-matched wild-type male mice were subjected
to 6 h of running with a 6° uphill inclination at the speed of 8.5 m
3 min21 with two 20-min pauses. Forty-eight hours after the
cessation of exercise, the animals were killed together with
unexercised mutant and wild-type controls (Exp1: unexercised
control Col15a11/1, n 5 4; Col15a12/2, n 5 5; Exp2: Col15a11/1,
n 5 7; Col15a12/2, n 5 7). The soleus muscles from both hind
limbs and the proximal part of the quadriceps femoris (MQF)
muscle from the left leg were excised and frozen by liquid
nitrogen for the assays of b-glucuronidase activity. This was
measured from the combined soleus and MQF samples as
described (15). For histological analysis, MQF from the con-
tralateral leg was oriented under a microscope and frozen in
isopentane cooled with liquid nitrogen.

Markers of Cardiac Injury. After the second exercise protocol
(Exp2), the left ventricles were cut into three pieces for
histological, mRNA, and biochemical analysis. DNA fragmen-
tation [terminal deoxynucleotidyltransferase-mediated UTP
end-labeling (TUNEL) assay] was detected from cryostat
sections stained with the In Situ Cell Death Detection Kit
(Boehringer Mannheim) according to the manufacturer’s pro-
tocol. The mean number of TUNEL-positive nuclei per 403
objective field was counted from four sections on different
planes in each sample. Pro matrix metalloproteinase 2
(MMP-2) activity was measured by zymography as described
(16), using 50 mg of protein and 7.5% gels. b-Glucuronidase
activity was measured in a cardiac muscle homogenate as
mentioned earlier (15). For atrial natriuretic peptide (ANP)
mRNA analysis, a cDNA reaction was performed according to
the manufacturer’s protocol (GIBCOyBRL), after which ANP
mRNA levels were measured by quantitative reverse transcrip-
tion-PCR analysis as described (17).

Preparation of Isolated Perfused Hearts. Two groups of female mice
at ages of 6 and 12 months were studied as described for the rat
(18). The hearts were perfused at a constant flow rate of 2.5
ml/min and paced to a constant rate of 400 beats/min. To
measure the isometric force of contraction, the left atrium was
cut off, and an empty plastic balloon was inserted into the left
ventricle, filled with 50% ethanol to give an end diastolic
pressure of 2–3 mmHg (1 mmHg 5 133 Pa), and the developed
pressure inside the balloon was recorded with a pressure trans-
ducer (Isotec, Hugo Sachs Elektronik). The data were analyzed
and recorded with an IBM PC-compatible computer using
Ponemah data acquisition software (Gould, Cleveland). After 20
min of stabilization followed by a 10-min control period, the
experiment was started with infusion of the first dose of isopro-
terenol (Sigma). The infusion was stopped after 30 s when the
maximal response had been reached, and the next dose was given

after a 10-min equilibration period. The contractile response to
each dose was calculated as a ratio of the maximal level of
contractility to the level before isoproterenol administration. To
study cAMP levels, hearts from 18-month-old wild-type (n 5 5)
and null mice (n 5 6) were perfused as mentioned above, and
concentrations of cAMP were measured as described (19) in left
ventricles removed 5 min after a 60-s infusion of isoproterenol
(0.1 nmol/liter).

Statistics. The Mann–Whitney U test was used to compare the
means of the cardiac injury markers; Student’s t test was used for
the other comparisons.

Results
Generation of a Mouse Strain Lacking in Type XV Collagen. The
mouse type XV collagen gene is 110 kb in size and contains 40
exons. The closely spaced first and second exons of the Col15a1
gene encode the first 33 residues of the 1,367-residue polypep-
tide and a split codon for the next residue (20). A knockout
targeting vector was prepared with selection marker genes (neor

and HSV-tk) at the 59 end of the 120-nt second intron and loxP
sites flanking the marker cassette and the first two exons (Fig.
1A). After homologous recombination, a Cre expression plasmid
was electroporated into the targeted ES cell lines to generate
Cre-mediated deletions. Two types of Cre-mediated recombi-
nation alleles were observed: loxP-f lanked alleles identified by
Southern blot analysis of EcoRI-digested genomic DNA and
inactivated alleles identified by XbaI-digested genomic DNA,
lacking the first two exons and the transcription start sites (20)
(Fig. 1 A and B).

