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Abstract Deficiency of the extracellular matrix protein
tenascin-X (TNX) causes a recessive form of Ehlers—
Danlos syndrome (EDS) characterized by hyperextensible
skin and hypermobile joints. It is not known whether the
observed alterations of dermal collagen fibrils and elastic
fibers in these patients are caused by disturbed assembly
and deposition or by altered stability and turnover. We used
biophysical measurements and immunofluorescence to
study connective tissue properties in TNX knockout and
wild-type mice. We found that TNX knockout mice, even at
a young age, have greatly disturbed biomechanical proper-
ties of the skin. No joint abnormalities were noted at any
age. The spatio-temporal expression of TNX during normal
mouse skin development, during embryonic days 13-19
(E13-E19), was distinct from tropoelastin and the dermal
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fibrillar collagens type L, III, and V. Our data show that TNX
is not involved in the earliest phase (E10-E14) of the
deposition of collagen fibrils and elastic fibers during fetal
development. From E15 to E19, TNX starts partially to
colocalize with the dermal collagens and elastin, and in
adult mice, TNX is present in the entire dermis. In adult
TNX knockout mice, we observed an apparent increase of
elastin. We conclude that TNX knockout mice only par-
tially recapitulate the phenotype of TNX-deficient EDS
patients, and that TNX could potentially be involved in
maturation and/or maintenance of the dermal collagen and
elastin network.

Keywords Tenascin-X - Collagen - Elastin -
Development - Ehlers-Danlos syndrome - Mouse (TNX
knockout)

Introduction

TNX is a large extracellular matrix glycoprotein (Bristow et
al. 1993; Lethias et al. 1996; Elefteriou et al. 1997; Ikuta et
al. 1998) that is expressed in a variety of tissues including
skin, joints, heart, and blood vessels. Complete deficiency
of TNX in humans leads to a recessive form of Ehlers-
Danlos syndrome (EDS), and TNX haploinsufficiency is a
cause of hypermobility type EDS (Burch et al. 1997;
Schalkwijk et al. 2001; Zweers et al. 2003). Adult TNX-
deficient patients show abnormal elastic fibers and reduced
collagen deposition in skin (Zweers et al. 2004). We have
recently found that a high serum TNX concentration is a
risk indicator for abdominal aorta aneurysm (Zweers et al.
2005). TNX-deficient patients appear to have normal vessel
wall compliance and distensibility of the large arteries;
however, two out of nine described patients underwent
surgery for mitral valve replacement (Peeters et al. 2004;
Lindor and Bristow 2005).

Two groups have independently generated TNX knockout
mice (Matsumoto et al. 2001; Mao et al. 2002). Mao et al.
(2002) have shown that TNX knockout mice mimic EDS
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through alterations in collagen deposition, as seen in TNX-
deficient patients. Matsumoto et al. (2004a—) have demon-
strated altered fatty acid composition in TNX knockout mice
compared with wild-type mice and increased MMP2
activation. The same group have found that tumour invasion
and metastasis are enhanced in TNX knockout mice
(Matsumoto et al. 2001, 2002). The enhanced tumor in-
vasion found in TNX knockout mice is supported by the data
on cutaneous malignant melanoma in MeLiM swine. These
melanoma cells show a dramatic downregulation of TNX,
which could account in part for the invasive phenotype of
this tumor (Geffrotin et al. 2000).

In our previous study of the dermal abnormalities of five
adult TNX index patients (Schalkwijk et al. 2001), we could
not determine whether these alterations were attributable to
developmental defects in the collagen and elastic fibre
network, or to post-natal instability or breakdown. Here, we
have investigated TNX expression in wild-type and TNX
knockout mice during fetal skin development in relation to
the expression of fibrillar collagens type I, III, and V and
elastin. Our results indicate that the TNX knockout mouse is
a suitable model for skin fragility but not for joint hyper-
mobility. The reduced biomechanical strength of the skin in
adult TNX knockout mice can be found in juvenile mice but
is unlikely to be caused in the initial phase of deposition of
the collagenous and elastic fibre network.

