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Boatman, E. S. (1977). Thorax, 32, 406-417. A morphometric and morphological study of the
lungs of rabbits after unilateral pneumonectomy. A study was made to determine the changes
occurring in the contralateral lung of adult rabbits as a result of left pneumonectomy.
Stereological procedures for light microscopy and for electron microscopy were used to
quantitate the changes. Lungs from control rabbits, ranging in body weight from 1-0 to 9-0 kg,
were also analysed. Resin corrosion casts of left and right lungs were prepared.

Left pneumonectomy causes the volume of the right lung to increase to the total paired lung
volume in about four weeks. Total surface area, while increasing directly with lung volume in
control rabbits, increased as two-thirds of the lung volume after pneumonectomy. In some right
lungs there appeared to be an increase in the number of alveoli. Mean linear intercepts for
control lungs were fairly constant, but the volume density of alveolar ducts increased with age.

In pneumonectomised animals, mean air-space diameter of the right lung increased by about
25%, and the volume density of alveolar ducts by 22-33%. The volume density of alveolar wall

tissue decreased by about 30%,.

The average number of alveoli/cm?® for whole lungs was 2:31+0-46X10°, whereas for right
lungs eight weeks or more after pneumonectomy it was significantly less (1-70=+0-38 X10°).

Morphometry by electron microscopy revealed slight changes in the components of the
alveolar septum and a reduction in the thickness of the air-blood barrier.

The overall effect of left pneumonectomy was mainly one of a compensatory increase in the
volume of the right lung with dilatation of alveoli and of alveolar ducts.

During the normal growth and development of the
lungs, the requirements for new respiratory tissue to
fill the space created by a gradually expanding chest
wall is met by an orderly lengthening of respiratory
passages and an increase in the number and size of
the alveoli. Pneumonectomy, however, creates a
different set of conditions in that a significant volume
of the thoracic cavity is suddenly deprived of lung
tissue. How then does the remaining lung respond and
how is the interdependence of function and structure
maintained ? Not surprisingly, this question has been
posed (Haasler, 1892) and investigated experimentally
for over 80 years. Functional, biochemical, and
morphological aspects have been explored in both
man and a variety of animals. A singularly contro-
versial area has been whether the alveoli of the
remaining lung enlarge after pneumonectomy or
increase in number in concert with a rapidly increas-
ing lung volume. Quite early, it was appreciated that

alveolar size may not be uniform throughout the
parenchyma and efforts to obtain quantitative results
were made (Longacre and Johansmann, 1940).

Rienhoff et al. (1935) studied the effects of pneumo-
nectomy in the dog. From observations based on
lung casts and celloidin sections it was concluded that
the compensatory changes were due to a marked
dilatation of respiratory units.

Bremer (1937) found, in a comparison of kittens
with adult cats, that the structural changes taking
place in the remaining lung were determined by the
capacity for further body and lung growth and were
thus age dependent. Longacre and Johansmann
(1940) compared puppies with adult dogs and came
to a similar conclusion.

In these studies dimensional changes were deter-
mined by counting and measuring alveoli. The first
comprehensive morphometric study was conducted
by Sefy et al. (1969). They found that pneumonectomy
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in both young and adult rabbits produced enlarge-
ment of existing respiratory units without evidence of
a numerical increase. In contrast to this, Gnévi et al.
(1970) showed in guinea-pigs that in growing animals
growth of the remaining lung was similar to postnatal
growth; in the adult, the response was limited to
dilatation of the residual tissue.

Two recent pneumonectomy studies in rats, one
by Buhain and Brody (1973) who found no evidence
of alveolar multiplication, and the other by Nattie
et al. (1974) who showed that surface alveoli increased
in number while the more central ones did not, point
to the subtle changes that may be uncovered depend-
ing upon the procedures employed. One important
factor associated with the use of the rat is that, in this
animal, alveoli may continue to increase in number
throughout life (Donaldson, 1924).

The purpose of the present study is (1) to evaluate
in the adult rabbit the growth of the remaining lung
after pneumonectomy, and (2) to identify the changes
that may take place in this lung after exposure to an
air-pollutant gas (ozone). Structural and dimensional
changes in the parenchyma of the remaining lung
were investigated by use of morphometry employing
light and electron microscopy and by lung corrosion
casts. This communication will deal with the first
part of the study.

Material and methods

ANIMALS

Male New Zealand white rabbits, 2-5 to 3-0 kg in
body weight (about 3 months of age), were used
for the pneumonectomy and for morphometry. A
further group of rabbits weighing 1-0 kg to 9-0 kg was
used only for morphometry. Animals were kept in a
controlled environment and fed a standard pellet diet,
cabbage and water ad libitum.