Genotyping of 345 offspring from heterozygous intercrosses
showed that 21.5% were of the wild type, 53.9% were heterozy-
gous, and 24.6% were homozygous for the null allele. Further-
more, the adult mice lacking type XV collagen displayed no
obvious alteration in phenotype, were fertile, and had a normal
lifespan. To confirm that the mutation leads to a loss of type XV
collagen function, mRNA and protein expression was examined.
Northern blot analysis of RNA derived from skeletal muscle,
heart, kidney, and testis (Fig. 1C and data not shown) showed a
complete absence of the type XV collagen mRNA in the
homozygous mutant mice, and this was confirmed by immuno-
staining with antibodies against the C-terminal domain (Fig.
1C). No compensatory changes were observed in the level of
expression of the homologous type XVIII collagen mRNA as
analyzed by Northern blotting or with immunohistological stud-
ies of the Col15a12/2 mice (not shown).

Focal Areas of Degeneration, Regeneration, and Variation in Fiber Size
in Col15a12/2 Muscles. Histological screening of tissues from
Col15a12/2 revealed changes in the skeletal muscle, including
muscle cell degeneration, macrophage infiltration, and increased
regeneration (Fig. 2). Muscle samples from the Col15a12/2 mice
showed variation in fiber size ranging from mild to moderate,
with atrophic and split-muscle fibers (Fig. 2D), and occasionally
a group of atrophic muscle fibers was observed. The histological
changes were first detected at 13 weeks of age and were more
clearly seen after 26 weeks of age. The changes were focal, with
the number of degenerative fibers in the samples ranging from
none to a few necrotic ones. The histological changes were more
frequent in the back and paraspinal muscles than in the other
muscle groups analyzed. Two-thirds of the mutant mice aged
over 6 months displayed these muscle abnormalities, the major-
ity of the samples being mildly affected. No clear signs of fibrosis
were observed in hematoxylin–eosin and van Gieson stainings.
Antibodies against basement membrane components (lami-
nina2, tenascin-C, and type IV collagen) and dystrophin showed
a normal pattern of immunostaining (not shown).
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Susceptibility to Exercise-Induced Muscle Damage. The histopatho-
logical signs of a muscular disorder led us to study the possibility
that the type XV collagen deficiency may have an increased
effect on susceptibility to exercise-induced damage. Mice were
subjected to running on a motor-driven treadmill in two exercise
protocols, the first under milder conditions (Exp1) and the
second with a heavier physical load (Exp2). Both mutant and
control mice sustained the exercise protocols without signs of
serious exhaustion or behavioral avoidance of running. The
severity of the muscle cell damage was estimated from hema-
toxylin–eosin and immunostained sections, and muscle b-glu-
curonidase activity was used as a quantitative measure of the

injury, as described (21). The first running protocol did not cause
any marked muscle injury in the wild-type mice, but a significant
increase in the b-glucuronidase level was noted in the mutant
mice as compared with the unexercised Col15a12/2 mice and the
exercised Col15a11/1 mice (Fig. 3).

After exercise session 2, using a physical load sufficient to
cause marked damage in the wild-type mice, the Col15a12/2

muscle cells were affected significantly more severely, as eval-
uated by the increase in the b-glucuronidase activity, than the
wild-type mice (Fig. 3). The severity of the histopathological

