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Ultrastructural Analysis of Contractile Cell
Development in Lung Microvessels in
Hyperoxic Pulmonary Hypertension

Fibroblasts and Intermediate Cells Selectively
Reorganize Nonmuscular Segments
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The current study traces the development of contrac-
tile cells in the nonmuscular segments of rat lung
microvessels in hyperoxic pulmonary hypertension
New intimal cells first develop into a well-defined
layer beneath the endothelium and internal to an

elastic lamina Ultrastructurally, these cells are

found to be l) fibroblasts recruited to the vessel wall
from the interstitium and 2) intermediate cells, a

population ofpreexisting vascular cells (structurally
between a smooth muscle cell and a pericyte). Early
in hyperoxia (days 3 through 7), interstitial fibro-
blasts migrate and align around the smallest vessels
in which an elastic lamina is either absent or frag-
mentary. These cells then are incorporated into the
vessel wall by tropoelastin secretion and the forma-
tion ofan elastic lamina along their abluminal mar-
gin. After day 7, the new mural fibroblasts acquire
thefeatures of contractile cells, namely a basal lam-
ina extensive microfilaments, and dense bodies. In
other vessels, as early as day 3 of hyperoxia, inter-
mediate cells within the vessel intima begin to ac-

quire the additional filaments and dense bodies of
contractile cells. As hyperoxia continues, each cell
pathway gives rise to vessels with distinct intimal or
medial layers of contractile cells. In this way, thick-
walled 'newly muscularized' vessel segments form
adjacent to the capillary bed. (Am J Pathol 1992,
141:1491-1505)

In hyperoxic pulmonary hypertension, wall thickening re-
stricts the lumen of the myriads of small vessels that enter
and drain the capillary bed. These findings have been

established in the rat, by hemodynamic measurements in
vivo, and, by the morphometric analysis of arteries and
veins identified by barium-gelatin injection."4 Typically, a
new layer of medial muscle develops in the smallest of
these vessels, increasing the proportion with a complete
or partially muscular wall at the expense of ones nonmus-
cular. The aim of this study is to establish for these ves-
sels the cellular basis of wall thickening and muscle de-
velopment.

In small precapillary and postcapillary segments of
normal rat lung, intimal cells are found beneath the en-
dothelium and internal to an elastic lamina. In most seg-
ments they are relatively sparse, and include smooth
muscle cells, intermediate cells, and pericytes.97 In lo-
cation and morphology, the intermediate cell lies be-
tween the smooth muscle cell and pericyte, having fila-
ments but no dense bodies, and an enclosing basal lam-
ina.6 Reconstruction of an intra-acinar axial arterial
pathway has shown a gradation in the arrangement of
these cell types, smooth muscle cells giving way to inter-
mediate cells and intermediate cells to pericytes.7 Along
this pathway, smooth muscle cells extend distally into the
region of the vessel wall associated with second-
generation alveolar ducts, and intermediate cells into the
precapillary region that lies within the alveolar wall. Peri-
cytes line lung capillaries.6

In the current study, the development of intimal and
medial cells is followed in vessel segments associated
with alveolar ducts and walls, especially the smallest al-
veolar wall segments, where intermediate cells but not
smooth muscle cells are normally found. The distribution
of intimal, medial, and adventitial cells is analyzed by light
and transmission microscopy, and by a montage of pho-
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tographic prints. The first technique provides a large
sample of vessel profiles from which to evaluate the dis-
tribution and sequence of wall changes; the later classi-
fies cell phenotype.

Quantitative analysis confirms that, in response to hy-
peroxia, hypertrophy and hyperplasia of intimal, medial,
and adventitial cells thickens the vessel wall. Typically, a
new intimal subendothelial cell layer develops in virtually
all nonmuscular vessels and in the nonmuscular region of
half of the partially muscular vessel population. Existing
intermediate cells within the vessel wall, and fibroblasts
recruited to the vessel wall from the interstitium, are found
to form this, by developing into single or multiple layers of
contractile cells beneath the endothelium. On occasion,
both cell types reorganize the wall of the same vessel.

Materials and Methods

Male viral antibody-free Sprague-Dawley rats (Charles
River Breeding Laboratories, Portage, Ml) were used in
two experiments (A and B) that were carried out on sep-
arate occasions. All animals received food (Purina rat
chow 5008) and water ad libitum.

Animals used in this study were maintained in accor-
dance with the guidelines of the Committee on Animals of
the Harvard Medical School and those prepared by the
Committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources, National Re-
search Council (DHEW publication No. [NIH] 78-23, re-
vised 1978).

At the start of each experiment, all animals were of
similar age and weight. They were randomly assigned to
a group; a total of 45 untreated rats were controls and 57
rats breathed high oxygen.1 2 In experiment A, vascular
cells were analyzed in rats breathing 87% 02 for 1, 2, 4,
7, 15, or 28 days (n = 5 at each time) and in control rats
at similar times (n = 3 at each time). In experiment B, rats
breathed 87% 02 for 1, 3, 4, 7, 9, 12, 14, 21, or 28 days
(n = 3 at each time), or were controls (n = 3 at each
time). Tissue from experiment B, as well as additional
tissue from experiment A, was examined by transmission
microscopy.

