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Abstract

The method of making casts of airways and the
pulmonary arterial system using a styrene polymer resin
is described. A human and a dog were used as models.
The viscosity of this resin ranges between 40 and 60
dPa/s at 24°C. The elastic rubber tube used for resin in-
jection allows a constant perfusion pressure, i.e., 44 mm
Hg and 110 mm Hg for airway and vascular filling, re-
spectively. The casts obtained using this method are
suitable both for macro- and microscopic analysis.
Shrinkage during polymerization is minimal. Moreover,
a preceding lavage is not necessary. Scanning electron
microscopy (SEM) of cast lungs showed the endothelial
cell nuclei imprints on vessels. Computer assisted anal-
ysis of alveolar capillary interspaces showed that these
holes are larger than those described in normal rats.
The diameter of alveolar capillaries in dogs is almost the
same as in the normal rat lung. When casting the air-
ways, alveolar cells and/or materials inhaled might be
preserved and observed in SEM.

Key Words: Scanning electron microscopy, corrosion
casting, styrene-methylethylketone, lung, bronchioles,
alveoli, capillaries, human, dog.
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Introduction

In the past, [ have made anatomical studies in the
lung using macrocorrosion casts of large mammals, e.g.,
humans, dogs, seals, and otaries to observe the three-di-
mensional branching pattern of airways and blood ves-
sels (Hojo, 1974; 1975a; 1975b; 1980; Hojo et al.,
1989). The resin I have used was prepared by dissolving
a styrene polymer in methylethylketone. Latex or meth-
ylmethacrylate have been reported to be used for similar
studies (Aharinejad er al., 1991a; 1991b; Charan er al.,
1984; Dilly, 1986; Guntheroth er al., 1982; Hodde, et
al.,1990; Hossler and West, 1988; Kendall and
Eissmann, 1980; Koike er al., 1986; Lametschwandtner
et al., 1976; 1990; Ohtani, 1980; Piasecki, 1974;
Rodriguez et al., 1987; Schlesinger and McFadden,
1981; Schraufnagel, 1987; 1990; Schraufnagel er al.,
1986; Schraufnagel and Patel, 1990; Schraufnagel and
Schmid, 1988). While Hodde er al. (1990) used a
Harvard infusion pump, most authors did not perfuse the
resin at a constant pressure. This may be because in-
struments to deliver a constant pressure are cumbersome
and expensive. In this paper, I describe a method of
making lung casts using a screw syringe attached to a
flexible rubber tubing that provides constant pressure in
a simple manner. Using this method, I was able to com-
pare the dog and human lung microvasculature as well as
airway microanatomy.

Materials and Methods

Styrene polymer was obtained from Koso Kagaku
Co. (Tokyo) and dissolved in methylethylketone (in 2:3
weight ratio) in a closed flask at room temperature. Af-
ter about 2 hours, the mixture completely dissolves and
can be poured into a special 314 ml brass screw syringe
made by Kenmeisha Co. (Fukuoka City; Figure 1). The
viscosity of this resin ranges between 40 and 60 dPa/s at
24°C. The end of the syringe (3 mm inner and 5 mm
outer diameter) was connected to a 15 cm long rubber
tube (8 mm inner and 11 mm outer diameter). This was
connected to a plastic cannula of 6 mm inner and 10 mm
outer diameter, with the end of the cannula introduced
into a vessel or trachea. The cannula was ligated into



place by a linen thread. The elasticity of this flexible
rubber tube imparts a constant pressure as the plunger of
the syringe is advanced.

The trachea of a 55-year-old man, who died of
heart failure, was cannulated (inner diameter 8 mm) and
700 ml of the resin was injected through the cannula.
The lung had been fixed with 10% formalin. The pres-
sure required to fill the airways was about 44 mm Hg,
the pressure to fill the vascular space was about 110 mm
Hg. The injection pressure, measured at the connection
of the rubber tube with the syringe, was kept as constant
as possible. To cast the airway of the 12-kg dog, about
500 ml of resin was injected through a 3 mm cannula in-
to the trachea. To cast the vascular system of the dog,
about 300 ml of resin was injected into the pulmonary
artery. The airway and vascular systems were not rinsed
before casting. The dog lung was not fixed.