Materials and methods
Test animals

TNX knockout mice were obtained as described previously
(Mao et al. 2002). For all studies, except for measurements
of the medial collateral ligament (MCL), we used +/+, +/—,
and —/— offspring from heterozygous parents obtained by
the backcrossing of TNX knockout mice with four
generations of C57/BL6 mice. For optical coherence
tomography and measurements of the stiffness of the
MCL, littermates (3—6 months old) were used from TNX
heterozygous parents obtained by backcrossing with two
generations of C57/BL6 mice. The number of mice for
each test is indicated in the results. The experimental
design was approved by the animal use committee of
Radboud University, Nijmegen.

Processing of samples

At each time point, adult mice were killed in a sealed
compartment by exposure to a mixture of carbogen gas and
increasing concentrations of CO,. Mouse fetuses were killed
by decapitation. Complete hind legs of mice were stored
at —20°C prior to measurements of the MCL and were
processed as previously described (Gijssen et al. 2004). Skin
samples for paraffin sections were fixed in buffered forma-
lin for 4 h. Skin samples for frozen sections were embedded
in Tissue-Tek O.C.T. compound (Sakura Finetek Europe,
The Netherlands) and snap-frozen in liquid nitrogen. The

breaking strength of mouse skin samples was measured
immediately after the animals had been killed.

Histochemistry and immunohistochemistry

Staining of elastic fibers was performed by a modified
Hart’s method on paraffin sections (7 um thick; Starcher et
al. 2005). Paraffin and frozen sections (7 wm thick) were
stained with antibodies against TNX, tropoelastin (TE), and
collagens type I, III, and V. Detection was performed with
antibodies conjugated to fluorescein isothiocyanate (FITC,
green) and Alexa Fluor 594 (AF594, red; Table 1). Cell
nuclei were counterstained with 4,6-diamidino-2-phenylin-
dole (DAPI; Molecular Probes, The Netherlands; blue).

Computational analysis of (tropo) elastin and elastic
fiber density

Each micrograph was analyzed by using IPlab software
(Scanalytics, US). Once a representative “region of inter-
est” (ROI), excluding hair follicles, had been chosen, all
positive segments in the ROI were marked with a specific
color. The surface of the colored area was divided by the
ROI surface to determine the signal density.

Measurement of the stiffness of the MCL

The stiffness of the MCL was determined as previously
described (Gijssen et al. 2004). Briefly, the tibia and femur
of'the mouse leg were clamped in a tensile tester. All tissues
were removed from the femur and tibia with the exception
of the MCL. Forces were applied in the longitudinal
direction of the tibia and MCL.

Measurement of the cross-sectional area of the MCL
by optical coherence tomography

Optical coherence tomography, which is the optical equiv-
alent of ultasound imaging, is a noninvasive cross-sectional
imaging technique for biological systems (Huang et al.
1991). For the imaging of the MCL, a reference point was
visually determined at approximately the midpoint of the
ligament, in between the tibia and femoral insertion
(approximately 1 mm distal to the joint cavity). Images
were taken from 2 mm distal to 2 mm proximal to the
reference point to cover the full length of the MCL
(approximately 3.5 mm). Cross-sectional images ([3-scans)
were made at 0.2-mm intervals to obtain a series of 21 [3-
scans along the full length of the ligament. The cross-
sectional area of a MCL was calculated with custom analysis
software written in Labview 7 (National Instruments, US) by
using {3-scans 8-15 in which the MCL was clearly visible
and of constant dimensions. Optical coherence tomography
has been previously validated for ligaments and tendons
(Martin et al. 2003).