Fig. 1. Targeted inactivation of the Col15a1 gene. (A) Targeting strategy and
Cre-mediated recombinations. (Top) Restriction map for the 59 portion of the
Col15a1 gene wild-type allele, predicted restriction fragments, and location of
the probes (HP59 and IP4E) used for Southern blot analysis. The vertical lines
represent the first and second exons (1 and 2). (Middle) The targeting vector
and a targeted locus. lox-P sites are represented by triangles. The selection
marker gene cassette (neor and HSV-tk) is located in the second intron.
(Bottom) loxP flanked and inactivated Col15a1 alleles. Restriction sites: A,
ApaI; D, DraI; E, EcoRI; S, SpeI; X, XbaI. (B) Genotypes of wild-type, targeted,
lox-P flanked, and inactivated alleles analyzed by Southern blot hybridization.
(Left) SpeI-digested ES cell DNA from the wild-type (WT, a 7.2-kb fragment)
and a targeted cell line (XV41, an 8.7-kb fragment) hybridized to the HP59
probe. (Center) ES cell DNA from the wild-type allele and the modified allele
(Cre53) in which the first two exons are flanked by loxP sites. The IP4E probe
detects a 1.9-kb EcoRI fragment derived from the loxP flanked allele (WT, 10
kb). (Right) Southern analysis of tail biopsies from wild-type (1/1), heterozy-
gous (1/2), and homozygous (2/2) mutant mice digested with XbaI and
hybridized with the IP4E probe. After Cre-mediated deletion, the IP4E probe
detected a 4-kb XbaI fragment diagnostic of the inactivated allele (WT, 5 kb).
(C) Northern blot hybridization (Left) and immunostainings against type XV
collagen in muscle (Right). No mRNA or immunostaining for type XV collagen
can be detected in a homozygous mutant mouse (2/2).

Fig. 2. Muscle histology: focal areas of degeneration, regeneration, and
variation in fiber size. Hematoxylin and eosin-stained sections of the gastroc-
nemius (A), triceps brachii (B), paraspinal (C), and quadriceps (D) muscles of
6-month-old null mice showing cell degeneration (curved arrows, A and C)
with macrophage infiltration (A), regenerative fibers (thin arrow, B), central
nuclei (thin arrow, C), and increased variation in fiber size with atrophic
muscle fibers (D, arrowheads) compared with age-matched wild-type mice (E).
Original magnifications: A and D, 3300; B, 3200; C and E, 380.

Fig. 3. Increased muscle injury in mutant mice after acute exercise. Increase
in b-glucuronidase activity 48 h after the cessation of experiments 1 and 2. The
elevation of enzyme activity reflecting the amount of damage is presented as
a percentage of the average activity measured in unexercised controls of the
same mouse strain. White bars, Col15a11/1 mice; black bars, Col15a12/2 mice.
The basal levels of b-glucuronidase activities in unexercised control mice were
as follows. Experiment 1: soleus1/1 1.1 6 0.1, soleus2/2 1.1 6 0.1, MQF1/1 1.0 6
0.1, and MQF2/2 0.9 6 0.1; in experiment 2: soleus1/1 0.9 6 0.1, soleus2/2 0.8 6
0.1, MQF1/1 0.7 6 0.1, and MQF2/2 0.7 6 0.1 mmol s21zkg21 protein (mean 6
SEM). Significant differences between the Col15a12/2 and Col15a11/1 mice
are denoted by asterisks as follows: *, P , 0.05, **, P , 0.01, ***, P , 0.001.
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findings varied between mice, but in general the mutant runners
showed more degenerative fibers and more intensive inflamma-
tion (not shown). Immunostainings for dystrophin, type IV
collagen, and the laminin a2 chain showed the same pattern of
staining in the mutant and wild-type mice (not shown).

Ultrastructural Changes in the Heart and Skeletal Muscle Capillaries.
The strong expression in the heart prompted us to search for
cardiac changes in the Col15a12/2 mice. Although light micros-
copy did not reveal any conspicuous changes compared with the
controls, electron microscopy showed abnormalities encompass-
ing the microvessels and their endothelium. Where the capillar-
ies in the wild-type mice were round and had a wide lumen, some
of those in the mutant mice were irregular in shape with
intensively folded endothelial membranes (Fig. 4 A–D), and
some of the endothelial cells were degenerated and swollen,
having a pale cytoplasm with only a few cell organelles and
having bulged into the vessel lumen (Fig. 4 A and B). In some
cases, the endothelial cells were shrunken, showing a thin,
electron-dense structure (not shown). These changes were de-
tected in all null mice, but they were focal and the incidence of
the abnormal capillaries varied. In two of seven mice, more than
half of the heart capillaries were affected, and in the others the
incidence of the capillary defects ranged between 10% and 50%.
The capillary defects were also found in skeletal muscle samples,
although they were more frequent in the heart. No changes were
noted in the vascular basal lamina. No endothelial cell degen-
eration or changes in the capillary structure could be seen in the

wild-type mice. The heart specimens containing swollen endo-
thelial cells also showed focal ischemic changes in the cardiac
myocytes such as intracellular edema and vacuolization (not
shown). The capillaries of the lung and cerebellum are normally
devoid of type XV collagen (ref. 7 and A.M., T. Väisänen, L.E.,
M.I. and T.P., unpublished observations), and no degenerative
endothelial cells or changes in the capillary structure were
observed in these tissues in the Col15a12/2 mice (not shown).

