Early Emphysema in the Tight Skin and Pallid Mice

Roles of Microfibril-Associated Glycoproteins, Collagen, and Mechanical Forces
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The nature of the development of emphysema in the tight skin
(Tsk) and the pallid (Pa) mice are not well understood. We assessed
the mechanical and nonlinear properties of the respiratory system,
the alveolar structure, and the levels of microfibril-associated glyco-
proteins (MAGP) 1 and 2 in Tsk mice with developmental emphy-
sema; in Pa mice, which are thought to develop adult onset emphy-
sema; and their background, the C57BL/6 mice, at an age of 7 wk.
Minor differences between collagen-related elastic properties of
the lungs of the Pa and C57BL/6 mice were seen at this early age.
The lungs of the Tsk mice were significantly softer yet more nonlin-
ear than those of the Pa and C57BL/6 mice. The MAGP-1 levels
were similar in all three groups. However, the level of MAGP-2,
which is associated with both fibrillin-1 and collagen, was higher
in the Tsk than in the Pa mice, which also had more MAGP-2 than
the C57BL/6. Both the mean and the variance of alveolar diameters
were larger in the Tsk than in the other two groups, while the
variance in the Pa was larger than in the C57BL/6 mice, implying
early development of heterogeneity. Using a network model of the
parenchyma, we linked the pathophysiologic changes in the Tsk
mice to mechanical forces and failure of the alveolar walls. Our
findings suggest the possibility that MAGP-2-related abnormal col-
lagen assembly, combined with mechanical forces, is involved in
the progression of emphysema in the Tsk mice.
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The tight skin (Tsk) mice spontaneously develop pulmonary
emphysema and skin fibrosis early in life. A duplication of the
fibrillin-1 gene results in a larger than normal fibrillin-1 (1, 2),
a glycoprotein, which aids the deposition of extracellular matrix
(ECM) components during development and remodeling (1, 3).
The homozygous Tsk mice die in utero, but the heterozygous mice
live a normal life span despite various organ disorders (4-6).

Crossing Tsk/+ and interleukin (IL)-4+/— mice disrupts one
or both IL-4 alleles with ~ 30% survival rate (7). Although
these mice do not have cutaneous hyperplasia, they still develop
emphysema. Furthermore, while the elimination of the receptor
IL-4Ra or the deletion of one allele of transforming growth
factor (TGF)-B results in diminished dermal thickening, these
mice also develop emphysema (8). Since IL-4 regulates TGF-3
(7), the cytokines that cause skin fibrosis in these mice are not
responsible for the pathogenesis of emphysema.

What causes emphysema in these mice? Several mechanisms,
including protease-antiprotease imbalance (9), inflammation
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(10, 11), abnormal ECM remodeling (12), and mechanical forces
(13), have been proposed to be involved in the development of
emphysema. However, the pathogenesis, persistence, and pro-
gression of emphysema are not understood (14, 15).

Previously, we found that mechanical forces can rupture the
alveolar walls from elastase-treated rats (16). Subsequently, we
argued that abnormal collagen stiffness is likely involved in the
progression of emphysema (13). The collagen in the alveoli pro-
tects the tissue from rupture in the normal lung. Hence, the
alveoli may not be destroyed unless the collagen network is
destabilized. Accordingly, we hypothesized that the strength of
collagen in the Tsk alveoli is compromised due to abnormal
ECM assembly related to the Tsk fibrillin-1. Consequently, trans-
pulmonary pressure and stresses from the superimposed breath-
ing generate sufficient forces that are able to rupture the alveolar
walls, which leads to changes in structure and function character-
istic of emphysema.