Tissue Preparation

All animals were injected with sodium pentobarbital (30
mg/i 00 g body weight, intraperitoneally); the treated rats
continued to breathe high oxygen until they were deeply
anesthetized. The lungs were excised and the pulmonary
arteries and airways uniformly distended with 2% glutar-
aldehyde in 0.1 moVI cacodylate buffer (at 100 and 23 cm

H20 pressure, respectively), the arteries being filled
slightly ahead of the airways. After fixation (30 to 40 min-
utes), tissue blocks of 1 to 2 mm2 were selected from the
base of the left lung and right cardiac and diaphragmatic
lobes (i.e., 1 to 2 mm from the pleural edge). The blocks
were further fixed (30 minutes), washed well in 0.1 mol/A
cacodylate buffer, postfixed in 1% OS04 (60 minutes),
processed, and embedded in Epon-araldite. Thick sec-
tions (1 ,u) were stained with toluidine blue (1% in 1%
borax); thin sections (700 A) were stained with 1% uranyl
acetate in 100% methanol and Reynolds lead citrate, and
examined at 60 kV.

Quantitative Analysis of Vascular Cells

In experiment A, all alveolar wall and alveolar duct ves-
sels in 1 -,um sections of the tissue blocks from each con-
trol and each hyperoxic rat (i.e., five blocks from each of
three lung regions for each animal) were examined qual-
itatively. Cell size and number were analyzed to assess
the contribution of each cell type to wall thickening, (mi-
croscope field size diameter, 0.42 mm). Tissue blocks
were chosen at random from four control (two at the start
and two at the end of the study) and 15 hyperoxic rats
(three each at 2, 4, 7, 15, and 28 days). Vessels in which
cells were analyzed were characterized as muscular (by
a medial layer of cells between an external and internal
elastic lamina), as partially muscular (by a media present
in only part of the wall), or as nonmuscular (by the ab-
sence of a media). The external diameter (ED) and me-
dial thickness (MT) of each vessel was measured, the
percent medial thickness (%MT) calculated,2 and their
location (as alveolar wall or duct) was noted. Cell diam-
eter was measured across the widest zone of the nu-
cleus, and cell concentration was expressed per unit
length of vessel circumference. Only nucleated cell pro-
files were included.

Intimal cells abutting the vessel lumen were classed
as endothelial; intimal cells beneath the endothelium
were classed not by cell type but as a group, and termed
subendothelial. At different time points in hyperoxia,
transmission microscopy demonstrated that a variety of
cell types formed this layer (i.e., intermediate cells, fibro-
blasts, smooth muscle cells-and each of these cells in
transition-as well as pericytes), but cell phenotype is not
identified in 1-Rm sections viewed by light microscopy.
Cells between an internal and external elastic lamina,
however, were classed as smooth muscle cells, because
these were the cells always identified at this location ul-
trastructurally. Similarly, cells aligned to the vessel con-
tour and abluminal to a single or external elastic lamina
were classed as adventitial fibroblasts, as were additional
cells (in the hyperoxic lung) that were obviously fibro-
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blasts but closely aligned around vessels in which a lam-
ina was absent.

In analyzing the above data, levels of significance
were calculated by the unpaired t-test, with Bonferroni's
correction factor adopted to adjust the significance level.
A result was taken to be statistically significant if the P
value was less than 0.01. Morphometric findings for the
control groups were not significantly different and so they
were combined. Change in the distribution of vessels in
the hyperoxic lung (by size and wall structure) was as-
sessed by chi-square analysis.1

Ultrastructural Analysis of Vascular Cells

In 1 -,um sections of each tissue block, vessels were iden-
tified that demonstrated the important wall changes at
each time point in the hyperoxic lung. These same ves-
sels were then viewed by electron microscopy and pho-
tographed (x 1500 and x9450 to x 12,060). The walls of
some were photographed serially at high magnifica-
tion-a total of 50 hyperoxic vessels and 30 normal ones.
Contact prints allowed quick assembly of a vessel mon-
tage from which to assess wall changes, and select ad-
ditional regions for photography (x18,900). This ap-
proach allowed a detailed ultrastructural analysis to be
made of a large number of vessels.

Ultrastructurally, cells were identified and classed by
their morphology (shape and distribution of organelles),
basal lamina, and location in relation to other cells and
wall components. The cells found in the walls of normal
alveolar wall and duct vessels are described here as a
frame of reference. The endothelial cell lies adluminal to a
basal lamina and to a single or internal elastic lamina.
Rough and smooth endoplasmic reticulum, mitochon-
dria, and a Golgi complex typically are distributed
throughout the cell, and micropinocytotic vesicles usually
found along the adluminal cell margin. The pericyte is an
elongated cell with long thin processes arising from its
pole to envelop the vessel wall. It shares the basal lamina
of the endothelial cell (which splits to surround both
cells)8 and lies internal to a single elastic lamina. Pro-
cesses along the adluminal cell margin may extend to
interdigitate with the cytoplasm of the endothelial cell. Or-
ganelles are sparse, few intracytoplasmic filaments are
found, and the focal densities typical of a smooth muscle
cell are absent. The intermediate cell is named for its
location and morphology (midway between a smooth
muscle cell and pericyte). Like the smooth muscle cell, it
is cigar-shaped and has relatively few organelles, few or
many microfilaments (4 to 6 nm diameter, i.e., actin) and
a separate basal lamina. Like the pericyte, it lacks dense
bodies and lies internal to a single elastic lamina. Single
cells, or two overlapping cells, are usually found. Typi-

