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The capillary plexus in the gas exchange zone of
human neonatal lung: an ultrastructural study

JAMES C DORNAN, COWAN MEBAN
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ABSTRACT The structure of the capillary plexus in the gas exchange zone in the lungs of five
neonates was investigated by electron microscopy and cytochemical techniques. The results show
that the capillaries associated with the terminal respiratory saccules are narrow and that they
generally possess two to three endothelial cells per cross section. *Seamless” and protoplasmic
capillaries were not observed. A capillary plexus was located on either side of each intersaccular
septum and the mesh size of this plexus was relatively large. The gas diffusion pathway in the
neonatal lung was found to be very short (mean 1.84 wm). It is suggested that the layer of
periodate reactive material lining the luminal surfaces of the capillary endothelial cells may have

important functions in vivo.

Our knowledge of the fine structure of the tissues
forming the gas exchange zone in the neonatal
human lung is still very incomplete. Studies using
the electron microscope have contributed much
information on the changes that occur in animal
lungs during the perinatal period (for reviews see
Burri and Weibel,' Meyrick and Reid?); in contrast,
the few published reports on the ultrastructure of
human neonatal lung have been concerned mainly
with pathological conditions.*~3

In recent years we have procured a sizeable col-
lection of lung samples from human fetuses and
neonates. Some of these tissues were obtained soon
after death and are thus suitable for electron micro-
scopic investigations. This paper describes the mic-
rostructure of the capillary plexus associated with
the gas exchange zone in the lungs of five newborn
babies.

Methods

The human lung tissues used in this study were
obtained from a small series of neonates (table 1). In
each case a postmortem examination was performed
as soon as the parents had given their written con-
sent.

Small blocks of peripheral lung tissue were dissec-
ted out and fixed in 2.5% glutaraldehyde in 0.1
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mol/l cacodylate buffer (pH 7.35) for two hours at
4°C. The blocks were washed in a 7% sucrose
cacodylate buffer solution, postfixed in buffered 2%
osmium tetroxide, dehydrated in ethanol, and
embedded in Durcupan resin. Thin sections (50-70
nm) were stained with uranyl acetate and lead
citrate and examined in a JEOL-100CX electron
microscope. Twenty fields were selected at random
in the sections from each lung and photographed at
two magnifications (X3200 and %10 000). Esti-
mates of the arithmetic mean values of the para-
meters listed in table 2 were obtained either by
direct measurement or by use of the morphometric
procedures described by Weibel and Knight.®

Some blocks of lung tissue were stained according
to the periodic acid-chromic acid-phosphotungstic
acid procedure of Rambourg et al.” Other specimens
were stained with colloidal iron oxide according to
the method previously described by Meban.® Con-
trol tissues were methylated by exposure to thionyl
chloride (2% in absolute methanol) for four hours at
room temperature or to acidified methanol (0.1 N
hydrochloride in absolute methanol) for 12 hours at
60°C. These control specimens were then stained
with colloidal iron oxide and processed for electron
microscopy by the standard procedure.

Results

All of the tissues used in this study were sufficiently
well preserved to allow the recognition of their main
structural components. The specimens from the dif-
ferent babies showed similar features.

787

BuAdos Aqg paldaloid 1sanb Ag 20z ‘0T IMdy o /wod g Xeloyy//:dny woly papeojumod "S86T 48GoI00 T U0 /82 °0T 0F XUY9STT 0T Se paysiqnd 1siy :xeioy L


http://thorax.bmj.com/

788 Dornan, Meban
Table 1 Details of the neonates studied
Case no Age (w) since last Body weight Cause of death/

menstrual period (8) malformations
1 39 2000 Menmﬁomyelocelc and exomphalos
2 38 3380 Encephalocele
3 42 2950 Intrapartum death;

no malformations

4 38 1650 Anencephaly (twin pregnancy)
5 37 2500 Arthrogryphosis multiplex

The distal portion of each lung was largely com-
posed of terminal respiratory saccules (fig 1).
Rudimentary alveoli were represented by shallow
depressions in the walls of these saccules and short
ridges (‘‘secondary septa”) indicated the sites where
interalveolar septa were developing (fig 2). The
intersaccular (*‘primary”’) septa had relatively thick
cores of connective tissue. The two surfaces of each
intersaccular septum contained a plexus of capil-
laries. These plexuses were continuous with the
plexus within the developing interalveolar septa.
Some of the capillaries bulged out into the saccule
lumen; others were countersunk into the substance
of the septa (figs 1 and 3).

The morphometric data (table 2) show that the
mean diameter of the capillary profiles was 9.22 um
and the mean thickness of the air-blood barrier was
1.84 um. Measurements of intercapillary distance
(that is, the linear distance between the centres of
adjacent capillary profiles) ranged from 9.30 to
30.10 (mean 22.2) um.

i

Fig1 Section through the intersaccular septa o f a neonate
C—pulmonary capillary (containing an erythrocyte);
S—Iumen of a terminal respiratory saccule. The bar
represents 10 um.