To test this hypothesis, we assessed the detailed mechanical
and structural properties of the lungs from Tsk mice and com-
pared them to those of the pallid (Pa) and their common back-
ground, the C57BL/6 mice. The Pa mouse has been reported to
develop emphysema only around 10 mo of age, and it is related
to a reduced serum «;-antitrypsin concentration (17) and is con-
sidered as the control of Tsk mice (4, 5, 18). To investigate
the relation between fibrillin-1 and collagen assembly, we also
examined the expression of a particular class of molecules, the
microfibril-associated glycoproteins (MAGP) that have a direct
association with both fibrillin and collagen (18, 19). Our results
suggest a novel link among MAGP, collagen, and the nonlinear
mechanical properties of the lung that we support using a net-
work model of the parenchyma.

MATERIALS AND METHODS

See the online supplement for a more detailed description of the
methods.

Animals

Heterozygous male tight skin (Tsk/+), homozygous Pallid (Pa+/Pa+)
and C57BL/6 mice, of 7 wk of age were studied (Jackson Lab, Bar
Harbor, ME). All animal procedures were approved by the Animal
Care and Use Committees of Boston University.

Respiratory Mechanics

The CS57BL/6 (n = 8), the Pa (n = 8), and the Tsk (n = 8) mice
were anesthetized (IP 70 mg/kg), tracheostomized, cannulated, and
mechanically ventilated (Flexivent; SCIREQ, Montreal, PQ, Canada)
in supine position (tidal volume: 8 ml/kg; rate: 240 breaths/min). The
quasi-static pressure-volume (P-V) curves were obtained during slow
inflation (0.1 ml/s) from end-expiratory lung volume. Respiratory me-
chanics were assessed at four positive end-expiratory pressures (PEEPs)
(0, 3, 6, and 9 cm H,0) by measuring impedance data using forced
oscillations. The impedance spectra were fit with a distributed model
(20). Each pathway consisted of an airway resistance (Raw), tissue
damping (G), and tissue elastance (H) (21), which was distributed
hyperbolically between a minimum (Hmin) and a maximum (Hmax),
whereas the hysteresivity (22) calculated as m = G/H was kept constant.
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The parameters Raw, n, Hmin, and Hmax were estimated from the
fits.

Dynamic nonlinearity was assessed by calculating the harmonic dis-
tortion index (K,) using Fourier analysis (23, 24). The K, in a linear
system is zero. In a nonlinear system, the K; measures the distortion
and crosstalk due to dynamic system nonlinearities.

Histology and Morphometry

After the lungs were infused with 1% agarose solution (Sigma, St.
Louis, MO) at 55°C to a transpulmonary pressure of 25 cm H,O, thin
tissue slices were prepared as previously (16). The alveolar walls were
detected from autofluorescent images using an automated software and
the mean and SD of diameters were calculated. Whole lung lavage
samples (1 ml of saline) administered twice via the cannula were col-
lected (five lungs per group). Total cells counts and differential cell
analysis after rapid Wright’s stain were performed under a light
microscope.

Immunoblots

The Western blots were performed on tissues (n = 4 per group) using
polyclonal anti-MAGP-1 (1:1,000; Elastin Products, Owensville, MO),
and anti-MAGP-2 (1:1,000, from Dr. Shipley’s laboratory) antibodies.
Samples were fractionated (fractionPREP Fractionation System; BioVi-
sion, Mountain View, CA) and the cytosolic/extracellular fraction was
used for further analysis. The samples were normalized to equal volume
and separated by reducing SDS-polyacrylamide gel electrophoresis us-
ing 4-20% gradient gels, then blotted onto PVDF membrane (Bio-Rad,
Hercules, CA). Western blots were performed using immunoblotting
detected by chemiluminescence and quantified by densitometry.

Network Modeling

The parenchyma was modeled as a hexagonal network of springs with
fixed boundaries. The springs force—displacement (F-x) relation was
given by a third order polynomial: F = a;x + a)x’ + a;x’. The spring
properties were randomized, 1% of the springs was eliminated, and the
equilibrium configuration was found by minimizing the elastic energy
of the network (25). The network was stretched equibiaxially to several
static strains mimicking PEEP. The network configuration was found
along a single cycle of biaxial sinusoidal of 7% strain amplitude superim-
posed on static strains, and the stress was calculated from the total
energy. Using Fourier analysis, the stiffness (Y) and K, were calculated
similarly as from the experimental data.