PNEUMONECTOMY

With the animal under sodium pentobarbital
anaesthesia, the left lung was removed. Animals were
intubated and ventilated by bag inflation with 1009,
oxygen. An incision was made through the left fourth
interspace, and the left main bronchus and pulmonary
blood vessels were isolated, the vessels ligated and
the lung removed. The incision was closed in layers
and all of the air available to aspiration by syringe
was withdrawn from the left pleural space. Ventila-
tion with oxygen was continued for 20 minutes after
closure. Animals were killed at periods ranging from
2 to 14 weeks after pneumonectomy.

LUNG FIXATION AND PROCESSING
Left lungs removed at operation and the correspond-
ing right lungs removed at varying periods subse-

quently were fixed and processed in an identical
manner. The wet weights of the lungs were deter-
mined. Fixation was accomplished by tracheal or
bronchial instillation of 0-11 M s-collidine buffered
1-5% glutaraldehyde (pH 7-4, osmolality 300 mOsm/
kg H20) maintained at a pressure of 20 cm Hz20 with
the lungs or lung immersed in a beaker containing
buffered fixative. After 18 to 20 hours’ fixation at
21°C the trachea was clamped and the volume of the
lung was estimated by displacement.

Successive transverse slices of tissue, 40 mm thick,
were obtained from all lobes and alternate slices
(ranging from 1 to 3) were post-fixed in s-collidine
buffered 1% osmium tetroxide stained en bloc with
uranyl acetate and dehydrated in ascending con-
centrations of ethanol starting at 70%;. Lung slices
were embedded face down in Epon 812 resin and
polymerised at 60°C for 48 hours in flat moulds
measuring 2-5x3-5 cm!. In addition, six random
blocks of tissue, 2 mm3, were embedded in resin and
an ultrathin section was cut from each block by use of
a Serval Ultramicrotome II and a diamond knife.
Sections for light microscopy were cut at 1 to 2 um by
the method of Boatman and Lowe (1971) and stained
with azure II-methylene blue. Those tissue slices
which were not post-fixed in osmium tetroxide were
stored in buffered glutaraldehyde and used for the
estimation of the volume density of non-parenchyma.

MORPHOMETRIC ANALYSIS

Light microscopic evaluation A plastic grid was
superimposed on glutaraldehyde fixed 4:0 mm thick
sections (Dunnill, 1962), which were observed under
a dissecting microscope at X 10 magnification, and
the amount of non-parenchyma for each lung was
estimated.

During the early part of the study the 1 pm stained
sections were examined by use of a Zeiss type 1
integrating eyepiece at final magnifications of x200
and X 320. Later, the same sections were reviewed by
the same observer at X200 and %400 using a Wild
M501 automatic sampling stage microscope (Weibel,
1970a). Sections (from upper and lower lobes) were
systematically covered in steps of 1120 um and the
images were projected onto a square test-point lattice.
Only one test point in the centre of the test screen was
used according to the procedure of Burri et al. (1974).
From a total of 500-700 point hits/section the
relative volume densities of the following com-
ponents were determined: (1) volume density of non-
parenchyma (Vvap); (2) volume density of alveolar
air space (Vva); (3) volume density of alveolar septal

1After successive treatments in glutaraldehyde, osmium tetroxide, and
embedding in resin, individual slices were photographed and the
profiles were measured by planimetry to estimate changes due to
shrinkage or swelling.
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tissue (Vvt); and (4) volume density of alveolar ducts
(Vvaa). The surface density of air space (Sva) and the
mean linear intercept (Ln) were estimated by inter-
section counts (Tomkeieff, 1945). Since the mean
linear intercept measurements included both air
spaces, that is, alveolar and duct, measurements of
individual alveolar profiles from 1-0 um sections of
some control and post-pneumonectomy tissues were
made by direct projection and tracings.

The number of alveoli in 10 random fields of a
standard area was determined on each slide by the
method of Dunnill (1962). Counting of alveoli by
use of the Zeiss integrating eyepiece or by the Weibel
grid was supplemented in some cases by counting
alveoli in randomly circled areas on photographic
prints made from negatives of 1-0 um sections and
enlarged x67.

The total number of alveoli per lung (Na) was
calculated by use of the Weibel-Gomez (1962)
formula modified by Burri et al. (1974):

Nva=1_ NAa?%2 where B=1-55and Na=
B VVia Nya X Vyp X V.. *

The air space of the lung (S.) was obtained by use of
the surface density of air-space (Sva) multiplied by
the volume of lung parenchyma (ie, total lung
volume (V1) x percentage of lung parenchyma (Vvp)).