Table 1 Antibodies used for immunofluorescence studies
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ECM constituents Primary antibody mixture

Secondary antibody mixture

Elastin and TNX
Guinea pig anti-human TNX®
Collagens type I and TNX
Guinea pig anti-human TNX®
Collagen type III and TNX
Guinea pig anti-human TNX®
Collagen type V and TNX
Guinea pig anti-human TNX®

Goat polyclonal anti-rat (tropo)elastin®
Goat polyclonal anti-human collagen 1°
Goat polyclonal anti-human collagen III¢

Goat polyclonal anti-human collagen V°

Chick polyclonal anti-goat AF594
Rabbit polyclonal anti-guinea pig FITC#®
Chick polyclonal anti-goat AF594
Rabbit polyclonal anti-guinea pig FITC#®
Chick polyclonal anti-goat AF594%
Rabbit polyclonal anti-guinea pig FITC#®
Chick polyclonal anti-goat AF594
Rabbit polyclonal anti-guinea pig FITC#®

#Elastin Products, USA
°Schalkwijk et al. 2001
“SouthernBiotech, USA
dSouthernBiotech, USA
°SouthernBiotech, USA

Molecular Probes, The Netherlands
€Dakocytomation, Denmark

Flexibility of the tail

Increased flexibility of tail ligaments and tendons, as de-
scribed for the TSP2-null mouse (Kyriakides et al. 1998),
was ascertained for the TNX knockout mouse. In a blind
randomized test, the animals were maintained under anes-
thesia at an isofluran dose of 2.5%-3.0% in a N,O, gas
mixture (50%—-65% O,) while the investigator attempted to
tie a knot in the mouse tail.

Breaking strength

A rectangular strip of dorsal skin (7 mm x 3.5 cm) was
prepared from the killed mice by using a custom-made
apparatus. The skin segment was clamped in a device that
exerted a continuously increasing force in a longitudinal
direction. The breaking strength was defined as the peak
force necessary to induce tearing of a tissue segment and
was expressed in grams (1000 g is equivalent to 9.281 N),
as described previously (Waard de et al. 1995).

Biochemical analysis of hydroxyproline
and desmosine content

Desmosine analysis of mouse skin samples was used to
measure the elastin content of the skin. After removal of the
hair, a 3-mm biopsy punch was obtained from the caudal
dorsal skin of the mice and placed in a secure-lock microfuge
tube. The sample was hydrolyzed in 500 pl 6 N HCI at
105°C for 24 h. The hydrolysate was evaporated to dryness,
re-dissolved in 200 ul water, and microfuged to remove
insoluble material. A 20-pl aliquot was removed for des-
mosine analysis by radioimmunoassay (Starcher and Conrad
1995), and 1 pl was used for protein determination by a
ninhydrin-based assay as described previously (Starcher
2001). Hydroxyproline (OHP) analysis was used as a
method for measuring the collagen content of the skin.

The OHP content was determined by amino acid analysis
from the same hydrolysate as the desmosine analysis.

Results

Biomechanical properties of skin and joints in TNX
knockout and wild-type mice

Littermates —/—, —/+, and +/+ for TNX were used to
measure skin and joint biomechanical properties. Figure 1
shows the applied force required for skin failure (breaking
strength). The breaking strength of TNX knockout mouse
skin was significantly lower than that of heterozygous or
wild-type littermates. The phenotype was appreciable even
at the earliest possible age that could be investigated (2
weeks neonatal), and the difference in skin strength
between wild-type and TNX knockout mice increased
with age (Fig. 1). Wild-type and heterozygous mice did not
significantly differ. To investigate joint laxity in these
animals, we performed two tests. First, we tested whether
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Fig. 1 Breaking strength of mouse skin. TNX knockout mice (KO)
have weaker skin compared with that of heterozygous (HET) and wild-
type (WT) littermates. The difference is appreciable even at a young age
and increases over time (for comparisons of adult mice of 3—6 months
of age, n=12 for knockout, n=6 for heterozygous, and n=5 for wild-
type mice; for mice of 2 weeks of age, n=6 for knockout, n=8 for
heterozygous, and #n=10 for wild-type mice). For all comparisons to
wild-type mouse, *P<0.001 when compared with knockout mice
(+ not significant when compared with heterozygous mice)
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Table 2 Biomechanical properties of the MCL of TNX knockout
and wild-type littermates. The MCL of TNX knockout and wild-
type littermates were the same in thickness and stiffness (for all
comparisons, + not significant)

Character Genotype Mean SD =n
Stiffness of MCL (N/mm) Wild-type 508" 1.12 8
TNX knockout 4.96 1.50 7

