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Summary
Chronic hypoxia results in pulmonary hypertension due to vasoconstriction and
structural remodelling of peripheral lung blood vessels. We hypothesize that vascular
remodelling is initiated in the walls of prealveolar pulmonary arteries by collagenolytic metalloproteinases (MMP) released from activated mast cells. Distribution of
mast cells and their expression of interstitial collagenase, MMP-13, in lung conduit,
small muscular, and prealveolar arteries was determined quantitatively in rats
exposed for 4 and 20 days to hypoxia as well as after 7-day recovery from 20-day
hypoxia (10% O2). Mast cells were identified using Toluidine Blue staining, and
MMP-13 expression was detected using monoclonal antibody. After 4, but not after
20 days of hypoxia, a significant increase in the number of mast cells and their
MMP-13 expression was found within walls of prealveolar arteries. In rats exposed
for 20 days, MMP-13 positive mast cells accumulated within the walls of conduit
arteries and subpleurally. In recovered rats, MMP-13 positive mast cells gathered at
the prealveolar arterial level as well as in the walls of small muscular arteries; these
mast cells stayed also in the conduit part of the pulmonary vasculature. These data
support the hypothesis that perivascular pulmonary mast cells contribute to the vascular remodelling in hypoxic pulmonary hypertension in rats by releasing interstitial
collagenase.
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Introduction
Exposure to chronic hypoxia induces hypoxic pulmonary
hypertension (HPH), which results from structural remodel-
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ling of peripheral pulmonary blood vessels and lung vasoconstriction (Reeves & Herget 1984; Reid 1986). The
vascular remodelling starts as early as in the first week of
exposure (Rabinovitch et al. 1979) and is characterized by
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medial hypertrophy and proliferation of smooth muscle in
peripheral lung arterioles and by fibrotization of vascular
walls (Hislop & Reid 1976; Herget et al. 1978; Rabinovitch
et al. 1979). The turnover of vascular collagen is increased
(Bishop et al. 1990; Poiani et al. 1990). As a result of
increased collagenolytic activity (Novotná & Herget 1998),
low molecular weight fragments of collagen type I molecules
accumulate in the walls of peripheral pulmonary arteries
(Novotná & Herget 1998). Collagen breakdown is highest
in the first days of exposure to hypoxia (Novotná & Herget
2001). Experimental inhibition of collagen metabolism
reduced vascular remodelling in hypoxic rats and inhibited
the development of HPH (Kerr et al. 1984, 1987; Poiani
et al. 1991; Herget et al. 2003). Elastolytic activity is also
elevated during the development of chronic hypoxic pulmonary hypertension, and blockade of this activity inhibits pulmonary hypertension (Rabinovitch 1999). We hypothesize
that breakdown of matrix protein molecules induced by hypoxic tissue injury may be one of the triggering mechanisms
of vascular remodelling in chronic hypoxia (Hampl & Herget 2000; Novotná & Herget 2002).
Important sources of collagenolytic enzymes are mast
cells. Tozzi et al. (1998) have shown that an increase in collagenolytic activity in the lung mast cells plays an important
role in the normalization of lung vascular structure during
recovery from exposure to chronic hypoxia. The number of
perivascular lung mast cells increases in hypoxic animals
(Kay et al. 1974; Mungall 1976; Tucker et al. 1977; Williams et al. 1981; Migally et al. 1983). It is increased in
human high altitude residents as well (Heath 1992). In
chronically hypoxic rats, inhibition of mast cell degranulation reduced the development of hypoxic pulmonary hypertension (Mungall 1976; Kay et al. 1981).
We tested the hypothesis that in rats exposed to chronic
hypoxia, collagenolytic metalloproteinases are released from
perivascular mast cells that accumulate in the walls of peripheral pulmonary arteries.