Electron microscopic evaluation Ultra-thin sections
from random blocks of tissue were mounted on 200
mesh carbon coated grids and photographed in a
random manner with a Philips EM 201 in accordance
with the procedure described by Weibel (1963). An
average of 36 to 40 pictures were taken per lung on
35 mm film at a magnification of x 1120. Positives of
the films were analysed on a multipurpose test screen
(Weibel, 1970b) consisting of 84 lines and 168 test
points for point and intersection counting.

The parameters estimated were the volume
densities of epithelium, interstitium, and endo-
thelium and the arithmetic mean thickness of the
air-blood barrier (Weibel, 1970b).

*Nva =number of alveoli/cm®; NAa =number of alveolai transections/
cm?; Vyp=volume proportion of lung parenchyma.

E. S. Boatman

LUNG CORROSION CASTING

Casts of normal adult rabbit lungs and of the right
lungs removed at various times after left pneumo-
nectomy were prepared by the method of Tompsett
(1970) using general purpose polyester resins. Pene-
tration of the resin down the bronchial tree was
stopped in the region of the respiratory bronchioles
which, in the rabbit, are about 0-15 mm diameter.
Tissue was removed from the casts by immersion in
concentrated HCl. Casts were trimmed under a
dissecting microscope and airway diameters and inter-
branch distances were measured with a micrometer
eyepiece.

Results

In our hands the survival rate after left pneumo-
nectomy was about 809 and animals were usually
eating normally within two to three days. Although
most animals were killed at periods ranging from 2
to 14 weeks, two rabbits alive at 17 and 21 months are
in good health and will be kept for an additional
period.

Morphometry

LIGHT MICROSCOPY

The average volume proportion of non-parenchyma
lung tissue obtained by analysis of 4-0 mm thick
transverse slices of lung at a magnification of x10
was 11-99%;, whereas a study of 1:0 pm stained
sections at x 200 gave a figure of 13-79%;. The latter
figure was considered to be the more accurate estimate
since at the higher magnification the differentiation
of small airways, arteries, and veins from other tissue
was more precise.

A comparison between th: use of a grid of 25
squares and a Zeiss integrating eyepiece for estimating
the volume densities of various components of left
lungs, based on total point ‘hits’ of between 500 and
700, gave results that were not significantly different.
Further morphometric values for left and right lungs
are shown in Table 1. It is seen that an increase in
body weight (growth) has a major influence on lung

Table 1 Some morphometric parameters of left and right control lungs (Weibel grid)

No. of Body wt

animals Lung (k) Vp(ml) Ny X107%/cm® NaXx10-¢ Lyu(um) Veaacm®lem®*  S.m?*

7 Left 2-8-+0-25 13-74-1-8 3-14+0-28 43-8-+9-62 65-94-6-19 0-29:-0-03 0-712+0-12
2 Left 4-3 225 22 473 729 0-28 1-062

1 Right 2-8 30-1 27 80-3 64-6 0-33 1-610

1 Right 43 43-2 1-8 791 76-4 0-32 1-990

Top row data: Mean +SD. V,,=lung volume corrected for % non-parenchyma; Nvs =number of alveoli/cm3; Ny =¢zktsolute number of alveoli;

L.: =mean linsar intercept; Vvaa =volume density of .!veolar ducts; Sa =total air-space surface area.
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volume, mean air-space dimensions (Lm), and total
air-space (Sa), all of which increase. The lung vol-
umes of the combined left and right lungs for the two
body weights shown (2-8 kg and 4-3 kg) were 44-0 ml
and 66-0 ml respectively. For an average body weight
of 4-3 kg the total numter of alveoli/whole lung was
126-0 x 108 with a mean linear intercept of 74-6 um.
Linear regression calculations indicated that total
alveolar number (N,) and total air-space surface area
(Sa) correlated more closely with lung volume than

i

with body weight. Photographs of portions of typical
1-0 um sections of a left lung and of a right lung eight
weeks after pneumonectomy and with the cor-
responding morphometric data are shown in Figs.
laand b. Lung changes as a result of pneumonectomy
caused a decrease in Vv, and Vv and an increase in
Vvud and Lm.

A comparison between three methods of estimating
the average number of alveoli/10 fields/slide of a
right lung removed 11 weeks after pneumonectomy

CONTROL PNEUMONECTOMY
Wt.Kg.|  Vygq Vit Vvad | “™um)
CONTROL 3-4 47-4 2112 302 688
PNEUMONECTOMY 5 Sige5 15-4 40 -8 05 =6

Fig. 1 Light microscopy of a random field of a section of (a) control lung and (b) a lung eight weeks ajter
pneunionectomy. Stereological differences derived by morphometric analysis of random fields are shown in the
appended table: V..=volume density of alveolar air-space, V.= volunie density of alveolar septum, V... =volume

density of alveolar duct, and L, =mean linear intercept.
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revealed no marked differences (Table 2). Use of a
projected 16 square grid gave slightly higher alveolar
counts. Alveoli in the upper lobe were slightly larger
and, therefore, of a lower surface density (Sva), ie,
fewer in number, than in the lower lobe.