Statistical Analysis

Student’s ¢ test, F-test, and repeated-measure one-way or two-way
ANOVA were used to evaluate statistical differences.

RESULTS

Quasi-Static Mechanical Properties

Figure 1 compares the quasi-static P-V curves obtained during
volume-controlled inflation from end-expiratory lung volume.
The airway pressure was significantly lower in the Tsk mice than
in the Pa and the C57BL/6 mice (P < 0.001), but there was
no difference between the latter two. The average quasi-static
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elastance of the respiratory system (the slope of the P-V curve
between 0 and 1.15 ml) was significantly lower in the Tsk mice
(9.0 = 2.0 cm H,0/ml) than in the Pa (26.9 = 1.7 cm H,0/ml)
and the C57BL/6 (26.5 + 1.7 cm H,0/ml) mice (P < 0.001).

Dynamic Mechanical Properties

The mechanical parameters extracted from the distributed elas-
tance model are shown as a function of PEEP in Figure 2. The
airway resistance Raw was PEEP dependent (P < 0.001) and
lower in the TSK mice at all PEEPs (P < 0.001) than in the
C57BL/6, which was not different from that in the Pa mice
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Figure 2. Parameters of respiratory mechanical properties obtained by
fitting an impedance model to the data. Means = SD of airway resistance
(Raw, A), hysteresivity (B), minimum tissue elastance (Hmin, C) and
maximum tissue elastance (Hmax, D) in the Tsk, Pa, and C57BL/6 mice
as a function of PEEP. Statistical significance (P < 0.05) is denoted by
* between Tsk and Pa, * between Tsk and C57BL/6, and * between Pa
and C57BL/6.
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(Figure 2A). Hysteresivity describing the relative energy dissipa-
tion per cycle in the tissue was PEEP-dependent in all three
groups (P < 0.01), and was higher in the TSK mice (Figure 2B;
P < 0.001). The elastic properties can be characterized by the
minimum value (Hmin) and the maximum value (Hmax) of the
tissue elastance of the respiratory system, which may be related
to the physiologic function of emphysematous lesions and colla-
gen in the lung, respectively (20). For the C57BL/6 and the Pa
mice, both Hmin and Hmax decreased with increasing PEEP
(P < 0.001) (Figures 2C and 2D). Interestingly, however, the
Hmin and Hmax versus PEEP curves had a minimum at the
3 cm H,O PEEP in the Tsk group, and increased with PEEP
above 3 cm H,0. The only parameter that was different between
the C57BL/6 and the Pa groups was Hmax at the higher PEEP
levels (P < 0.02).

Dynamic Nonlinearities

The harmonic distortion index K, describes the dynamic nonlin-
ear properties of the lung. When the lung is exposed to sinusoidal
volume oscillations, the numerical value of K} is associated with
the extent to which the shape of the pressure—volume loop devi-
ates from a pure ellipse—that is, it becomes “banana-like.” The
K, was significantly larger in the Tsk mice than in the C57BL/6
or Pa mice (P < 0.001). The Kj in the latter two groups were
not different and hence the data from these groups were com-
bined. Figure 3A shows the relation between the mean value of
H (calculated from Hmin and Hmax) and K, including data from
all PEEP levels. There was strong linear relation between
H and K, both in the Tsk (K; = 0.35 - H + 0.35) (P < 0.001,
r = 0.90) and in the combined C57BL/6-Pa groups (K; = 0.2 -
H-2.11) (P < 0.001, r = 0.91). However, both the slopes and
intercepts of the regression lines were different (P < 0.001 and
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Figure 3. (A) Correlations between H and Kj. The solid lines show sepa-
rate linear regressions through the Tsk data and the combined data of
Pa and C57BL/6. (B) Stiffness—K; relation from the network model.
Stiffness is in arbitrary units. Solid line is from the network in Figure 6A
and dashed line is from the network in Figure 6B.