Methods
Experimental animals
Fifty male Wistar rats (initial body weight 210 ± 8 g; Anlab,
Prague, Czech Republic) started the experiment. Thirty animals were exposed to hypoxia (FiO2 ¼ 0.1) in a normobaric
hypoxic chamber (Hampl & Herget 1990). Experimental
rats were examined after 4 (n ¼ 10) and 20 (n ¼ 8) days of
hypoxic exposure (body weight 198 ± 5 g and 241 ± 8 g,
respectively) as well as after 7-day recovery from 20-day
hypoxia (n ¼ 8; body weight 323 ± 23 g). Two groups of

control animals (n ¼ 10 and 9, body weight 245 ± 19 g and
374 ± 35 g, respectively) were housed at atmospheric air in
the same room for 4 and 28 days, respectively. All groups of
rats received standard rat diet and tap water ad libitum.
During the night on the day 11 of hypoxic exposure, four
animals died. All protocols and procedures employed in this
study were reviewed and approved by the Animals Protection Expert Commission of the Faculty.

Pathologic anatomy
At the end of the experiment, all animals were anaesthetized
with chloral hydrate (300 mg/kg b.w., i.p.; Tamda, Olomouc, Czech Republic) and killed by cutting the cervical
vertebral column.
The left lungs were fixed with Baker’s fluid, longitudinally
cut and embedded in paraffin. Parallel sections 4–6 lm thick
were cut and a series of stainings was carried out on each
specimen: haematoxylin & eosin (HE), cresyl fast blue (FB),
aldehyde fuchsine (AF), and gomori silver stain. To identify
the mast cells, Toluidine blue (TB) staining was used. The
immunohistochemical detection of the rodent-type interstitial
collagenase, matrix metalloproteinase-13 (MMP-13), on paraffin sections was performed after microwave-oven antigen
retrieval (Thomas et al. 2000). Having blocked the endogenous alkaline phosphatase (AP) with levamizole and the
non-specific binding with 10% bovine serum albumin (BSA)
in tris-buffered saline (TBS), the sections were incubated
with a monoclonal anti MMP-13 antibody (24 h at the
room temperature in a humid chamber). The antibody was
obtained as the ascitic fluid from mice at the Department
of Medical Chemistry and Biochemistry (R. Vytášek and
J. Novotná, personal communication) and diluted 1 : 50 with
TBS. The secondary antibody, rabbit anti-mouse polyclonal
AP-labelled (Sigma-Aldrich), was used in the second step, in
the dilution 1 : 50 with TBS for 30 min. The binding reaction was visualized using Fast Red TR/Naphthol AS-MX
Sigma FAST tablets (Sigma-Aldrich), slides were counterstained with haematoxylin and mounted in gelatin. For the
control reaction, the primary antibody was omitted.
The right medial lung lobes were submerged in 4% cacodylate-buffered paraformaldehyde, immediately cut and tiny
pieces of the central and peripheral portions of the lobes
were fixed, dehydrated and embedded in medium-grade LR
White Resin (London Resin Comp., Reading, UK) using a
hot cure. Semi-thin sections were cut, mounted on slides
using acetone and stained with TB to identify mast cells in
perivascular locations. Then, selected serial semi-thin sections were incubated with 10% BSA in TBS, followed
by incubation with the same monoclonal anti MMP-13
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antibody as in the paraffin technique for 24 h at room temperature in a humid chamber. A goat anti-mouse polyclonal
gold conjugate (Sigma-Aldrich) was used in the second step
in the dilution 1 : 50 with TBS for 60 min, followed by
intensification by reaction with silver using Silver Enhancer
Kit (Sigma-Aldrich). Semi-thin sections were counterstained
with TB to colocalize the metachromatic reaction of mastcell granules and the metallic silver precipitate detecting
MMP-13 sites.
Paraffin slides were quantitatively evaluated using Lucia G
Image Analysis software (Laboratory Imaging, Prague,
Czech Republic). The area of each section of the lung was
measured (mm2) and mast cells in the subpleural, peribronchial and perivascular locations were counted. Mast cells
found within walls of prealveolar arterioles, small muscular
arterioles or arteries, and conduit arteries (Meyrick et al.
1978) were counted separately in both TB and anti-MMP13 stainings. The same evaluation was performed in the
large pulmonary veins, i.e. veins with myocardium within
their walls (Paes de Almeida et al. 1975). Absolute numbers
of mast cells in each six locations in both stainings were
expressed as number per 50 mm2. The hearts were separated
in parts and right ventricle to left ventricle plus septum
weight index (RV/LV + S) was used as an indicator of presence of chronic pulmonary hypertension (Fulton et al.
1952).