The lungs were placed in water at room tempera-
ture for three weeks. They were then placed in 5% HCI
for 1 to 2 days, then rinsed in distilled water for two
hours. Small specimens were taken from the lower lobe,
mounted on aluminum stubs and sputter-coated with gold
for three minutes at 0.1 torr (Ion coater, IB-5, Eiko
Engineering Co., Mito City, Japan). They were ob-
served with an ABT SX-40A scanning electron micro-
scope (Akashi Beam Technology, Tokyo) operated at
accelerating voltages ranging from 5 to 25 kV. The
working distance ranged from 8 mm to 65 mm and
micrographs were taken at 10X to 1,000X.

The diameter and the length of the terminal bron-
chioles and the respiratory bronchioles of the human air-
way casts and the diameter of the casts of the pulmonary
arteries, alveolar capillaries, and holes in the alveolar
capillary rings of the dog vascular casts were measured
using a digitizer (IMS-Uniscience, Fukuoka City,
Japan).

Diameter of capillaries and the diameter of the
holes of alveolar capillary rings of the dog and human
were compared with those published for the normal rat
(Guntheroth er al., 1982; Schraufnagel er al., 1986).
Student’s-z-test was used as statistical method.

Results

By using the styrene resin and the described sy-
ringe, I was able to cast the lungs of large animals and
fill all segments easily and economically (Figure 1).
Furthermore, this method needs no lavage. It can be
used both for macroscopic and scanning electron micro-
scopic demonstrations. The cost of other commercially
available resins is higher, when organs of large animals
are desired to be cast.

Moreover, this method enabled me to measure
many parts of the casts with a digitizer. In the present
study, I show a terminal bronchiole of the lower lobe of
the left human lung, and the pulmonary artery along the
terminal bronchiole of the lower lobe of the left lung in
the dog. The micrographs of the human specimen show
that respiratory bronchioles, S00 pm in diameter, come
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Figure 1. A brass screw syringe (314 ml in volume) is
shown.

Figure 2. Micrograph of a cast terminal bronchiole
(1250 pm in diameter) with respiratory bronchioles (500
wm in diameter) and groups of alveoli in the human
lung. Arrows show groups of alveoli; one group is
shown enlarged in Figures 3a, 3b and 3c. Note tissue-

like components on the surface of the terminal bron- |

chioles. Bar = 1000 pm.

Figure 3a. A group of alveoli (at large arrow in Figure
2). Fine pits, and large and small fibers on the surfaces

of the bronchioles, on the alveolar duct and on the al- |

veoli are shown. The terminal airspace diameter ranges
from 150 to 575 um. Bar = 200 pum. Figure 3b.
Higher magnification of the central part of alveoli in
Figure 3a. Note a few pores (two arrowheads), small
particles, a fiber and respiratory epithelial cell-like
forms, and the epithelial cell I (flat, two large arrows)
and II (cuboidal, small arrows) on the surfaces of al-
veoli. These two types of epithelial cells were distin-
guished by their form. Bar = 10 um. Figure 3c.
Higher magnification of the respiratory bronchioles, a
short alveolar duct, and alveoli (at small arrow in Figure
2). Note many pits on their surface. Bar = 50 um.

Figure 4. The cast of a bifurcated pulmonary artery (A)
accompanied by a bifurcated bronchiole (T), prepared
from a peripheral part of the left lower lobe of the dog.
The region in the small square was filled with the resin
as shown in Figure 7. Dorsal view of the cast lung. Bar
= 1000 pm.

Figure 5. Higher magnification of a 500 pm large pul-

monary artery (A) with an accompanying bronchiole (T) |

shown in the square in Figure 4. Note the circular

indentations. Bar = 100 pm.