P < 0.003), suggesting a significantly stronger nonlinear behavior
in the Tsk lung tissue.

Histopathology

Figure 4 shows representative alveolar structures from each
group. Significant enlargement of airspaces was observed in the
Tsk lungs compared with the C57BL/6 and the Pa lungs. The
mean * SD of alveolar diameters of the Tsk, Pa, and C57BL/6
lungs were 52.4 = 20.1 pm, 33.5 £ 12.9 pm, and 30.7 = 7.3 pum,
respectively. Both the mean (P < 0.01) and the variance (P <
0.00001) of the diameters were significantly larger in the Tsk
than in the other two groups. While the mean alveolar diameters
did not differ, the variance of the diameters were different
(P < 0.0001) between the Pa and C57BL/6 groups. There were
no differences among the groups in BAL fluid total and differen-
tial cell counts.

MAGP Levels

Example Western blots are shown in Figure 5. Quantitative
densitometry showed that the lungs of Tsk mice had 3.5% and
6.3% more MAGP-2 than the lungs of Pa and C57BL/6 mice,
respectively (P < 0.01). However, the levels of MAGP-1, which
is a more widespread molecule, were not different among the
groups.

Network Modeling

To mimic the mechanics of the normal lung, the stiffness—
nonlinearity (Y-K;) relation was obtained using biaxial sinusoi-
dal stretching superimposed on static biaxial strains of 20%,
25%, and 30%. To account for the remodeling of the alveolar
walls, the springs were weakened and made less nonlinear by
reducing the value of the nonlinear coefficient a,. Furthermore,
to mimic the destruction of the alveolar network, 4% of the line
elements were eliminated in four steps. First, 1% of the springs

Figure 4. Examples of the auto-fluorescent images of alveolar structures
of lung tissues from the C57BL/6 (A), Pa (B), and the Tsk (C) mice.
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MAGP-2

MAGP-1

Control Tsk Pa

Figure 5. Representative Western blots for Microfibril-Associated Glyco-
proteins (MAGP) 1 and 2. Note the higher density for MAGP-2 in the
Tsk lung.

was randomly eliminated to mimic the random initial breakdown
induced by the weakening of the tissue. The network was solved
and another 1% of the springs was eliminated this time based
on mechanical force: only those elements were cut that carried
the largest force. The last step was then repeated two more
times, and the Y-K, relation was calculated corresponding to
selected static strain levels as follows. Because the forced oscilla-
tory experiments in the mice were superimposed on static PEEP
levels, the initial conditions for these measurements were speci-
fied in terms of pressure and not volume. The P-V curves in
Figure 1 show that when PEEP was increased from 0 to 3 cm
H,O, lung volume in the Tsk group increased significantly more
than that in the Pa group. In the simulations, we mimicked this
phenomenon by increasing the static strains from 20%, 25%,
and 30% (corresponding to the control lungs) to 30%, 40%, and
50% (corresponding to the Tsk lungs). When the sinusoidal
oscillations were superimposed on these static strains, the corre-
sponding Y-K, relations moved to the left and upward (Figure
3B), suggesting simultaneous weakening of the network and
increased nonlinearities in agreement with the data (Figure 3A).
The network configurations captured at the peak of the sinusoi-
dal oscillations (Figures 6A and 6B) suggest a significantly in-
creased heterogeneity of the network corresponding to the Tsk
simulation: the SD of diameters increased by a factor of 2.6
(P < 0.03) similar to that found in the mice. In addition, there
are certain springs that carry significantly higher (denoted by
red) as well as significantly lower (denoted by blue) forces follow-
ing the dilution of the network. Indeed, the distribution of forces
obtained from four realizations of each condition is much wider
and has a longer tail as a consequence of dilution (Figure 6C).

DISCUSSION

The present study aimed at comparing the development of em-
physema in the Tsk and the Pa mice. To this end, we assessed the
mechanical and dynamic nonlinear properties of the respiratory
system, the alveolar structure, and the levels of MAGP 1 and 2.
We also used a network model to link elasticity and nonlinearity
to tissue destruction and mechanical forces.