Statistical analysis
Separately in TB- and anti-MMP-13-staining, data were
compared between control and hypoxic groups using a
one-way analysis of variance (anova) in conjunction with
Tukey post-hoc test and Kruskal–Wallis one-way anova
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in conjunction with Dunn’s method of the multiple comparison procedure, respectively, when appropriate (SigmaStat
2.0; SPSS Inc., Chicago, IL, USA). The results are presented
as means ± SEM. Differences were considered significant at
P < 0.05.

Results
Control animals
No pathological findings were observed in lungs of 4-day
control animals. Mast cells were found scattered in subpleural, peribronchial and perivascular locations. Rare individual, MMP-13 positive neutrophilic granulocytes were
found in alveolar septa or in subpleural, but never in perivascular locations. Similar findings were observed in 28-day
control animals except one male in which we noticed
increased cellularity of the lung interstitium and especially
of the walls of bronchi and vessels, consisting of plasma
cells, lymphocytes and neutrophilic granulocytes. Significant
differences were encountered in numbers of his mast cells
as well; that is why mast cell counts of this animal were
discarded.

Four-day hypoxia
In rats exposed to 4-day hypoxia, mast cells significantly
accumulated in the prealveolar portion of pulmonary vasculature (Figure 1). Similarly, in contrast to the two control
groups, a significantly higher number of mast cells in
prealveolar vessels expressed MMP-13 (Figure 2). Newly
muscularized peripheral pulmonary arteries were observed at
the prealveolar level, usually accompanied with MMP-13
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Figure 1 Distribution of pulmonary
Toluidine Blue-detected mast cells in
control and hypoxic rats. Means
(± SEM) of absolute number of mast
cells per 50 mm2 of the left lung
section.
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Figure 3 Newly muscularized double-laminated (small arrows)
prealveolar arteriole with MMP-13-positive mast cells (long
arrows) in its adventitia. 4-day hypoxic rat. Anti-MMP-13/Fast
Red and Haematoxylin. Bar ¼ 50 lm.

positive mast cells (Figure 3). Mast cells relatively often surrounded the initial portion of a small muscular artery
branched from a conduit one (supernumerary arteries, Elliott
& Reid 1965) (Figure 4). MMP-13 positive neutrophilic granulocytes were found not numerous near mast cells in adventitia of some prealveolar and small muscular arteries and
bronchioles. Similar granulocytes were found in several
bronchioles. The number of mast cells detected peribronchially was low (Figure 1), and they rarely expressed MMP-13
(Figure 2). Occasionally, we observed MMP-13 positive
alveolar macrophages. Four days of hypoxia were too short
to produce haemodynamically significant pulmonary hypertension, as RV/LV + S weight ratio did not differ between
4 days hypoxic rats and normoxic controls.

Figure 2 Distribution of pulmonary
MMP-13-expressing mast cells in control and hypoxic rats. Means (± SEM)
of absolute number of mast cells expressing MMP-13 per 50 mm2 of the left
lung section.

Figure 4 A group of MMP-13-positive mast cells (long arrow)
in adventitia of a newly muscularized supernumerary arteriole
(small arrow) outbranched from a conduit artery (asterisk).
4-day hypoxic rat. Anti-MMP-13/Fast Red and Haematoxylin.
Bar ¼ 50 lm.

Twenty-day hypoxia
The rats exposed to hypoxia for 20 days developed hypoxic
pulmonary hypertension, their RV/LV + S weight index was
significantly higher than in normoxic controls. It was
0.28 ± 0.02 in controls and 0.39 ± 0.23 in experimental animals (P ¼ 0.0006). The major difference from 4-day hypoxia group, however, was that the mast cells accumulated in
the conduit part of the pulmonary vasculature and subpleurally (Figure 1). Many mast cells surrounding conduit pulmonary arteries expressed MMP-13 (Figures 2 and 5). The
numbers of mast cells at the prealveolar level and around
the small pulmonary arteries in rats exposed to hypoxia for
20 days, however, did not differ from normoxic controls in
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MMP-13 negative; tiny intra-alveolar haemorrhage was
sometimes found.