Examination of micrographs of the intersaccular
walls sectioned in random directions confirmed that
the wall of each pulmonary capillary was formed by
two to three endothelial cells. A typical endothelial
cell consisted of two parts: a relatively thick zone
that contained the nucleus and a thinner sheet of
cytoplasm that constituted a sizeable area of the ves-
sel wall (figs 3 and 4). The perinuclear portions of
the cells were most frequently found in the deeper
aspect of the septa; in a proportion of cases (10—
15%), however, endothelial nuclei were located in
areas of the capillary wall adjacent to the saccular
air spaces (figs 1 and 3). The intercellular junctions
of the endothelium consisted of zonulae occludentes
(““tight junctions’). In these zones the limited region
of fusion of the plasma membranes was located near
the luminal end of the intercellular cleft. A few cross
sections of capillaries did not show any inter-
endothelial contacts. In each of these micrographs
the vessel profile was usually oval and the plasma
membranes were cut obliquely. Consequently these
appearances were considered to arise from tangen-
tial sectioning of a loop or arc shaped segment of the
capillary plexus. Examination of serial sections
invariably confirmed this impression.

Fig 2 Section through a secondary septum (a developing
interalveolar septum). C—pulmonary capillary; P1—type 1
(squamous) pneumocyte. The large, pale cells in the upper

part of the septum are type 2 pneumocytes; their osmiophilic

inclusions are believed to be stores of pulmonary surfactant.
The bar represents 10 pm.

BuAdos Aqg paldaloid 1sanb Ag 20z ‘0T IMdy o /wod g Xeloyy//:dny woly papeojumod "S86T 48GoI00 T U0 /82 °0T 0F XUY9STT 0T Se paysiqnd 1siy :xeioy L


http://thorax.bmj.com/

The capillary plexus in the gas exchange zone of human neonatal lung 789

3 : 7 S :‘ : L 4
Fig 3 Section through the wall of a respiratory saccule.
En—nucleus of a capillary endothelial cell; P1—nucleus of
a type 1 pneumocyte (a cytoplasmic sheet of these cells
covers the outer surface of the adjacent capillary); arrows
indicate the thin sheet of endothelium lining the capillary.
The bar represents 5 pym.

Thin cytoplasmic sheets of endothelium formed
the inner layer of the air-blood barrier (fig 5). These
sheets had a mean thickness of 0.87 um but very
attenuated areas (0.10 um) were frequently encoun-
tered. Despite this attenuation pores or fenestra-
tions were not observed. A basal lamina was associ-
ated with the endothelium in all of the sections
studied. The basal lamina generally appeared as a
homogeneous layer of moderate electron density. In
the thinner parts of the air-blood barrier (that is,
areas with an overall barrier thickness of <1.0 wm)
the laminae of the capillary endothelium and the
resipiratory epithelium were fused (fig 5). Tissues
fixed at different times after death all displayed this
fusion of the laminae; consequently the appearance
is unlikely to be an artefact produced by postmor-
tem degeneration.

The endothelial cells contained various organel-
les, the most conspicuous being mitochondria, small

Table 2 Measurements of capillary plexus dimensions

Measurement Arithmetic mean (SE)
(pm)*

Intercapillary distance 22.02(1.71)

Capillary profile diameter 9.22(1.12)

Total thickness of air-blood

barrier 1.84 (0.44)
Thickness of endothelial

component of air-blood

barnier 0.87 (0.22)

*Pooled data from lung specimens of five neonates.

dense bodies, and elements of endoplasmic
reticulum. Palade-Weibel bodies were observed
infrequently (fig 4). Micropinocytotic vesicles were
present throughout the cytoplasm and pinocytotic
pits were particularly prominent at the abluminal
surface of the attenuated areas (fig 5).

The capillary endothelium showed prominent
staining with the periodic acid-chromic acid-
phosphotungstic acid procedure. An electron dense
layer of about 200 nm in thickness was bound to the
luminal plasma membranes in all areas (fig 6). No
appreciable staining was observed in specimens that
had not been oxidised by the periodic acid and
chromic acid. Colloidal iron oxide was also avidly
bound to the endothelium (fig 7). Although the rela-
tively large size of the particles hindered the visual-
isation of very fine detail, sufficient resolution was
obtained to verify that the stain was attached to the
‘“outer”’ (that is, luminal) leaflet of the cell mem-
brane. Pretreatment of control sections with
acidified methanol or thionyl chloride eliminated the
staining reaction (fig 8).