Lung Pathophysiology

Both the Tsk and the Pa mice have the same C57BL/6 back-
ground. Although emphysema in the Pa mice is linked to lower
serum «;-antitrypsin concentrations (17), morphologic changes
consistent with emphysema were reported to occur only at an
age of at least 10 mo (4, 17, 26). It is noteworthy that the Pa
mice develop emphysema at an accelerated rate when exposed
to cigarette smoke (27). The mean alveolar size and most respira-
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Figure 6. (A) Configuration of the hexagonal network of nonlinearly
elastic springs before dilution. (B) Network configuration following the
elimination of 4% of the springs and reducing the nonlinear spring
constant a,. The colors in both A and B are proportional to force on the
springs. The different network sizes indicate that they correspond to
the same pressure but to different volumes. Note the uniformity of
colors in A and the wide distribution of colors in B. (C) Probability
density distribution of forces on the line elements from A (black) and
B (red). For comparison, the distribution of forces for a linear model is
also shown (blue).

tory mechanical parameters of the Pa mice were similar to those
of C57BL/6 mice. It is interesting, however, that the MAGP-2
expression in the Pa mice was significantly higher by 3.5% than
that in the C57BL/6 mice, which was also accompanied by a
more heterogeneous alveolar structure. Thus, while function at
the organ level appears nearly normal, there are early signs of
subtle abnormalities in the Pa mice at 7 wk of age. The only
physiologic parameter that was different between these two
groups was Hmax at high PEEP. The significance of this is
that because Hmax characterizes the maximum stiffness of the
alveolar walls and hence is associated with the properties of
collagen, the reduced Hmax in the Pa mice suggests the possibil-
ity of early abnormalities in collagen. While these differences are
not apparent in the P-V curves or using the single compartment
constant phase model of the lung (21), advanced physiologic
modeling that accounts for tissue heterogeneity (20) is sensitive
to the above noted subtle changes in the periphery of the lung.

Lung elastance including both Hmin and Hmax decreased in
all groups with increasing PEEP up to 6 cm H,O (Figures 2C
and 2D) because at low PEEPs, the lungs are partially collapsed
in supine mice, which results in high H values. When PEEP
increases, H decreases due to recruitment of alveolar regions.
The primary functional abnormality in the Tsk was manifested
in low H between 0 and 6 cm H,O of PEEP (Figures 2C and
2D), demonstrating that these lungs expand significantly more
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easily than normal lungs. Elastin is known to influence lung
elasticity mostly at normal breathing lung volumes (28, 29) corre-
sponding to low PEEPs. The Tsk mice have a decreased elastin
content already at an age of 1 mo compared with its control,
the Pa mice (30), suggesting that loss of elastin contributes to
abnormal tissue elasticity. We also found higher hysteresivity in
the Tsk mice than in the Pa and C57BL/6 mice (Figure 2B).
Hysteresivity is a macroscopic material property of the tissue
(22), which also depends on the microscopic constituents of the
alveolar walls. Since changes in the composition and structure
of the parenchyma can alter hysteresivity in the emphysematous
lung (31-34), our data imply more viscous alveolar walls in the
Tsk lung. Another unique observation is the low Raw values in
the Tsk group (Figure 2A). While a reduction in Raw (~ 20%)
in emphysema mice has been reported (20, 35), in the present
study we found significantly lower values (70%). The decrease
in Raw with increasing PEEP is due to the increasing airway
diameters with PEEP (Figure 2A). The higher airway diameters
in the Tsk mice imply reduced airway wall elasticity.