Cross-sectional area MCL (mm?®) Wild-type 0.058" 0.008 8
TNX knockout 0.052 0.010 5

the laxity of the tail ligaments of the —/— mice was such to
permit tying a knot in the tail; this is not possible in wild-
type mice but has been described for the thrombospondin-2

Fig. 2 TNX immunofluorescent
staining of the developing skin of
wild-type mice. a At stage E14,
no significant signal in the pro-
spective dermis is detected (blue
nuclear staining with DAPI).

b By stage E15, TNX expression
(green) is visible in the develop-
ing reticular dermis and around
the fascia of the carnosus muscle
layer. ¢, e At E18 and in 1-day-old
neonatal mice, respectively, ex-
pression of TNX has extended
further into the dermis. d Higher
magnification of the rectangle in
¢; TNX is expressed in the fetal
mouse in a distinct fibre-like
pattern. f In adult mouse skin,
TNX is observed throughout the
dermis in a more homogeneous
pattern. g Higher magnification
of the rectangle in f. h The
specificity of the anti-TNX serum
is demonstrated in TNX knock-
out mice skin (E18), which is
devoid of signal. Bars 50 um
(a—c, e, f, h), 25 um (d, g)

knockout mouse (Kyriakides et al. 1998). We found,
however, that this manipulation was not possible in the
TNX " mouse (not shown). Secondly, as a measure for
joint hypermobility, the stiffness of the MCL in the knee
joint was analyzed. As shown in Table 2, our measure-
ments did not reveal a difference in ligament stiffness
between TNX knockout mice and wild-type littermates. In
order to exclude the possibility of a thicker MCL in TNX
knockout mice as a compensatory mechanism, we mea-
sured the mean thickness of the ligament by optical
coherence tomography. The MCL thickness in TNX
knockout mice did not significantly differ from wild-type
littermates (Table 2). Histological analysis of wild-type and
TNX knockout ligaments revealed no obvious differences
(data not shown).




Expression of TNX in fetal and adult mouse skin

Sections of fetal, viz., embryonic day 13-20 (E13-E20),
and adult skin were immunostained to reveal the expres-
sion of TNX at various developmental stages. The
epidermis was devoid of signal at all stages, except for
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occasional non-specific staining of the stratum corneum. At
E14, no significant signal was detected in the prospective
dermis (Fig. 2a). From stage E15 onward, TNX expression
was found in the lower dermis and around the fascia
surrounding the panniculus carnosus beneath the develop-
ing dermis (Fig. 2b). TNX expression extended toward the

TNX + Collagen type | TNX + Collagen type Ill TNX + Collagen type V

Fig. 3 Merged micrographs showing immunofluorescent double-
staining for TNX (green) and collagens (red) type 1 (a, d, g, j, m), 11
(b,e, h, k,n),orV(c,f,1i,1 0)in developing skin of wild-type mice.
Nuclei are stained blue with DAPI. The different types of collagen
are expressed even at fetal stages E10 (a—c) and E14 (d—f) in the
prospective dermis. At E18 (g—i) and 1-day-old neonatal (/ day

Neo.) mice (j—1), TNX starts to colocalize with the various types of
collagens (orange, yellow). In adult mice, TNX is expressed in the
entire dermis and overlaps with collagens type I (m), III (n), and V
(0). Non-specific staining of the stratum corneum was present in
some sections. Bars 50 um
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Table 3 Hydroxyproline (OHP) content in skin of adult (8—9 months
old) mice as a measure for total collagen ("P=0.09, **P=0.07)

Amount OHP Genotype Mean SD =n
Content in nmol per mg  Wild-type 28147 427 7
protein TNX knockout 253.8 389 10
Content in nmol per mm? Wild-type 31.6"7 104 7
skin TNX knockout  24.7 83 10

upper part of the developing dermis at E18 and neonatal
stages (Fig. 2c,e) and appeared in a fibre-like pattern (E18,
Fig. 2d). In the adult mouse (Fig. 2f), the distinct fibre-like
pattern was less clear, and the entire dermis exhibited a
strong diffuse pattern (Fig. 2g). The specifity of our anti-
TNX serum is illustrated in Fig. 2h, which shows the
complete absence of staining at the E18 stage of a TNX
knockout mice.