Heart Response to Cardiovascular Stress. Treadmill exercise is one
of the primary physiological methods used to increase hemody-
namic stress and to detect cardiovascular abnormalities that may
not be readily apparent at rest (22, 23). To test the hypothesis
that the abnormalities in capillary morphology observed in the
mutant mice could have some consequences for blood flow and
lead to pathological changes after cardiovascular stress, left
ventricle samples were prepared after exercise experiment 2, and
the possibility of cardiac injury was studied by assessing the
extent of apoptosis (24), the activities of b-glucuronidase (25)
and matrix metalloproteinase 2 (26), and the mRNA levels of
ANP (27). Statistically significant increases in the number of
TUNEL-positive nuclei and in the activities of b-glucuronidase
and proMMP-2 were detected in the Col15a12/2 mice. However,
it should be noted that the basal proMMP-2 level was lower in
the null mice compared with the control ones. The exercise also
induced highly increased ANP mRNA levels in the 2 of 11 null
mice, although in average this was not statistically significant. No
changes were observed in the wild-type individuals (Table 1).

Diminished Cardiac Responses to b-Adrenergic Stimulation. Cardiac
function was studied here by using isolated perfused hearts. The
developed pressure as an index of cardiac contractility was
compared at the basal level and after b-adrenergic receptor
stimulation with increasing doses of isoproterenol. The basal
contractility in the mutant hearts did not differ significantly from
that of the wild-type mice. However, the response to isoproter-
enol at concentrations of 0.01, 0.1, and 1 nmol/liter, measured as
the maximal increase in pressure developed relative to the basal
level before isoproterenol perfusion, showed significantly
smaller changes in the null mice (Fig. 5). A diminished but
statistically nonsignificant decrease in the left ventricular cAMP
response 5 min after the administration of 0.1 nmol/liter iso-
proterenol was observed in the null mice compared with the
wild-type mice, with figures of 5.42 6 0.72 and 7.55 6 1.37
pmol/mg, respectively (mean 6 SEM, P 5 0.098). There was no
evidence for cardiac hypertrophy in Col15a12/2 mice.

Discussion
Despite the wide tissue distribution of type XV collagen, mice

lacking in it are viable and fertile. Histological examinations of
Col15a12/2 skeletal muscle nevertheless revealed focal changes
characteristic of myopathic disorders, including the presence of
degenerative fibers, increased numbers of muscle cells having
central nuclei, and variations in fiber size. These changes ap-

Fig. 4. Ultrastructural changes in capillaries. Electron microscopy of heart
capillaries from a wild-type (A) and a null mouse (B) with swollen endothelial
cells (asterisks). The lumen is indicated by a white arrow. Skeletal muscle
capillaries from a wild-type (C) and a mutant mouse (D) showing luminal
narrowing and folding of endothelial cells.

Table 1. Markers of cardiac injury

Treatment GT TUNEL proMMP-2 b-GUase ANP mRNA

Control 1y1 0.22 6 0.02 (6) 1.80 6 0.10 (7)‡‡‡ 0.19 6 0.02 (7) 2.27 6 0.46 (7)
Control 2y2 0.24 6 0.09 (7)* 1.30 6 0.06 (7)*** 0.22 6 0.01 (7)** 2.67 6 0.55 (7)
Exercised 1y1 0.24 6 0.02 (10) 1.86 6 0.06 (11) 0.22 6 0.02 (11) 2.32 6 0.32 (11)
Exercised 2y2 0.72 6 0.25 (11)† 1.87 6 0.09 (10) 0.35 6 0.05 (10)†† 3.63 6 0.78 (11)

Average number of TUNEL-positive nuclei in a 403 objective (TUNEL), activity of proMMP-2 (densitometric unit), activity of
b-glucuronidase (b-GUase, mmol s21zkg21 protein), and ANP mRNA levels (to 18S mRNA) in the left ventricles of unexercised controls and
exercised mice 48 h after the cessation of running. Values are means 6 SEM, with n indicated in parentheses. Statistical significances in
the Mann–Whitney U test: between the control2y2 and exercised2y2 mice. *, P , 0.05, **, P , 0.025, ***, P , 0.001; those between the
exercised1y1 and exercised2y2 mice. †, P , 0.025, ††, P , 0.01; and those between the control1y1 and control2y2 mice. ‡‡‡, P , 0.001.
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peared at the age of 3 months and became more apparent in
older mice. In addition, the Col15a12/2 mice showed increased
sensitivity to exercise-induced muscle damage.