cally, the medial smooth muscle cell is cigar-shaped, and
the cytoplasm is packed with microfilaments (4 to 6 nm
diameter). Focal densities run parallel to the filaments.
Few mitochondria, only sparse endoplasmic reticulum,
and an undeveloped Golgi complex are found adjacent
to the poles of the nucleus. Micropinocytotic vesicles are
numerous, and subplasmalemmal densities are present.
The cell is surrounded by a distinct basal lamina.
Hemidesmosomes usually are present at the polar ends
of adjacent cells. Single or overlapping cells are found
between an internal and external elastic lamina. The ad-
ventitial fibroblast is a spindle-shaped cell with extended
processes. Endoplasmic reticulum and ribosomes are
usually abundant and the Golgi complex well-developed.
This cell lacks a basal lamina. It closely follows the con-
tour of the vessel, and is abluminal, and in direct appo-
sition to, a single or external elastic lamina. Single cells
are usually present; and they are relatively infrequent.
Collagen fibers usually are associated with only the ab-
luminal cell margin. The interstitial fibroblast resembles
the adventitial cell morphologically, but is more irregular
in shape and found in the thick region of the alveolar-
capillary membrane. Cell processes frequently extend
into the thin region separating the epithelial basal lamina
from that of the endothelial cell. Collagen fibers may sur-
round this cell or be associated with only a single margin.

Results

Body Weight

Between days 4 and 7 of hyperoxia, most rats weighed
less than at the start of exposure (experiment A, Table 1).
Between days 15 and 28, most had gained weight, but
their absolute weight (expressed as the mean value for
the group) remained below that of age-matched controls.
All of the control rats steadily gained weight. Similar re-
sults were obtained for the other groups of rats included
in experiment B (data not given).

Quantitative Analysis of Vascular Cells

Examples of alveolar duct and wall vessels with suben-
dothelial cells in the hyperoxic lung, as well as an alveolar
wall vessel with a newly developed medial layer, are il-
lustrated in Figure la through d.

Cell Hypertrophy and Hyperplasia
Intimal cells, both endothelial and subendothelial, and

medial smooth muscle cells, were hypertrophied by day
7 of hyperoxia, adventitial fibroblasts by day 4 (Figure 2a
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Table 1. ExPeriment A-Effect ofHyperoxia (87% Q) on Body Weight (mean + SEM)

Animal group Starting weight (g) Final weight (g)

Group 1 Control (3) 207 + 5 Day 1 211 + 6
Group 1 87% 02(5) 210 + 4 Day 1 213 + 4
Group 2 Control (3) 209 + 11 Day 2219 + 13
Group 2 87% 02(5) 207 + 2 Day 2 204 + 5
Group 3 Control (3) 202 + 7 Day 4 230 + 9
Group 3 87% 02(5) 222 + 5 Day 4 190 + 5*
Group 4 Control (3) 212 + 1 Day 4 264 + 6
Group 4 87% 02(5) 220 + 4 Day 7 264 + 6
Group 5 Control (3) 221 + 10 Day 15 318 + 6
Group 5 87% 02(5) 213 + 2 Day 15 226 + 7*
Group 6 Control (3) 210 + 3 Day 28 358 + 16
Group 6 87% 02(5) 211 + 1 Day 28 223 + 8*

Numbers in parenthesis = number of rats; *P 0.01 compared with age-matched control value. Starting weight = day 0.

and b, P - 0.001 for each cell type versus control value).
Vascular cell hypertrophy then persisted.

In most vessels the concentration of vascular cells
was low at day 2 of hyperoxia; because the count re-
flected nucleated profiles, cell edema and swelling were
the likely basis of this reduction. In small vessels (',50 p.
ED), the endothelial cell number then remained low, and
in larger ones (>50 - 100 pum ED), it regained the normal
value only at day 28 (Figure 3a, P - 0.01 for each vessel
category versus control value). The concentration of sub-
endothelial cells increased first in the small vessels, i.e., at
day 4 (Figure 3a, P - 0.01). In the large vessels it had
increased by day 7 (P - 0.01 for each vessel category).
In both vessel groups, the concentration of these cells
had doubled by day 28 (P - 0.01 for each vessel cate-
gory).

The concentration of medial smooth muscle cells did
not significantly increase in the small or large vessels until
day 28 (Figure 3b, when P - 0.01 for each vessel cate-

gory versus control value). The concentration of adventi-
tial fibroblasts increased around the small vessels by day
2 (Figure 3b, P - 0.01) and around the large vessels by
day 15 (P - 0.01). In both, it then remained high (day 28
P - 0.01 for each vessel category).

Distribution of Vessels with Intimal
Subendothelial Cells or Medial Smooth
Muscle Cells

As hyperoxia progressed, more nonmuscular than
partially muscular vessels developed a subendothelial
cell layer (Figure 4a and b). Chi-square analysis of the
vessel population confirmed that as quickly as the sub-
endothelial cell layer developed in some vessels, a me-
dia formed in others (i.e., by day 4). Vessels with a com-
plete or partial media increased at the expense of vessels
without (px2 0.001 on days 4 through 28). Early in hyper-
oxia, most of these were duct vessels.