Common features

Figure 5 Small muscular artery with well developed elastic laminae and elastic network within its tunica media (small arrows)
and a MMP-13-positive mast cell with released granules (long
arrow). 20-day hypoxic rat. Anti-MMP-13/gold conjugate/silver
enhanced and Toluidine Blue, semi-thin section. Bar ¼ 20 lm.

spite of their slight increase (Figure 2). MMP-13 was
expressed also in smooth muscle cells in tunica media of
some conduit arteries. The number of the MMP-13 positive
mast cells in the walls of the large veins significantly
increased in comparison with other groups (Figure 2).
Multiple atelectatic foci were occasionally encountered
within lung parenchyma in all rats of the 20-day hypoxia
group. In these foci, some alveoli were filled with clotted
plasma and MMP-13 positive macrophages with abundant
foamy cytoplasm, sometimes accompanied with red blood
cells. A few conduit and small muscular arteries presented
inflammatory infiltration composed of neutrophilic granulocytes or lymphocytes in their adventitia. Focally, pleural
thickening occurred together with subpleural accumulation
of mast cells; these mast cells were mostly MMP-13-negative.

Twenty-day hypoxia and 7-day recovery
After 20-day period of hypoxia, a group of rats were given
7-day recovery period in normoxic conditions. In this group,
the moderate increase in number of the mast cells at the prealveolar arterial level was encountered, again, even MMP-13
positive. Nevertheless, the mast cells, even MMP-13 positive,
again accumulated in the conduit part of the pulmonary vasculature. Increased number of MMP-13 positive mast cells
occurred also in the walls of small muscular arteries (Figures 1 and 2).
Minor isolated atelectatic foci were occasionally encountered within lung parenchyma in three rats of the recovery
group. In these foci, some alveoli were filled with clotted
plasma, alveolar macrophages were rare and mostly

The total number of mast cells in the left lung was not significantly different among all groups, although it was slightly
higher in the rats exposed to hypoxia for 20 days. This
difference was due to the increase in number of the subpleurally located mast cells. No differences were encountered
among all groups in numbers of the total mast cells found in
walls of the large veins, either. Silver-enhanced visualization
of MMP-13 on semi-thin sections stained with toluidine
blue verified the presence of MMP-13 in mast cell granules
(Figure 5).