Differences in spatio-temporal appearance of TNX
and the dermal fibrillar collagens

To address the question of whether TNX is involved in the
assembly of collagen fibrils during normal dermal differ-
entiation, we examined the appearance of collagens type I,
111, and V in comparison with TNX. Collagens type I, III,
and V were weakly present on E10 (Fig. 3a—c) in the
undifferentiated dermal mesenchyme beneath the periderm
of normal mouse fetuses (red signal). Expression of these
collagens was abundant at E14 (Fig. 3d—f) before the start
of TNX expression. The fibre-associated expression pat-
tern of TNX, however, overlapped with the collagen
network in the reticular dermis (orange signal) and around
the fascia of the panniculus carnosus (orange and yellow
signals), as shown in the overlays of the immunofluo-
rescent stainings from E18 and 1-day-old neonatal mice
(Fig. 3g-1). In the papillary dermis, the various collagen
types were stained red, and TNX expression had not yet
started in this compartment (Fig. 3g—1). In adult mice, TNX

was expressed diffusely throughout the dermis and over-
lapped with collagens type 1, III, and V, which were also
expressed throughout the dermis (orange and yellow
signals; Fig. 3m—o0). No obvious differences in expression
of'the various collagen types and TNX were noted between
TNX knockout and wild-type mice during development
(data not shown).

Previous studies in mouse and human have shown that
collagen content is reduced in adult skin of TNX-deficient
individuals (Mao et al. 2002; Schalkwijk et al. 2001).
Because immunofluorescent staining of dermal collagens
could not be used to quantify collagen content, we
performed an analysis of OHP content in TNX knockout
and wild-type mouse skin. We found a slight reduction in
collagen content, but this was not as prominent as in
previous studies (Table 3).

Differences in spatio-temporal appearance
of TNX and elastin

To address the question of whether TNX is involved in the
assembly of elastic fibers during dermal differentiation, we
used an antibody directed against TE as a marker for
developing elastic fibers. A thin discontinuous layer of TE
expression was present even in the undifferentiated dermal
mesenchyme at E10 (red staining in Fig. 4a). Thereafter,
TE staining was strong and continuous in the fascia lining
the developing muscle cells of the panniculus carnosus. At
E18, many TE-positive fibers were found in the outer layer
of the fascia and scattered throughout the prospective
reticular dermis as witnessed by the orange-yellow staining
in merged double-staining images (Fig. 4b). Clearly, TNX
expression differed temporally and spatially from TE
expression in the developing mouse skin. However, from
E15 onward, TNX started partially to colocalize with
elastin. The TNX fibre-like pattern found at this stage
overlapped with the pattern of TE-positive fibers around
the fascia of the panniculus carnosus and in the prospective
reticular dermis (Fig. 4b). In adult mouse skin, TNX was
present diffusely throughout the entire dermis and therefore
by definition overlaps with TE staining (Fig. 4c).

Fig. 4 Merged micrographs of immunofluorescent double-staining
for TNX (green) and tropoelastin (TE; red) in developing skin in
wild-type mice. TE is expressed in the undifferentiated mesenchyme
at the earliest investigated stage, E10 (a). The signals for TE and

TNX partially overlap (orange, yellow) in the developing mice skin
around the fascia of the carnosus muscle at E18 (b). In adult mice
(¢), the entire dermis is stained positively for TNX with overlapping
signal for TE (orange, yellow). Bars 50 um



Difference in TE expression in knockout mice
compared with heterozygous and wild-type mice