Figure 1. Alveolar vessels (1-p.m toluidine
A; blue sections): endothelial cells (double ar-

* rows), subendothelial cells (single arrow), al-
veolus (alv), elastic lamina (el): a: Alveolar
wall vessel (ED 30 pm, x1156) in normal

I lung showingfine elastin depositsforming a
fragmentary elastic lamina; the vessel is ex-
tremely thin-walled with only endothelial cell
processes present. b: Thick-walled alveolar
wall vessel (ED 25 pLm, x1083), after 28 days
87% O with nucleated endothelial cells and
subendothelial cells internal to a well-definedel single elastic lamina: c: Thick-walled alveo-
lar duct vessel (ED 265 F±m, x 1238), asfor
(b): d: Thick-walled alveolar wall vessel (ED
44 p.m, x1800) with medial smooth muscle
cells O) between a well-defined internal (lel)
and external elastkic lamina (eel). Elastin de-
posits form an additional and fragmentary

_ lamina inpart ofthe wall (arrow). In this and
in subsequentfigures the original print mag-
nification is given.
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7, 15, and 28). Mean cell diameter + SEM; (a) endothelial and subendothelial cells; (b) smooth muscle cells andfibroblasts (see text).

Vessel Narrowing
In the vessels analyzed, wall thickening was accom-

panied by an increase in the relative number of small
vessels at the expense of larger ones (px2 0.001 on days
4 through 28), indicating either a change in wall disten-
sibility-as by contracture-or the inclusion of smaller
vessels, i.e., ones that developed in a lamina de novo in
hyperoxia (see below).

Ultrastructural Analysis of Vascular Cells

Wall reorganization in the smallest nonmuscular alveolar
wall vessels (i.e., <50 ,um ED) of the hyperoxic lung is
illustrated (Figures 5 through 13); the pattern was similar
in alveolar duct vessels, although these vessels mainly
were reorganized by intermediate cells, not fibroblasts
(see below).
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Figure 4. Percentage (mean SEM) ofalveolar wall and duct vessels (s61O00 pm ED) with subendothelial cells (hatched bars) and without
these cells (open bars), in normal lung (day 0) and after 87% 02 (days 2, 4, 7, 15, and 28). a: Nonmuscular vessels: in normal lung, vessels
with subendothelial cellsform <3% of the nonmuscular population: Between day 2 and day 15 ofhyperoxia this proportion increases to
virtually 100%. b: Partially muscular vessels: in normal lung, and at day 2 ofhyperoxia, none ofthese vessels have subendothelial cells. By
day 4 ofhyperoxia about 40% have subendothelial cells and by day 7 56%. This proportion of the vesselpopulation does not then change.
Within partially muscular vessels, subendothelial cells werefound only in the nonmuscular region ofthe wall, and no muscular vessels had
subendothelial cells.

Normal Structure of the Nonmuscular Segment

In normal rat lung, alveolar wall vessels consisted of
endothelial cell processes bound by basal lamina (Figure
5). A thin lamina of fibrillar elastin with amorphous depos-
its was present in most vessels > 25 p.m ED: In some
<25 p.m ED, and in many < 20 p.m ED, a lamina was
absent, these vessels thus being larger than capillaries
by size but with a similar wall structure.

In most of the larger vessels (> 25 - 100 pL.m ED), and
in some small ones (-25 p.m ED), intermediate cells
formed a subendothelial cell layer (Figure 5). Pericytes
were seen only in some of the smallest vessels and in
capillaries. Alveolar wall vessels as large as 100 p.m and
as small as 15 p.m in diameter were seen to give rise to a
capillary. The wall structure of these juxtacapillary vessels
was typical for size.

Reorganization of the Nonmuscular Segment
in Hyperoxia

The sequence of vessel wall reorganization by 1) fi-
broblasts and 2) intermediate cells is described. This was
based on the analysis of tissue at the level of the cell,
vessel, and vessel population.

Fibroblast Pathway

Early in hyperoxia (days 2 through 4), proteinaceous
fluid expanded the interstitium around many alveolar wall
vessels > 15 < 25 ED (Figure 6a), especially those in
which an elastic lamina was fragmentary, or absent. This
loosened the interstitium around vessels in the thickest

region of the alveolar-capillary membrane, and by col-
lecting between the endothelial and epithelial basal lam-
ina, created a new perivascular space around vessels in
thinner regions. Interstitial fibroblast processes often ex-

tended through this space to approximate the endothelial
basal lamina (Figure 6a). In some vessels, the processes

of intermediate cells were present between the ap-

proaching fibroblast and the endothelium (Figure 6b). In-
flammatory cells also were seen in this perivascular re-

gion.