A number of mutations in molecules involved in linkage
between the muscle cell and the surrounding extracellular matrix
lead to muscular diseases, notably the components of the
dystrophin-associated glycoproteins-laminin a2 axis (28), the
integrin a7 subunit (29), or type VI collagen (30, 31). According
to a structural hypothesis, a disrupted linkage between the
cytoskeleton and the matrix leads to sarcolemmal instability and
muscle cell necrosis (28, 32). Type XV collagen occurs widely in
the basement membrane zone and the adjacent fibrillar matrix,
including the endomysium of skeletal muscle (6, 7). The in-
creased fragility of muscle fibers in the null mice does not,
however, appear to be caused by clear defects in the basement
membrane, because antibodies against known basement mem-
brane components showed normal, uninterrupted staining
around degenerative as well as nonaffected muscle fibers. C-
terminal fragments of type XV collagen interact in vitro with
certain basement membrane and microfibrillar components
(10), and thus the prominent changes seen in the type XV
collagen-deficient muscle fibers could reflect a defect in linkage
between the muscle cell basement membrane and the surround-
ing fibrillar matrix.

Mice manifesting muscle phenotypes respond differently to
exercise, suggesting variations in the etiology lying behind the
muscle cell damage. A single episode of excessive physical
exercise is known to cause acute damage to the skeletal muscle
(33) and is thought to induce focal lesions in muscle fibers,
leading to cell necrosis (34–36). Dystrophin deficiency in mdx
mice leads to impaired performance in running (37–39) and
more pronounced muscle damage than in control mice during
sudden exercise (39, 40), suggesting a structural role for this
protein. Type VI collagen deficiency results in myopathy in both
the human (30) and the mouse (31), although Col6a12/2 mice did
not show any significant reduction in activity during a 2-month
voluntary running period in wheel cages (31). Similar results
have been obtained with g-sarcoglycan null mice, which show
pronounced dystrophic muscle changes (41) but tolerate rigor-

ous swimming exercise well (42). Furthermore, the lack of
g-sarcoglycan did not lead to increased exercise-induced muscle
fiber injuries, suggesting nonmechanical causes for the cell
degeneration (42). The lack of type XV collagen did not affect
the overall running performance of the mice in our protocols,
but it did result in more prominent muscle damage as measured
on histological and biochemical criteria.

Of special interest was whether the lack of type XV collagen
would affect blood vessel formation. Despite the antiangiogenic
role of type XV collagen-derived endostatin (9, 10), we could not
observe any abnormalities in the number of vessels. Instead, type
XV collagen appears to play a role in the integrity of the
microvessels, because its deficiency was found to lead to an
apparent collapse of the capillary wall in the heart and the
skeletal muscle, resulting in various degrees of narrowing or
obstruction of the capillary lumen. This may lead to impaired
microvascular perfusion, as witnessed by the endothelial cell
swelling typical of ischemic cell damage (43). Immunostaining
studies (ref. 7, A.M., T. Väisänen, L.E., M.I., and T.P., unpub-
lished observations) have indicated that, whereas type XV
collagen is associated with many capillaries, including those in
the heart and the skeletal muscle, there are some tissues,
including the lung and brain, in which it is not detected around
the capillaries. The fact that the lung and brain capillaries of the
null mice were normal in structure and no endothelial cell
degeneration was observed in them further confirms that the
defects seen in the heart and skeletal muscle capillaries are due
to the lack of type XV collagen.