Discussion
The main finding of the present study is that in 4 days of
exposure to hypoxia, the interstitial collagenase (MMP-13)
producing mast cells conspicuously accumulated in the small
prealveolar pulmonary arteries. Later, after 20 days of exposure, when hypoxic pulmonary hypertension is fully developed, the majority of MMP-13 producing mast cells reside
in the walls of conduit portion of pulmonary vasculature.
Seven-day recovery after 20-day hypoxia causes again moderate increase in number of MMP-13 producing mast cells
at the levels of prealveolar and small muscular arteries;
accumulation of these mast cells is still encountered in the
walls of conduit arteries as well.
We exposed rats to the hypoxic environment (10% O2) in
a normobaric hypoxic chamber. According to our repeated
experience, this procedure in <3 weeks consistently induces
stable pulmonary hypertension, characterized by an increase
in pulmonary arterial blood pressure, increase in the weight
of the right heart ventricle, and hypertrophy of media and
fibrotization in the walls of peripheral pulmonary arteries
(Herget et al. 1978; Hampl & Herget 1990; Herget et al.
2003). Thus, the increase in the right to left ventricles
weight ratio in the current experiment confirms the presence
of pulmonary hypertension in the group exposed to hypoxia
for 20 days. Previous findings of our and other groups demonstrated that significant morphological, biochemical and
haemodynamic changes can be detected even during the first
week of hypoxic exposure (Rabinovitch et al. 1979; Herget
et al. 2000; Lachmanová et al. 2005). Increase in pulmonary
arterial blood pressure and right heart weight, however, is
usually moderate or not present at this time.
The accumulation of mast cells in the pulmonary vasculature in chronic hypoxia was described as early as three
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decades ago (Kay et al. 1974; Tucker et al. 1977) in studies
associated with a search for a mediator of pulmonary vasoconstriction induced by hypoxia. In the present study, we
did not find significant increase of the total number of mast
cell (toluidine blue detected); on the other hand in the three
experimental groups, the numbers of MMP-13 expressing
mast cells increased. Tucker et al. (1977) in their original
study found that the increase in the total number of perivascular mast cells was present only in species with the highest
chronic hypoxia-induced pulmonary hypertension (calves
and pigs). In rats and other species with moderate hypoxic
pulmonary hypertension, the lung accumulation of mast cells
was small. They concluded that the increase in mast cell
density is related to the increase in pulmonary blood pressure rather than to the lung hypoxia. We hypothesize that
the accumulation of mast cells is the result of hypoxic lung
injury, which is a main cause of structural remodelling of
peripheral pulmonary arteries and hypoxic pulmonary
hypertension (Herget et al. 2000; Novotná & Herget 2002).
One would assume that greater hypoxic lung injury in early
phases of exposure in hypoxia would induce more prominent remodelling of vascular walls and more severe hypoxic
pulmonary hypertension. Therefore, the positive correlation
between the mast cells density and the severity of pulmonary
hypertension is not surprising even if the mechanism is not
directly linked to the increase in intravascular pressure. In
fact, both mechanisms – hypoxic lung injury and increase in
intravascular blood pressure – may participate. They may
have, however, different importance in different stages of
hypoxic pulmonary hypertension. In the first days of exposure, injury to the walls of prealveolar blood vessels attracts
mast cells into this region, and they participate in the mechanism of remodelling of peripheral portion of pulmonary
vascular bed. In the developed hypoxic pulmonary hypertension (after 20 days of exposure in our study), mast cells
accumulate in the walls of conduit arteries, which are
exposed to the increased intravascular pressure due to developed pulmonary hypertension. An increase in wall tension
of conduit pulmonary arteries is known to stimulate matrix
protein turnover (Riley & Gullo 1988). A similar mechanism may explain the increase in the number of mast cells
localized subpleurally. Exposure to chronic hypoxia results
in sustained increase in functional lung capacity (Barer et al.
1978), which may cause mechanical stress of the lung
pleura. Why the vascular and subpleural mast cells differ in
the expression of interstitial collagenase is not clear. Finally,
the return to normoxia causes again gradual vascular wall
remodelling in both prealveolar and conduit arteries. However, the splitting behaviour of the interstitial collagenase is
now different as evidenced by Novotná et al. (2001).