alv

ep
%h.- I

Figure 5. Nonmuscular alveolar wall vessel (ED 25 p.m, X3954)
in normal lung: endothelial cell (e), interstitialftbroblast (fi), epi-
thelial type 2 cell (ep). At higher magnification, an additional cell
(at open arrow) was classed as an intermediate cell (not shouw).
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Figure 6. Alveolar wall vessel (ED 18.6 pm, X4500 and xC56,700)
after 3 days 87% 02 interstitialfibroblast (ij epithell type 2 cell
(ep2 alveolus (aliv capillay (cap) ndothelial cell (e). a: Protein-
aceous fluid widens and creates an interstitial space around the
vessel (*). 7beprocesses ofan interstitial fibroblast extend around
the left side ofthe vessel, those ofanotberfibrobks cross the inter-
stitial space (double arrows). In part of the wall (at open arrow),
another cell process lis between a fibroblast process and the en-
dothelium (b). b: Region of wall (at open arrow) showing the
process ofa cell classed as an intermediate cell C) separatedfrom
endothelium andfrom the approaching processes ofan interstitial
fibroblast by elecron-dense basal lamina and extracellular matrix
component (small arrows).
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Between days 4 and 7, some interstitial fibroblasts
were surrounded by collagen deposits, whereas others
were at a stage in the process of migration through the
interstitium, or in aligning around vessels. Migrating cells
were characterized by their extended polar ends and
filopodia, and a trailing cell body; those aligning were
characterized by their location, orientation, and by nu-
merous lamellapodia extending from their adluminal
edge to the endothelial basal lamina. Typically, these
cells had a central triangular-shaped nucleus, and long
attenuated processes with irregular (ruffled) ends. In all
cells, rough endoplasmic reticulum and polyribosomes
were abundant; microfilaments (4 to 6 nm diameter) were
localized in the leading polar end of migrating cells, and
in the polar ends and subnuclear region of aligning cells.
Lipid droplets were present in the cytoplasm of each sub-
set of fibroblasts but were most frequent in nonaligned
cells.

By day 7, many aligned fibroblasts and aligning cells
were in the process of being incorporated into the vessel
wall by the formation of extensive elastin deposits along
their abluminal edge. These cells were termed mural fi-
broblasts. Single cells, or groups of these cells, now
formed the subendothelial cell layer (Figures 7, 8). In
these vessels this first elastic lamina formed de novo. In
the same tissue section, vessels had either an electron-
dense (Figure 7b) or electron-lucent (Figure 8) elastic
lamina, those with a dense lamina being most frequent.

Between days 7 and 28, the walls of these vessels
became more organized as the mural fibroblasts devel-
oped a basal lamina and contractile organelles, i.e., ex-
tensive microfilaments and dense bodies. Numerous mi-
cropinocytotic vesicles were present, especially along
the abluminal margin (Figure 9). Further deposits thick-
ened the elastic lamina, or appeared as isolated frag-
ments within the vessel wall. As hyperoxia progressed,
more and more of these now contractile cells developed
subplasmalemmal densities (indicating tethering or at-
tachment devices) along their adluminal and abluminal
margins; and hemidesmosomes formed. In some ves-
sels, the development of a contractile cell phenotype was
associated with tropoelastin secretion along the adlumi-
nal cell margin and the formation of fragments of a sec-
ond or internal elastic lamina, which separated the cell
from the endothelial basal lamina.

Intermediate Cell Pathway
By day 3 of hyperoxia, in vessels of all sizes, but es-

pecially in the larger ones (i.e., ¢ 50 - 100 ,um ED),
single or overlapping intermediate cells formed the sub-
endothelial layer (Figure 1 Oa, b). Typically, cigar-shaped
cells, with a similar nucleus, and microfilaments, these
cells were enclosed by basal lamina. They were usually

found adluminal to a single preexisting elastic lamina; on
occasion, no elastic lamina was evident (Figure 10). Of-
ten they were separated from the endothelial cell basal
lamina by proteinaceous fluid and electron-dense matrix
deposits, especially in the first days of hyperoxia.

Between days 3 and 7, intermediate cells were still
evident in some vessels; in others, cigar-shaped cells
with a well-developed basal lamina, many microfila-
ments, and dense bodies indicated cells that had ac-
quired a contractile cell phenotype. Microfilaments were
distributed throughout these cells but were most dense
along the adluminal cell margin. Subplasmalemmal den-
sities and hemidesmosomes were rarely seen early in
hyperoxia (<day 4) but later (days 14 through 28), these
became frequent. In some vessels, as in the ones reor-
ganized by fibroblasts, tropoelastin secretion formed
fragments of a second or internal lamina in the vessel
wall, separating the new contractile cell from the endo-
thelial basal lamina. Between day 7 and day 28, the num-
ber of vessels with these cells, i.e., (intermediate cells in
transition to a smooth muscle cell) increased.

Vessel Wall Structure at Day 28

At Day 28 of hyperoxia, most vessels had reorganized
walls. When two double elastic laminae were present, the
cells between were typical smooth muscle cells, (i.e.,
cells with extensive filaments, dense bodies, basal lam-
ina, subplasmalemmal densities, and hemidesmo-
somes). Other vessels still had intimal cells that varied in
the expression of their contractile organelles (Figures 11,
12, 14). Cells within a single vessel, however, were nota-
bly uniform. In other vessels, cells with extensive open
arrays of endoplasmic reticulum and ribosomes, and in-
complete basal lamina, indicated synthetic activity.

In the vessels in which contractile cells now predom-
inated, it was difficult to discern the cell pathway respon-
sible for wall reorganization. Certain characteristics in the
appearance of a vessel indicated one or other pathway.
Triangular-shaped contractile cells, forming single or
multiple layers, and a marked elastic lamina, were found
in both the intima or media of some vessels. In a single
profile, the long axis of these cells was not always parallel
to the vessel lumen. Acellular regions persisted in some
of these vessels, but in most the cells were now well
organized, albeit into eccentric layers. These features in-
dicated contractile cells that had developed from fibro-
blasts (Figures 11, 12, 13). Elongated cells aligned in a
regular fashion parallel to the lumen, also found in the
intima and media of vessels, indicated the intermediate
cell pathway (Figures lb, 1c, 14).