Our exercise protocols were optimized for studying degen-
erative changes in skeletal muscle, and the time point for
analysis could cause limitations for some of the markers used
to study exercise-induced cardiac injury, because the maximal
responses of MMP-2 (26) and ANP (27) expressions were
reached later than 48 h after acute cardiac injury and the
apoptotic effects earlier (24). Interestingly, basal level
proMMP-2 activities were found to be significantly lower in the
Col15a12/2 mice than in the wild-type ones. Because MMP-2
is known to be expressed by endothelial cells (44), this could
be suggestive of an endothelial cell defect and coincide with
the ultrastructurally identified endothelial cell degeneration.
As the organization and function of the heart as a continually
contracting muscle differ from that of skeletal muscle, acute
loading is not likely to lead to similar injuries to those affecting
the latter. The abnormalities in the heart microvasculature
observed at the morphological level will most probably cause
marked ischemic-like damage only after loading. This is also
the case with young mice lacking d-sarcoglycan before the
development of cardiomyopathy (23). Furthermore, the pres-
ervation of the histological integrity of the heart tissue in the
Col15a12/2 mice supports the hypothesis that a certain degree
of vascular dysfunction may be required to reach the ischemic
threshold necessary to induce myocardial necrosis (23).

Reduced responsiveness to b-adrenergic receptor (b-AR)
stimulation is associated with congestive heart failure (45) and
with aging (46). Hearts suffering from chronic diseases have
shown multiple changes in b-AR-mediated events, including the
expression and function of b-adrenergic receptors, G proteins,
adenylyl cyclases, and G protein receptor kinases (45). A pacing-
induced animal model has suggested that the down-regulation of
b1-AR receptors occurs in an early phase in the development of
heart failure (47). In humans, reduced b1-AR mRNA levels (48)
and b-receptor density (49) are also detected in a mild form of
cardiac dysfunction, indicating that down-regulation of b-AR
receptors is not restricted to severe or advanced heart disease.
Moreover, histological analysis of cardiac tissue from volume-
overloaded pigs indicates that decreased responsiveness to b-AR
stimulation can occur without degenerative changes such as

Fig. 5. Effect of isoproterenol stimulation on developed pressure in (A)
6-month-old and (B) 12-month-old mutant and wild-type mice. The responses
to b-agonists were measured in terms of the ratio of the maximal value of the
developed pressure (DP) to the basal level before the isoproterenol perfusion
in Col15a12/2 (F: A, n 5 7; B, n 5 11) and Col15a11/1 (h: A, n 5 7; B, n 5 8) mice.
The symbols represent mean 6 SEM. Significant differences between the
Col15a12/2 and Col15a11/1 mice are indicated by asterisks as follows: *, P ,
0.05, **, P , 0.01. The basal pressure was 31.7 6 5.0 and 27.3 6 5.0 mmHg for
the 6-month-old control and null mice, respectively, and 20.2 6 3.4 and 20.8 6
2.0 mmHg for the 1-year-old mice (mean 6 SEM).
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inflammation or fibrosis (50). It is not known at present,
however, whether the changes in the b-AR system are causes or
consequences of heart dysfunction. The present isolated per-
fused hearts of Col15a12/2 mice showed a decreased response to
a b-AR agonist, which is a result of some change(s) in the
b-adrenergic-mediated signal transduction system.

In view of its collagenous primary structure, its location in the
extracellular space, and the consequences of the loss of function
described here, we assume that type XV collagen functions as a
structural component that is needed to stabilize cells with
surrounding connective tissue, at least in the skeletal muscle and
microvessels. Our data also suggest that a lack of type XV
collagen will cause damage to the heart after induced cardio-
vascular stress. It is attractive to speculate that type XV collagen
deficiency may cause mild cardiac dysfunction, detectable first as
a diminished inotropic response to isoproterenol, before any
clear morphological changes emerge. Furthermore, the seden-

tary lifestyle of Col15a12/2 mice may prevent the development
of severe heart failure. Interestingly, these changes mimic early
or mild heart disease, such as decreased inotropy and impaired
response to exercise. The microvessel defects are more pro-
nounced in the heart and are accompanied by ischemic changes
in the endothelial cells and adjoining cardiomyocytes. Whereas
the skeletal muscle defect appears to be due to myogenic
degeneration, it is possible that the heart phenotype is due to
impaired perfusion. This should be further investigated by
generating mice with a conditional knockout in endothelial cells.
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