In adult TNX-deficient EDS patients, we have previously
observed the fragmentation and clumping of elastic fibers
(Zweers et al. 2004). We therefore examined the appear-
ance of elastic fibers in adult knockout mice compared with
heterozygous and wild-type mice by using immunofluo-
rescent staining for TE. We did not observe obvious
differences in the morphology or spatial distribution of the
TE-positive elastic fibers, although the difference in
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density of the fibers was appreciable between adult wild-
type and TNX knockout mice. Image analysis followed by
computational quantitation showed that the signal intensity
for TE was significantly higher in TNX knockout (Fig. 5c)
mice than in heterozygous (Fig. 5b) and wild-type (Fig. 5a)
littermates. The difference in density appeared at 3-6
months of age (Fig. 5e). Wild-type and heterozygous mice
did not significantly differ in signal intensity. We sub-
sequently investigated whether the differences in density
of TE-positive fibers were reflected in the density of
mature elastic fibers as determined histochemically by
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Fig. 5 Analysis of elastin and elastic fibers. Immunostaining for TE
on paraffin sections of 9-month-old mice (a—c). At 3—6 months,
TNX knockout mice (¢) show a higher density of TE in their dermis
than do wild-type (a) and heterozygous (b) mice (represented
graphically in e). The density of mature elastic fibers made visible
by modified Hart’s staining in TNX knockout skin (not shown)
compared with wild-type mice (d) is increased (f). No differences in

desmosine content expressed per milligram protein (h) or per mm?
(g) skin were found between the different phenotypes in adult mice.
*P<0.01, **P<0.05, + not significant. For all comparisons, n=12 for
each genotype for mice at 3—6 months, n=6 (or more) for mice at
2 weeks and 9 months. For 2-month-old mice, n=8 for heterozygous
mice, n=4 for TNX knockout mice and #»=3 for wild-type mice (KO
knockout, WT wild-type, +/— heterozygous)
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modified Hart’s staining (shown for wild-type in Fig. 5d).
Although the differences between wild-type and TNX
knockout mice were not as obvious as for the TE
immunostaining, computational analysis showed a signif-
icant difference in the densities of mature elastic fibers
between TNX knockout and wild-type mice (Fig. 5f). To
investigate these differences between wild-type and knock-
out mice further, we measured the amount of desmosine, a
tetrafunctional crosslink specific for elastin, in mouse skin.
Desmosine content did not differ between wild-type and
knockout mice, irrespective of whether it was expressed
per milligram protein or per skin surface area (Fig. 5g,h).

Discussion

The aim of our investigations was to provide a detailed study
of TNX expression in skin and to examine the consequences
of TNX deficiency at the functional and morphological
levels. We have found no obvious differences in tail mobility
and MCL stiffness, which we have used as a measure for
joint hypermobility, between wild-type and knockout mice.
We conclude that TNX knockout mice show a similar skin
phenotype as human TNX-deficient patients but that these
mice are not a suitable model to investigate joint hyper-
mobility. On the basis of colocalization studies, we surmise
that TNX is more likely to be involved in the maturation and
maintenance of the collagen and elastin network than in its
initial deposition.

TNX expression has not yet been studied in depth during the
development of the skin. Geffrotin et al. (1995) have reported
TNX transcripts in 87-day-old pig fetuses. Matsumoto et al.
(1994) have demonstrated TNX transcripts in mice at E17 and
staining of the dermis, but this is less strong toward the dermis
at E15.5. This is in accordance with our data. However, no data
from other fetal stages have been published, and TNX
expression has not been studied at the protein level. We show
that expression starts at E15 and progresses from the reticular
dermis toward the papillary dermis during development. TNX
is expressed in a fiber-like network during development, but
this network is lost in adulthood. This suggests a possible
difference in function for TNX during the development of skin
and in mature skin.

We suggest that TNX is not involved in the initial de-
position of collagen fibrils or elastic fibers because expres-
sion of the dermal fibrillar collagens and expression of TE
starts well before TNX is expressed in the dermis. However,
during development, the characteristic fiber-like pattern of
TNX colocalizes with the collagens type I, IlI, and V
networks; this is in accordance with previously results
showing that TNX colocalizes with banded collagen fibrils
in bovine fetal skin (Lethias et al. 1996; Elefteriou et al.
1997). The expression of the various types of fibrillar
collagens in developing mouse skin has not been compre-
hensively studied in detail at the protein level. Van Exan and
Hardy (1984) have found that fibrils are present at the earliest
of investigated fetal stages (E12), and Niederreither et al.
(1995) have demonstrated, by using in situ hybridization,
that collagens type I and III are expressed in dermatomes at

E10.5 and E12.5 in the presumptive dermis of whole mouse
fetuses. The expression of collagen type V appears to mimic
that of collagen type I, and transcripts are localized to dermal
cells (Garrone et al. 1997; Andrikopoulos et al. 1992). These
data are in accordance with our findings at the protein level.