Pericytes formed the subendothelial cell layer in some
of the smallest vessels of the hyperoxic lung (Figure 15)
and were obvious in capillary walls.
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Figure 7. Alveolar wall tessels after 7 dayos 87% 02; muralfibro-
blast (mf), endothelium (e) small double arrows; elastic lamina
(el); interstitialfibroblast (ip: a: Vessel (ED 25.6 ,um, x 1602; 1 jLm
toluidine section) being reorganized byfibroblasts (0, witb a loose
arrangement ofcells and acellular wall regions; b: Vessel (ED 23.5
,um, x 8757) in whichfibroblasts are being incorporated into the
wall by a developing elastic lamina that is electron-dense. Tbese
cells, classed now as muralfibroblasts lie adluminal to the lamina
and abluminal to the endotbelium. Small lamellapodia extend
from these cells towards the endotbelium (small double arrows).
Basal lamina, absentfrom most ofthese cells (small single arrows)
is evident along the abluminal edge of endothelial cells (large
single arrows). C: High magnification of wall (x 74,892) showing
microfilaments (6-8 nm) in the leading polar edge ofafibroblast
in the process of aligning in the vessel wall. 7his cell process lies
interal to the developing elastic lamina at the top of the wall
region illustrated in (b).

N
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Figure 7. (Continued).

Discussion

The current study identifies fibroblasts and intermediate
cells as the source of new intimal and medial contractile
cells in lung microvessels in hyperoxia. In some vessels,
the wall is reorganized by the recruitment of new cells
from the interstitial space, in others by the development of
a preexisting vascular cell population, and in yet others
by both cell pathways. This selective pattern of wall reor- U
ganization in the nonmuscular segments of lung mi-
crovessels is described here for the first time. Figure 9. Alveolar wall vessel (ED 23 rim, x30,856) after28 days

In normal rat lung, thick-walled muscular vessels are 87% 02 numerous vesicles arepresent along the abluminal edge
found only at the entrance to the acinus (approximately (open arrows) ofa cell process that is abluminal to endothelium

and adluminal to the newlyforming elaic lamina (el). Microfil-
50% are muscular and 50% partially muscular); the distal aments (6-8 nm) are widely distributed throughout the cell.
intraacinar vessels are extremely thin-walled and have

little or no muscle coat. The aim of this study was to es-
tablish the cell pathway leading to muscle development

A jv= kin these segments, and, typically, this implies the forma-
tion of a new layer of medial cells. In the current study,

_ .t using day 28 of hyperoxia as an example, the relative
percentage of muscular, partially muscular, and nonmus-
cular alveolar wall vessels was 18%, 20%, and 62%, re-

A. xi^spectively. Although only 38% of these vessels thus de-
velop medial smooth muscle cells, most of the remaining
ones have an additional layer of intimal cells. At this stage
of hyperoxia, because most of these are contractile, al-
most all of the alveolar wall vessels are 'newly muscular-
ized.' Early in hyperoxia (<day 7), however, the presence
of a thick intima does not necessarily indicate a new layer
of contractile cells because in many of these vessels the
cells are still mural fibroblasts.

In a previous study of hypoxic pulmonary hyperten-
sion,9 septal fibroblasts were reported to quickly trans-
form to a mature smooth muscle cell within a media, but

Figure 8. Alveolar wall vessel (ED 20 ILm, x6570) after 7 days it was not shown how this was accomplished. The find-
87% 02 with muralfibroblasts being incorporated into the wall by ings of the current study indicate that such cells are re-
a developing elastic lamina that is electron-lucent. Interstitial fi-
broblasts remain abluminal to the developing lamina. cruited from the interstitium to the vessel wall by stages-
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Figure 10. Alveolar wall vessel with subendothelial cells after 3 days 87% 02 (ED 34 pm, x3000 and X28J350): Left: Juxtacapillary vessel
with additional cells and cell processes (at open arrow) abluminal to endothelium. An elastic lamina is not seen in this region of the wall
at this time. Right: Region of wall (at open arrow) sbowing the additional cells and cellprocesses to be those of intermediate cells C); with
extensive filaments (arrowheads), endothelial cell (e), electron-dense basal lamina and extracellular matrix components (small arrows),
interstitialfibroblast processes (double arrows).

1) migration, 2) alignment, and 3) incorporation-each
stage being associated with phenotypic modulation in
terms of the expression and distribution of actin filaments
and tropoelastin secretion. Formation of an elastic lamina
is the essential stage in the shift from a fibroblast to a
vascular cell, and only then, after incorporation into the
wall, is the morphologic expression of a contractile cell
phenotype acquired.