Since airspace enlargement is documented as early as 4 d of
age with progression throughout adult life (5), the Tsk strain
is a model of developmental disorder rather than adult-onset
emphysema. Tuder and coworkers (36) proposed three potential
triggers for emphysema: impaired neonatal septation, architec-
tural defects due to an abnormal microfibrillar lattice, and poten-
tial maintenance signaling disruptions due to a loss of matrix
sequestration of cytokines. Previously, both airspace enlarge-
ment and destruction of elastin were observed in the alveolar
walls of the Tsk mice (4, 6, 37). However, the inflammatory
component has not been consistently documented (36, 37). We
observed no difference in inflammatory cells in the BALF among
the groups. In addition, the development of emphysema may
not be explained by IL-4, its receptor or TGF-f signaling alone
(7, 8). Therefore, the pathophysiology of the Tsk lung reported
here may be more related to how fibrillin-1 abnormalities interact
with collagen metabolism (1).

Role of Collagen

Abnormal and excessive accumulation of collagen fibers has
been reported in various organs of the Tsk mice (38). The skin of
these mice is stiffer than normal as assessed from its viscoelastic
properties (39). In vitro studies also reported increased biosyn-
thesis of collagens including types I, III, and IV by cultured skin
and heart fibroblasts (40, 41). Furthermore, significant collagen
deposition has been reported in the alveolar septa and increased
lung collagen synthesis at 2 mo of age (42). It is therefore unex-
pected that the lungs of Tsk mice develop emphysema and not
fibrosis, and perhaps implies abnormal collagen remodeling. In-
deed, collagen turnover is accelerated via degradation by alveo-
lar macrophages (43) that leads to disturbed ultra-structure of
collagen in the Tsk mice (6).

An important physiologic consequence of collagen remodel-
ing is the particular PEEP dependence of H (Figures 2C and
2D). Despite its very small values at low PEEPs, H increases
beyond a PEEP of 9 cm H,O in the Tsk mice. Since the stiffening
of the lung at higher lung volumes is related to the recruitment
of wavy collagen fibers (44), our results suggest that the collagen
in the Tsk mice becomes stretched at a lower PEEP than in the
Pa mice. In addition, because elastin behaves linearly up to 200%
strains (45), the dynamic nonlinearity should also be related to
the inherent properties of the collagen fibers (44, 46). Our net-
work modeling clearly demonstrates that following the elimina-
tion of walls; some of the remaining walls (and hence the collagen
fibers inside them) are significantly more stretched than before
the elimination of walls (shown by red in Figure 6B). Further-
more, the simulations provide evidence that these overstretched

walls are responsible for the increased dynamic nonlinearities
expressed via K, (Figure 3B) because using linear springs in the
network, the Ky became nearly zero. The measured K, values
were linearly related to H in all groups, but the H-K, relation
shifted left and up with an increased slope in the Tsk mice
(Figure 3A). Simulations were also able to mimic these features
(Figure 3B) suggesting that (/) the decrease in H is partly due
to network breakdown (holes in the network) and partly to a
decrease in the stiffness of the individual walls (blue regions),
(2) the increased K is related to the appearance of a few over-
stretched walls, and (3) the increased slope of the H-K| relation
results from the exaggerated nonlinear behavior of the over-
stretched walls.

Possible Mechanisms of Progression

The distribution of emphysema lesions is known to be spatially
heterogeneous (20, 47, 48). We also found a considerable in-
crease in the variance of alveolar diameters in the Tsk mice
(~ 400 wm?) compared with the Pa (~ 170 pm?) and C57BL/6
(~ 53 pm?) mice, which was statistically highly significant
(P < 0.0001). The existence of such a huge heterogeneity raises
the possibility that mechanical forces contribute to the progres-
sion of emphysema. If, as a consequence of proteolytic injury,
acritical weakening of the ECM takes place in the lung, mechani-
cal forces can accelerate the destruction of the alveolar network
(13). When the mechanical stress on a wall reaches a critical
value, the wall fails and the stress carried by the wall before
failure is redistributed among the neighboring walls, which in
turn tend to carry higher than normal stresses and may subse-
quently fail. Such a progressive destruction governed by mechan-
ical forces necessarily increases the heterogeneity of the structure
(13). Mechanical failure has been directly visualized in elastase-
treated rats (16), and the failure strength of the alveolar wall
in elastase-treated mice is reduced (32). Both of these studies
reported an increased SD of alveolar diameters in the emphysema-
tous lungs compared with control. Although the increased SD of
alveolar size cannot be interpreted as experimental evidence, it
is consistent with the notion that mechanical forces on the alveolar
walls due to the distending transpulmonary pressure and the super-
imposed breathing contribute to disease progression.