Discussion

It is exceedingly difficult to obtain samples of human
lung tissue that display all of the ‘‘normal” ultra-
structural features. Even biopsy specimens obtained
at thoracotomy from a healthy region of the lung
show some artefacts due to the interruption of their
blood supply or to physical damage during their dis-
section. The tissues used in the present investigation
were taken from newborn babies as soon as possible
(under 30 minutes) after death. The development of
the pulmonary vasculature is not considered to have
been appreciably affected by the malformations pre-
sent in these neonates. Furthermore, the tissue pre-
servation was sufficiently good to permit the study of
the main ultrastructural components of the gas
exchange zone.

There is now wide agreement that important vari-
ations exist in the microstructure of the capillaries in
different organs.~!' The pulmonary capillaries of
the human neonate are characteristically narrow and
they contain parts of two to three endothelial cells
per cross section. Despite an extensive search, no
examples of ‘‘seamless” capillaries (vessels having
no interendothelial contacts) or protocapillaries
(channels enclosed by only one endothelial cell)
were found. As in the adult pulmonary circulation,
the epdothelium lacks pores and fenestrations.

The general layout of the capillary plexus in the
lungs of the human neonate differs considerably
from that of adult human lung. Each intersaccular
septum in the neonatal lung (the main type of parti-
tion) has a separate capillary network on both of its

y6LAdod Ag pardsloid 1sanb Ag Zoz ‘0T Iudy Uo /wod fig xesoy//:dny woly pepeojumod "S86T 4970100 T U0 28/°0T 0% XUY9ETT 0T Se paysiiand 1sii :xeioy L


http://thorax.bmj.com/

790

surfaces; in contrast, each interalveolar septum in
the adult lung contains only a single capillary net-
work. Obviously the arrangement in the neonate
could be considered to be primitive in design and
possibly less efficient in function. The neonatal sys-
tem is, however, a temporary arrangement that
permits later modification in response to the
development of true alveoli and interalveolar septa.
The total gas exchange surface of the human neo-
nate has been estimated!? to be about 2.8 m?, while
the corresponding value in the adult'? ' is about 82
m?. The way in which this remarkable increase in
surface area is matched by an appropriate increase
in the bulk of the pulmonary vascular system has yet
to be determined.

Dornan, Meban

Fig 4 Section through the wall of a
pulmonary capillary. E—erythrocyte
in lumen; M—mitochondrion;
Pw—Palade-Weibel body; S—lumen
of terminal respiratory saccule. The
bar represents 0-1 um.

Fig 5 Section through the
air-blood barrier.
Ce—capillary endothelium;
Ep—attenuated layer of
respiratory epithelium;
In—interstitial layer. The bar
represents 0-1 um.

It is important to bear in mind that the tissues
used in this study were obtained post mortem and
that they were fixed in a manner that did not neces-
sarily reproduce normal physiological conditions.
Hence the morphometric data must be assumed to
reflect only the approximate dimensions of the vari-
ous tissue components. Given these qualifications,
however, the capillary network in the intersaccular
septa of neonatal lung obviously has a relatively
large mesh size (estimated intercapillary distance
about 22 um). Furthermore, individual capillary
segments appear roughly circular in cross section
and have a small diameter (about 9 um). All of
these observations suggest that the circulation of
blood in the respiratory zone of neonatal lung prob-
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Fig 6 Tissue stained by the periodic acid-chromic
acid-phosphotungstic acid procedure. The layer of reactive
material associated with the luminal surface of the capillary
endothelial cell is indicated by arrows. The bar represents
0-2 um.

ably does not have sheet like characteristics of the
type suggested for adult lung by Fung and Sobin.'s

The air-blood barrier of the neonatal lung dis-
plays several interesting features. Many of the pul-
monary capillaries bulge into the terminal saccules
and thus expose a relatively large surface to the air.
Yet, surprisingly, in many of these capillaries the
nuclei of the endothelial cells lie in areas of the wall
adjacent to the saccule. Their presence in this loca-
tion obviously hinders the diffusion of gases during
life. On the other hand, the overall thickness of the
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Fig 8 Control tissue pretreated with thionyl chloride and
then immeised in a solution of colloidal iron oxide. Only a
few particles of stain (arrow) are associated with the
capillary endothelium. The bar represents 0-05 pm.

e

air-blood barrier is very low. The arithmetic mean
value obtained in the present study was 1.84 um, a
figure that lies within the range observed in adult
human lung (1.35-3.28 um)'® and that in a series of
adult mammals (pig 1.90 um; mouse 1.27 um)."”

Fig 7 Tissue
labelled with
colloidal iron oxide.
Stain particles are
attached to the
luminal plasma
membrane of the
capillary endothelial
cell. The bar
represents 0-05 pm.
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into the cytoplasm by endocytosis.'” Obviously the 10 Wolff JR, Goerz C, Bar T, Gulder FH. Common mor-

; S Mo phometric aspects of various organotypic microvascu-
membrane associated material in the capillaries of lar patterns. Microvasc Res 197510:373-95.
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