In this model, as in other studies of acute and fatal
exposures to high oxygen, membrane injury and accu-
mulation of protein-rich fluid occurs in the first days of
injury.1012 This disturbance in interstitial homeostasis
identifies subsets of cells, separating migrating cells from
those synthesizing collagen, each perhaps by their re-
sponse to specific factors in the fluid-filled space. Inflam-
matory cells, such as the alveolar macrophage, release
mediators that stimulate each activity, but the response is
determined by the fibroblast.13 In vivo, as in vitro,14 it is
likely that migration toward the endothelial cell basal lam-
ina is in response to a chemotactic agent released by the
endothelial cell. The structure of migrating cells de-
scribed here resembles that of those in vitro-elongate
with a leading pseudopodium and trailing cell process,
and with delicate filopodial extensions along the leading
cell edge.15

Figure 11. Alveolar wall vessel with contractile cells forming a
subendothelial cell layer, after 28 days 87% 02 (ED 15.5 I±m,
X8750): Subendothelial cellprocesses C) lie adluminal to a well-
defined electron-dense elastic lamina (el) and abluminal to en-
dothelial cells (e). Basal lamina is evident along the abluminal cell
edge (small arrows), andfocal elastin deposits adluminally (single
arrowheads). The newly developed cells are triangular with the
features ofa contractile cell; microfilaments are heavily distributed
throughout the cellprocess at the top, less in theprocess in the lower
region of the wall and, at high magnification, dense bodies are
seen. Interstitialfibroblast (i/), alveolus (alv).
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Cell alignment completes the stage of migration,
bringing the fibroblast into close apposition with the en-

dothelial cell basal lamina, and orientating it around the
vessel lumen. The persistence of gaps in the vessel wall
indicates cells that have failed to fully align, or cells that
are aligning in a different plane. Our previous data show
that fibroblasts aligned around lung microvessels are the
most actively proliferating cells in the hyperoxic lung, and

Figure 12. Alveolar wall vessel witb contractile cells forming a
medial cell layer, after 28 days 87% 02 (ED 20 pum, x)8757). a:
Medial cells and cellprocesses (C) lie adluminal to a thick external
electron-lucent elastic lamina (eel) and abluminal to endothelial
cells (e). An electron-lucent internal lamina (iel) separates the cells
from endothelium. The cells also are triangular, with one blunt
andone elongatedpolar end. Platelet (p), leukocyte (le). b: Region
of wall at arrow indicating iel (x28, 673), sbowing microfila-
ments, subplamalemmal densities (arrows) and distinct basal
lamina (arrowheads).

that cells present in the wall as a subendothelial layer, i.e.,
intimal to an elastic lamina, show relatively little prolifera-
tive activity.16 The fibroblast pathway thus provides a sig-
nificant number of new cells for incorporation into the ves-
sel wall during its reorganization in pulmonary hyperten-
sion.

During wall reorganization, the mural fibroblast is
clearly identified from the aligning and interstitial fibro-
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Figure 13. Alveolar wall vessel after 28 days 87% OS Vessel (ED 28
nf, x 1800; 1 Fm toluidine blue section) with an incomplete

electron-dense elastic lamina surrounding an eccentric collection
ofcells (O, some ofwhich are contiguous with the interstitial space;
endothelial cells (double arrows).

blast by its location in the vessel intima, internal to a de-
veloping elastic lamina. It differs morphologically from the
intermediate cell, and from the intermediate cell in tran-
sition, by its irregular shape and orientation, presence of
lamellipodia, polar distribution of microfilaments, lack of
dense bodies, polyribosomes, dilated endoplasmic retic-
ulum, and lack of basal lamina. As it develops contractile
organelles, it approaches the morphologic criteria of the
fibroblast found in granulation tissue.17 These cells,
termed myofibroblasts, are characterized by numerous

parallel arrays of microfilaments and dense bodies, and
by a dense bundle of microfilaments similar to the stress
fibers of cultured cells.17"9 The fibroblast in transition to
a vascular cell lacks a similar dense bundle of microfila-

Figure 14. Alveolar wall vessel with contractile cells forming a

subendothelial cell layer, adluminal to the external elastic lamina
after 28 days 87% 02 (ED 24 Fm, x4320): endothelial cell (e),
external elastic lamina (eel). Elastin depositsform afragmentary
internal lamina in the vessel wall (iel).

ments. Lacking smooth muscle myosin and a true basal
lamina, the myofibroblast has been considered closer to
a fibroblast than a smooth muscle cell,20 but by the dis-
tribution of intermediate filament proteins, a range of my-
ofibroblast phenotypes is now recognized.21 Although
the expression of a-smooth muscle actin indicates a shift
toward a contractile cell phenotype, desmin is also an
important indicator. Further studies are needed to identify
these filament proteins in the newly developing intimal
and medial cells of the hyperoxic lung.

As a normal intimal cell, the intermediate cell does not
need to migrate and align, but rapidly develops a large
number of filaments and dense bodies, expressing a
contractile cell phenotype more quickly than the trans-
forming fibroblast. Very early in hyperoxia, these cells are
easily identified by their location, regular orientation, and
by their microfilament density. First recognized in the
nonmuscular region of the partially muscular segment of
normal rat lung,6 in hypoxia, they were shown to be the
source of new smooth muscle cells in this region while
more distally; i.e., in the nonmuscular segment, pericytes
were considered likely to fulfill a similar function.22 The
current study shows that the intermediate cell pathway is
responsible for wall reorganization in some of the distal
segments in the hyperoxic lung. This finding does not
agree with that of a previous study of wall remodeling in
hypoxic pulmonary hypertension9 in which intermediate
cells were considered unimportant as a source of new
smooth muscle cells.