Figure 6. Higher magnification of the pulmonary artery
in the square in Figure 5. Note many impressions coin-
cided with the nuclei of endothelial cells of the pulmo-
nary artery. Bar = 20 pum.

off a terminal bronchiole that is about 1250 pm in diam- ‘

eter, by dichotomous branching (Figures 2 and 3a). The
respiratory bronchioles led to short alveolar ducts.
Alveolar ducts had almost the same widths as the respi-
ratory bronchioles.

The alveoli of the human, at the end of the alveo-
lar duct, varied in size. Many pits, fine particles, and
fibers were observed on the uneven surfaces of the respi-
ratory bronchioles and alveoli (Figures 2, and 3a-3c).
Some epithelial cell-like structures (flat and cuboidal
epithelial cells), and fibrous material were present on the
surfaces of the respiratory bronchioles and the alveoli
(Figure 3b).

The pulmonary arteries accompanied bronchioles
(Figures 4-6 and 7-12). Oval and oblong nuclear im-
pressions of endothelial cells (Kendall and Eissmann,
1980; Ohtani, 1980; Schraufnagel and Patel, 1990) were
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Table 1. Diameter of alveolar capillaries and alveolar capillary interspaces in the normal dog and rat.

Alveolar capillaries

n m (pm) SD
Dog! 22 6.35 2.29
Rat? 100 6.75 1.4
Rat3 26 5.78 1.17

*

Alveolar capillary interspaces (holes)

n m (pm) SD
30 5:73 1.27
26 4.23 12,

m = mean diameter; 'this paper, Figure 12; 2Schraufnagel er al., 1986; >Guntheroth et al., 1982
*The standard deviation (SD) was calculated from the standard error.

observed on the surface of the cast pulmonary arteries
(30 to 500 um in diameter; Figures 5-8). Round impres-
sions were found on capillaries that were about 12 ym in
diameter (Figure 10); these are also regarded as caused
by the nuclei of endothelial cells (Kendall and Eissmann,
1980). On the cast arteries (Figures 4-6), there were
circular indentations.

The capillary networks in the dog had two distinct
patterns. The loose network (Figures 8 and 9) that ap-
peared on the pleural surface and around the arteries and
airways and the denser network that was around alveoli
(Figures 10-13).

In the dog, the pulmonary arteries (Figure 8) were
about 40 um wide when viewed dorsally (Figures 7 and
8). They gave off 6 single branches along their course.
The diameter of these branches varied between 10 to 20
um (Figures 7 and 8). The alveolar capillaries were
concave (basket-like) and were closely apposed, forming
groups when viewed ventrally (Figures 11-13). There
were three kinds of holes of the capillaries in the dog,
large (Figures 8 and 9), small (Figures 11-13) and slit-
like (Figure 10).

The diameter of capillaries and the holes of
alveolar capillary rings in the dog and human obtained
from a micrograph (Figure 12) in the present study were
compared to those published for the normal rat
(Guntheroth er al., 1982; Schraufnagel er al., 1986).
The diameter of capillaries in the dog lung and rat lung
was similar but the diameter of the holes of alveolar cap-
illary rings in the dog was larger than that in the normal
rat (p < 0.001; Table 1). Likewise, the diameter of the
capillaries on the ventral and dorsal surfaces were
similar (Table 2).

Discussion and Conclusion

I have made human and other mammalian lung
casts using styrene-methylethylketone resin with the
screw syringe and a rubber tube for macroscopic dem-
onstration. This study shows that these casts can with-
stand the electron beam in the scanning electron micro-
scope and the obtained views are of good quality allow-
ing them to be compared to the views of other authors.
When large amounts of resin are required, this method
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Figure 7. Low magnification micrograph of pulmonary
arteries and capillaries. Dorsal view in the lung cast of
the dog. Bar = 50 um.