A reduction in collagen occurs in the skin of adult TNX
knockout mice (Mao et al. 2002) similar to that in TNX-
deficient patients (Zweers et al. 2004). Although we have
found a small difference in OHP content between TNX
knockout and wild-type mice, the differences are not as
profound as observed by Mao et al. (2002). Of note, the
TNX null allele used in our study is on a different
(homogenous C57Black6) background than that used by
Mao et al. (2002). Together with the reduction of collagen,
Mao et al. (2002) have found a decrease in the stress-strain
properties of adult TNX knockout mice. We have confirmed
this alteration of skin biomechanical properties in a test of
skin breaking strength. We have found that, even at the
youngest possible investigated age (2-week-old mice), skin
strength is severely disturbed. Although no gross abnor-
malities of the collagen fibrils have been observed, a minor
increase in size variation has been reported (Mao et al.
2002). Moreover, Minamitani et al. (2004) have found an
increase in thickness of collagen fibrils in 3-month-old mice.
Differences in skin mechanical properties between wild-
type and TNX knockout are probably not solely caused by
differences in the collagen density of the skin; qualitative
differences in, for example, crosslinking and interaction
between collagen fibrils might also play a role.

In TNX-deficient patients, we have previously observed
altered elastic fibers in sections stained by Elastica von
Gieson stain (Zweers et al. 2004). This stain appears ill-
suited for the visualization of fetal and neonatal elastic
fibers in mice. We have instead used a TE antibody, which
recognizes both soluble TE and cross-linked elastin. In
addition, we have used modified Hart’s stain, a histochem-
ical stain suitable for the visualization of elastic fibers in
mouse skin. Immunofluorescence on paraffin sections has
revealed an increased density of TE/elastin in TNX
knockout mice compared with heterozygous TNX and
wild-type mice at 3—6 months of age. This difference in
density for TE/elastin is reflected, although less promi-
nently, in mature elastic fibers in the dermis detected by
modified Hart’s staining. The quantification of desmosine
content, however, has revealed no significant differences,
suggesting a lower amount of desmosine crosslinks per
elastic fiber in TNX knockout mice, which might possibly
lead to less stable elastic fibers. This could in turn lead to
increased synthesis as a possible compensatory mecha-
nism. The elastic fibers of the TNX knockout mice might
also be more susceptible to breakdown, since the differ-
ences in TE/elastin density appear in adulthood, in which
case the TE/elastin might pick up elastin breakdown
products from elastic fibers. Once again, the TNX knock-
out mice might compensate for this by (over) producing
new elastic fibers, but this awaits further investigation. The
elastic fiber phenotype in the TNX knockout mice does not
resemble the phenotype found in humans. The organization
and cellular source of elastic fibers in mice is known to



differ from those in humans (Starcher et al. 1999, 2005).
Both in humans and in mice, TNX appears to be involved
in the maintenance of normal elastic fibers. However, TNX
does not seem to be associated with the initial deposition of
TE/elastin, as immureactivity to the TE antibody is de-
tected in the dermis before TNX expression starts. TNX
could nevertheless be involved in the maturation of elastic
fibers, since mature elastic fibers only start to appear
approximately 5 days post partum in mice, coinciding with
the start of hair growth (Starcher et al. 2005).

The morphological and biochemical abnormalities in
TNX-deficient skin are mild compared with the strongly
disturbed biomechanical properties. This suggests that
TNX exerts more subtle functions that contribute to
connective tissue stability. Studies by others have pre-
viously indicated that TNX interacts with various other
matrix molecules (Elefteriou et al. 1997, 1999, 2001; Ikuta
et al. 2000; Lethias et al. 2001; Matsumoto et al. 1994;
Minamitani et al. 2004). Obviously, the biomechanical
properties of the matrix will be affected by these
interactions, and this is clearly an area of future research.
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