Mast cells are detected by various methods. The reliable
and most common technique is metachromatic staining with
toluidine blue, metachromatic blue or thionin (Williams
et al. 1977; Churukian & Schenk 1981; Henwood 2002;
Masuda et al. 2003; Menétrey et al. 2003). Other methods,
e.g. polychromatic (Unna’s methylene blue or Giemsa) or
mucopolysaccharide (alcian blue, aldehyde fuchsin and acridine orange) methods (Henwood 2002; Chong et al. 2003)
are used in special needs as well as immunohistochemical
evidence of mast cell tryptase (Cai et al. 2003), especially in
immunofluorescent co-localization. Chloroacetate esterase
activity is detected in both mast cells and neutrophilic granulocytes (Gomori 1953). Cytoplasmic granules of mast
cells contain several biologically active substances, which
may be involved in hypoxia-induced remodelling of peripheral pulmonary vasculature (e.g. biogenic amines, proteolytic
enzymes, neutral proteases, metalloproteinases and cytokines). As MMPs are potentially dangerous for extracellular
matrix, they are strictly regulated. They are usually not
stored but transcribed under the influence of cytokines
immediately before their secretion. Moreover, they are
secreted as precursors activated by cleaving. Mast cells
express interstitial collagenase (Di Girolamo & Wakefield
2000), which can be activated by mast cell neutral proteases, tryptase and chymase (Gruber et al. 1988, 1989;
Saarinen et al. 1994). In active MMPs, the ratio between
MMP and the tissue inhibitors of metalloproteinases
(TIMPs) decides of the proper activity. Finally, sites of
MMPs’ activity are usually compartmentalized (Elkington &
Friedland 2006). The interstitial collagenase, in the rat species identified as MMP-13 (rodent-like interstitial collagenase), is the principal enzyme responsible for initiation of
collagen breakdown. In previous studies, we observed that
extracts from the walls of peripheral pulmonary arteries of
rats exposed to hypoxia had increased activity of MMP-13
(Novotná & Herget 1998; Herget et al. 2003) and a consequent presence of collagen type I cleavages (Novotná &
Herget 1998). Pharmacological inhibition of collagenolytic
activity partly inhibited the development of hypoxic pulmonary hypertension (Herget et al. 2003). Atkinson et al.
(2001) observed collagen type I degradation also by the
membrane type 1 matrix metalloproteinase (MT-1–MMP)
in a transfected human fibrosarcoma cell line in co-operation with MMP-2. As MT-1–MMP is membrane-bound, this
breakdown can be highly localized. In addition, MT-1–
MMP forms a complex with TIMP-2 on the cell surface,
which activates MMP-2. Than, MMP-2 can serve as an activator of other MMPs, namely MMP-13 (Li et al. 2000).
MT-1–MMP expression in mast cells is thus another
candidate to be traced because it could be a part of the
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collagenolytic cascade in the walls of pulmonary vessels during their remodelling.
According to our hypothesis (Hampl & Herget 2000;
Herget et al. 2000), collagen degradation products may
represent one of the mechanisms, which stimulate growth
of the vascular smooth muscle (Bačáková et al. 1997) and
fibroproduction (Gardi et al. 1994) in peripheral pulmonary blood vessels in hypoxia. In addition, it was shown
that release of tryptase from activated mast cells can also
directly stimulate production of collagen type I (Cairns &
Walls 1997).
Mast cells play a key role in the early inflammatory
response of systemic microvasculature to hypoxia (Dix et al.
2003; Steiner et al. 2003). The mechanism of activation of
mast cells in systemic hypoxia is explained by alteration of
balance between oxygen radicals (ROS) and nitric oxide
(NO) production (Steiner et al. 2002). Similarly, in the pulmonary blood vessels, an increase in ROS and NO production seems to be one of the triggering mechanisms of
pulmonary hypertension induced by chronic hypoxia (Hampl
& Herget 2000).
Administration of an antioxidant (N-acetylcysteine) inhibits the development of hypoxic pulmonary hypertension
most effectively if it is applied in a short period at the beginning of exposure to hypoxia (Lachmanová et al. 2005).
Antioxidant therapy is therefore most effective at the time
when mast cells accumulate in the prealveolar pulmonary vessels. Frantz et al. (1988) concluded that mast cell
products are not important mediators of the short-time
hypoxia-induced pulmonary hypertension because 20 minintravenous infusion of cromolyn sodium did not inhibit
10 min hypoxia-induced pulmonary hypertension in newborn and young lambs.
For the cellular response to hypoxia, hypoxia-inducible
factor-1 (HIF-1) plays a master role. Under normoxic conditions, the turnover of its subunit HIF-1a is controlled by
ubiquitination and degradation in proteasomes. In hypoxia,
HIF-1a is stabilized by ROS (Griffiths et al. 2005) and binds
the HIF-1b subunit in the nucleus. Thus, HIF-1 mediates
transcription of genes encoding proteins engaged in reactions
to hypoxia. At least two of these proteins, inducible NOsynthase and vascular endothelial growth factor certainly
participate in mechanism of the chronic hypoxia – induced
pulmonary vascular remodelling.
Redistribution of mast cells to the peripheral parts of pulmonary vasculature and expression and release of interstitial
collagenase is in concordance with our hypothesis that
increased collagenolysis in peripheral pulmonary arteries is
probably one of the important mechanisms that triggers pulmonary vascular remodelling in chronic hypoxia.
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