Figure 8. Higher magnification of an area pointed by a
large arrow in Figure 7. Note endothelial cell nuclei im-
pressions pointed by two large arrows on the pulmonary
artery (40 um). A right-angled branch (pointed by the
upper asterisk) led to the loose capillary network. The
lower asterisk marks another branch of the artery. Note
large holes of the capillary network. Bar = 20 um.

Figure 9. Higher magnification of the loose capillary
network shown in Figure 8. Note the larger capillary
holes. Bar = 10 pum.

Figure 10. Higher magnification of the square in Figure
7. Note the constriction of the connection site of capil-
laries (small arrows) and round-shaped nucleic impres-
sions (two large arrows) on the capillary. Note a few
slit-like holes distinct from holes in Figures 8, 9, 11, 12
and 13. The length of the slit-like hole in the central
area (the largest arrow) is 14 um. The long axis of the
central slit-like hole is in parallel with plane of this
micrograph. Bar = 10 pum.

Figure 11. Higher magnification of the central area of
the ventral view in Figure 8. Note basket-like structures
shown in the angled area. Bar = 25 pm.

Figure 12. Higher magnification of the angled area in
Figure 11. Note small holes of the capillary network.
These holes were smaller than those shown in Figures 8
and 9. Bar = 12.5 um.

Figure 13. Higher magnification of the capillary net-
work in the angled area in Figure 12. Bar = 5 um.

is recommended because it is economical and produces
casts of good quality.

A screw syringe was used for small sized animals
(e.g., the toad; Lametschwandtner er al., 1976; 1990).
The screw syringe with the rubber tube for constant
pressure, as used for various sized animals (e.g., hu-
mans and dogs, the present study; other studies, Hojo,
1974; 1975a; 1975b; 1980; Hojo et al., 1989) is also
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Table 2. Difference of the capillary diameters between
the dorsal and the ventral view.

n m(upm) SD

Dorsal view (Figure 10) 12 6.05 2.08
Dorsal view without

constricted connecting 9 7.70 1.18
capillaries (Figure 10)

Ventral view (Figure 13) 16 6.01 1.12
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useful for the examination with the scanning electron
microscope. For applying this method, the best injection
pressure is 44 mm Hg for the airways, which is greater
than the pressure used by Dilly (1986) and Wang (1990),
and 110 mm Hg for the vascular injection, which is sim-
ilar to that used by Hossler and West (1988). The screw
syringe and the rubber tube in this method are suitable
for keeping the injection pressure almost constant result-
ing in good casts. Among a group of the alveoli, central
ones were about 150 to 200 pum in diameter, but periph-
eral ones were about 575 um in diameter (Figure 3a).
These data were similar to those of the adult subjects ob-
tained by Dilly (1986), but in the Dilly’s study, the in-
jection pressure for the airway was 30 cm H,0 (= 22
mm Hg).

The pits in the cast represent protuberances from
cells of the respiratory bronchioles and the alveoli
(Figures 3a-c) or fibrous materials in the respiratory
bronchioles and the alveoli of the human lung (Figures
2, 3a and 3b). Some of the pores of the alveoli were
regarded as alveolar pores which Wang (1990) described
on the surfaces of adult human alveoli. These pores or
pits observed on alveoli were also reported by other au-
thors (Schraufnagel, 1990). In the present study the im-
pressions of the endothelial cell nuclei were observed on
capillaries with a luminal diameter of 12 um (Figure
10). Similar impressions have been observed on the sur-
face of veins of about 200 um diameter by Hossler and
West (1988). Fibrous materials in the respiratory bron-
chioles and the alveoli may be those inspired when this
subject worked in a factory.

The loose and the dense capillary networks have
been described by other authors (Guntheroth er al.,
1982; Schraufnagel er al., 1986). Measurements of
capillaries of these two networks were compared. The
mean diameter of the alveolar capillaries by
Schraufnagel er al. (1986) was 6.75 pum and that by
Guntheroth er al. (1982) was 5.78 um (Table 1). The
difference in the average diameters of alveolar capil-
laries between these two studies was significant (t =
2.1698, p < 0.05); but the difference in the average di-
ameter of alveolar capillaries evaluated by Guntheroth et
al. (1982) and that estimated in the present study, was
not significant. The average diameter of holes of the
alveolar capillary rings in the dog (present study) was
significantly larger than that of the rat in the study of
Schraufnagel er al. (1986; t = 4.521, p < 0.001). This
is one of the differences in the lungs between the dog
and the rat.