The model simulations further support the notion of mechani-
cal stress—induced destruction associated with breathing (see ani-
mation in the online supplement). While not explored exhaus-
tively, the ability of several other network models, albeit much
simpler linear ones, to produce structures compatible with the
emphysematous lung has been examined (13). Specifically, it
was found that models with random cutting or random cutting
with local propagation of defects were not consistent with experi-
mental data (see online supplement in Ref. 13). However, force-
based cutting does lead to a structure that is in quantitative
agreement with the distribution of low attenuation areas on CT
images of the lungs from a wide range of patients with emphy-
sema (47). Thus, in this study we further developed the force-
based cutting model by including nonlinear mechanisms and
predicting the dynamic mechanical and nonlinear properties of
the lung. The images in Figure 6 directly visualize the spatial
distribution of forces on the walls of this model. Around the
perimeter of a larger hole, certain walls carry forces significantly
higher than average (red), whereas in other directions farther
away from the already destroyed regions, the forces can be much
less than the average (blue). Indeed, the probability distribution
of forces in Figure 6C suggests that the elimination of walls
significantly widens the distribution. For large forces, the distri-
bution shows a power law tail characterized by a linear decrease
on the log-log graph implying a network behavior often seen in
complex physiologic systems (49). If the springs in the network
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are linear, the distribution for small forces is similar to that in
the nonlinear model. However, network breakdown in the linear
model only shifts the peak of the distribution to larger forces
without generating an extended power law tail. Thus, the net-
work modeling suggests that irregular structure and collagen-
related nonlinearities significantly increase mechanical forces on
the walls. Consequently, once the failure properties of collagen
are compromised, these forces can accelerate the destruction of
the parenchyma.

The question is what mechanisms could compromise the fail-
ure strength of collagen. Mice lacking fibrillin-1 also develop
emphysema via a dysregulation of TGF-B (50), a cytokine that
stimulates collagen production. Thus, while the relation between
fibrillin-1 abnormality and TGF-B in the Tsk lungs is unclear, it
is possible that TGF- activity is altered, leading to the observed
excessive collagen production (42). Perhaps more importantly,
MAGP-2 has a direct association with both fibrillin and collagen
(18, 19). In response to MAGP-2 stimulation, fibroblast cells in
culture increase collagen levels in the ECM without affecting
the intracellular mRNA of procollagen. Collagen secreted into
the ECM is thermally unstable (51) and in the normal lung only
~ 40% of the secreted molecules are incorporated into existing
fibrils (52). However, MAGP-2 is able to stabilize type I collagen
(19). An excess of stable collagen in the ECM not only increases
collagen levels (42) but may disturb the remodeling process,
leading to abnormal collagen assembly. We found that the lungs
of Tsk mice had 6.3% and 3.5% more MAGP-2 than the lungs
of C57BL/6 and Pa mice, respectively. This suggests that
MAGP-2 may be the link between abnormal fibrillin-1 and colla-
gen stabilization and assembly in the Tsk mice. Taken together,
these results are consistent with the possibility that abnormalities
in collagen fiber assembly and properties combined with me-
chanical forces play an important role in the development of
emphysema in the Tsk mice.

The findings reported here may have implications to human
emphysema. First, based on the results in the Pa mice, subtle
signs of early emphysema may appear at a much younger age
in the ay-antitrypsin—deficient patients than previously thought.
Second, since interstitial collagenase, which is responsible for
the degradation of collagen, is upregulated in human lungs in
the late stage of emphysema (53), the results in the Tsk mice raise
the possibility that mechanical forces acting on the weakened
collagen also contribute to the progressive nature of the human
disease.
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