Accepted as present in lung capillaries,8 it is still un-
clear whether pericytes commonly extend into the distal
nonmuscular vessel segments. They are increasingly
considered a contractile cell type23 and, as such, seem
likely to play a role in wall reorganization in the hyperten-
sive lung. Early in hyperoxia, the presence of fluid and
wall disruption made it impossible to confirm that cells
ever shared the endothelial basal lamina. Frequently,
around capillaries and small vessels, the plasmalemma
of cells likely to be pericytes was disrupted and cell or-
ganelles scattered in the interstitial space. Only later were
pericytes clearly seen to thicken the walls (and so narrow
the lumen) of vessels that bordered capillaries in size. In
this model of pulmonary hypertension, therefore, the peri-
cyte represents a significant cell in terms of lumen restric-
tion, but its role as the source of new smooth muscle cells
remains unclear.

Transmission microscopy shows that it is the many
small precapillary and postcapillary vessels without an
elastic lamina that are reorganized by fibroblasts. A frag-
mentary lamina located outside the plane of the thin sec-
tions examined by transmission microscopy, might ex-
plain its absence in these vessel profiles. Despite their
structural resemblance to capillaries, these segments are
larger in diameter, and are marked by extensive wall re-
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Figure 15. Alveolar wall vessel with a pericyte after 28 days 87% 02 (ED 14 pLm, X8757 and X46,760). Left: A subendothelial cell C, at
open arrow) lies abluminal to endothelium (e) and adluminal to an elastic lamina that is electron-dense (el). Theprocesses ofan interstitial
fibroblast (if) extend around the vessel abluminal to the elastic lamina (arrow); transitional epithelial cell (ep). Right: At higher magnifi-
cation the subendothelial cell () is identified as a pericyte, sharing the basal lamina of the endothelial cell (large double arrow), withfew
filaments in the midregion (illustrated) or in the extended cell processes. 7Te peg and socket contact with the endothelial cell (small open
arrow) is characteristic. Endothelial cells (e) andjunction (open arrow), elastic lamina (el), interstitialfibroblast (if).

organization, which clearly separates them from the cap-
illary bed. In the fibroblast, tropoelastin induction and in-
creased synthesis can be regulated by specific factors
released locally by activated smooth muscle cells.24 It is
possible that the newly developing contractile cells ex-
press factors with a similar effect and that this leads to
further tropelastin secretion by some fibroblasts that re-
main aligned around the vessel but are not incorporated
into the wall. Around most vessels, however, fibroblasts
are incorporated into the wall by forming an elastic lamina
in the absence of contractile cells. In fetal bovine lung,
Noguchi and colleagues25 have reported the association
between fibroblast expression of a-smooth muscle actin
and tropoelastin secretion. Further studies are needed to
establish the isoform present in migrating and aligning
cells in the hyperoxic lung.

In part, normal wall structure determines the cell path-
ways responsible for wall reorganization in any given
segment. Most fibroblasts are recruited to vessel seg-
ments where intermediate cells are not found, raising the
question as to their location. Axial pathways-there are
two per acinus-branch with several generations of alve-
olar ducts before dispersing into a capillary network in the
alveolar wall. These show the typical transition from a fully
to a partially muscular and then nonmuscular wall, and
the nonmuscular region of these segments has a consid-
erable intimal cell population that includes intermediate

cells.7 In the rat, as in the human lung, the axial segments
have numerous side-branches (both conventional and
supernumerary),26 that quickly branch into a capillary
network. These can arise directly from the muscular seg-
ment of the axial pathway but be nonmuscular at their
origin. In the alveolar region of the normal lung, the many
vessel profiles without intimal cells suggest either that not
all axial pathways have the same cell arrangement or that
these are the profiles of lateral branches. Although some
overlap is likely the generalization seems justified that, in
the hyperoxic lung, intermediate cells reorganize the
walls of axial pathways and fibroblasts the numerous lat-
eral ones. In fixative distended lungs, vessels < 30 ,. in
diameter can rarely be identified as arteries or veins, es-
pecially as both remodel in hyperoxia.1 24 Thus, both
small arteries and veins are included in the group of al-
veolar vessels analyzed here, and either could be reor-
ganized through the cell pathways described. Neither
cell pathway appears to reorganize the walls of larger
alveolar vessels that by their structure are clearly identi-
fied as veins because in these vessels, fibroblasts are
seen only external to the elastic lamina.

In summary, the walls of lung microvessels are reor-
ganized by more than one cell pathway in hyperoxic pul-
monary hypertension. The factors that drive the expres-
sion of a contractile cell phenotype are not known but
could reflect the response to specific mediators, (eg,
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platelet derived growth factor, granulocyte-macrophage
colony stimulating factor, transforming growth factor 1),
changes in the interstitial collagen matrix, or physical
forces transduced through the vessel wall.2127 Whether
alveolar vessels ultimately develop uniform contractile
cell populations that are all 'professional' smooth muscle
cells in terms of the expression of their filament proteins or
whether a range of cell types and subsets expressing a
partial muscle phenotype, i.e., 'nonprofessional' contrac-
tile cells-" persist in pulmonary hypertension will need to
be established. Preliminary studies are underway to an-
alyze this in the hyperoxic lung.
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