Some distinct circular indentations were observed
on the surface of the cast arteries in the dog lung. These
indentations may be caused by the smooth muscle of the
arterial wall and may be involved in blood flow regula-
tion in the pulmonary arteries. The same function has
been suggested for pulmonary veins by Aharinejad ez al.
(1991a; 1992) and Schraufnagel (1990).

This method does not require lavage of blood
vessels and airways as do other methods (e.g.,
Lametschwandtner er al., 1990; Schraufnagel, 1990;
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Schraufnagel and Schmid, 1988). By omitting rinsing of
blood vessels and airways, inhaled materials and tissue
remnants can be preserved and observed. Moreover, as
pits on the inner walls of the respiratory bronchioles and
alveoli, and fine round impressions on the inner walls of
12 pm capillaries were observed, I conclude that the
suggested casting material fills airways and the arterial
system without shrinkage, and that these casts may be
useful in further steps of scanning electron microscopic
three-dimensional analyses and in computer-assisted
measurements of bronchioles, pulmonary arteries, capil-
laries, alveoli, tissue remnants and inhaled materials in
the lung of humans and other mammals. In addition,
macroscopic anatomic studies of the cast lung specimens
(without preceding lavage of blood vessels and airways)
can be performed.
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Discussion with Reviewers

S. Aharinejad: Why did you use an acceleration
voltage of 25 kV? Is it not too high?

Author: I correlated the acceleration voltage to the
surface feature of the specimens. In this study, the
voltage of 5 kV was used for the capillary network of
the dog lung.

S. Aharinejad: What volume of your resin was used for
individual specimens?

Author: As stated in the text, about 700, 500 and 300
ml of resin were used for the human trachea, dog
trachea, and human arterial system, respectively.

A. Lametschwandtner: There are tissue remnants ad-
hering to the cast surface. Is this due to insufficient
maceration or to plastification of tissue components by
the resin mixture used?

Author: As lungs were not rinsed before casting, and
as lungs were fixed with formalin, plastification of tissue
remnants was observed in Figures 2, 3a and 3b.

S. Aharinejad: You have got very good views of the
pulmonary artery in dogs. Did you observe any venous
vessels in the canine pulmonary microvascular bed?
Have you ever observed any constrictions on venous ves-
sels, suggesting the presence of venous sphincters?
Figures 4 and 5 show the canine pulmonary arte-
ries. On the surface of these cast arteries, some circular
indentations can be distinguished, some of them are very
impressive. Would you think of a probable occurrence
of arterial sphincters in the dog lung? What functional
implications would you expect?
Author: 1 have not examined the constrictions of the
pulmonary veins. On the surface of the pulmonary
arteries in the dog, I also observed many distinct circu-
lar indentations (Figures 4 and 5). I think that these cir-
cular narrowing may be caused by smooth-muscle con-
traction as described previously on the wall of the
pulmonary veins (Aharinejad, er al., 1991a; 1992;
Schraufnagel, 1990). The smooth-muscles of the arterial
wall described are suggested to be related with the blood
flow regulation.

K. Hodde: When in time does the viscosity of the ready
injection medium change to higher values, and when is
setting complete? How meaningful statistically is it to
compare the measurements in one specimen with those
in the literature gathered with different methods and
materials?

Author: The resin used easily sets by evaporation of the
methylethylketone in a week, but in about 3 weeks for
the lung. The comparisons of the data of this study with
those of other studies showed almost equal values in the
human terminal airspaces, but showed differences in the
dog pulmonary arteries, which may be related with their
various body sizes.
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