Air space dimensions calculated by the Lm method
(horizontal and vertical estimates) were compared
with measurements obtained by tracing the outlines
of individual alveoli. Both left and right lungs were
used and the results are shown in Table 3. Dimensions
obtained from tracings of projected alveoli yielded
significantly lower values than those obtained by the
Lm method.

Table 2 Results of alveolar counts obtained by three
different methods

Alveolar count/cm®x 10?

Method Magnification Lower lobe  Upper lobe
1 Zeiss integrating
eyepiece %200 120 141 98
2 Projected 16 square
grid X200 145 150 117
3 Photographic print X 67 128 118 96

RIGHT LUNGS (CONTROL AND AFTER PNEUMONECTOMY)
The morphometric parameters for these lungs are
shown in Table 4. In control right lungs, lung volume

E. S. Boatman

and mean air space dimensions (L) increased with
gain in body weight and, with the exception of
rabbits 1-0 kg in weight, the total number of alveoli
per right lung remained constant at about 79 x 108,
The data for right lungs at different time periods after
left pneumonectomy are shown in the lower part of
Table 4 and a graphical representation of a portion
of the same data is seen in Figure 2. Alveolar number/
cm3 (Nva) and Sva decreased with time and mean
air-space dimensions (Lm) and Vvaa increased (ie, the
average width increased from 166 um to 205 pm), the
former pair producing a mirror-image of the latter
pair.

As mean air-space dimensions increased, the
volume density of alveolar septal tissue decreased
from 189 to 129%;. Measurements of greatest depth
and diameter obtained from alveolar tracings of
1-0 um sections of the left lung and from the lung of
the same rabbit killed eight weeks after pneumo-
nectomy indicated variation in both the depth of the
alveoli and their diameter in respect to the location of
the tissue slice, but no consistent pattern was
observed. In this right lung the largest alveoli were
found in the upper lobe (Table 2). Lung volume
approximated to that of the combined volumes of
left and right lungs of animals of similar body weight.
The non-parenchyma for post-pneumonectomy right
lungs was reduced by 2-19% to 11-62 % (p<0-05).

To assist in the interpretation of the lung changes,

Table 3 Comparison of mean air-space diameters derived from mean linear intercept (Ln) values and

projected alveolar tracings

Method Magnification Mean air-space dia. (um)
Left lung Right lung*
1 Mean linear intercept (Lm) (60 fields/lung) X 400 76-8+2-75 108-7+13-69
2 Tracings of projected alveoli (45 tracings/lung) % 400 69-4+2-84 850468
P<0-05 P<0-05

*Observed 8 weeks after pneumonectomy.
Mean 4SD.

Table 4 Estimates of alveolar number, mean linear intecept (Ln), and total air-space surface area (S.) for

right lungs; control and after pneumonectomy (PP)

Number of alveoli

Total no. of alveoli

Body wt (kg) Vp(ml) X10-¢/cm?® x10-¢ L (um) Sam?
1-0 15-6 1-84 (control) 286 737 0:720
2-8 30-1 2:67 " 80-3 646 1-584
3-8 47-0 1-40 4 77-6 66-7 2-397
43 422 1-83 " 79-1 76-4 1-878
32 30-1 3-64 (2 wk PP) 109-7 67-2 1-522
31 43-0 2:14(8) 92-2 727 2:010
34 347 2:03(9) 705 85-8 1-374
39 66-0 1:82 (10) 1205 87-4 2-559
4-0 653 1-69 (11) 985 95-3 2:331
3-8 77-0 1-30 (12) 85-4 89-8 2913
4:2 65-0 1-20(18) 729 96-9 2282

Vp=lung volume corrected for % non-parenchyma.
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Fig. 2 Graphical representation of morphometric data from a series of right lungs analysed at
different time periods after pneumonectomy. The fall in alveolar number (Nva) and alveolar surface
density (Sva) and rise in mean linear intercept (Lm) and volume density of alveolar duct (Vyaa) have

a ‘mirror-image’ relationship.

lungs from normal rabbits ranging in body weight
from 1-0 to 9-0 kg were processed and morphometric
data were obtained. A bimodal plot of these normal
paired lungs in terms of interalveolar distance (Lm)
corrected for changes in lung volume, that is,
Ln/34/ A Vi against body weight, is shownin Figure 3.
In animals of about 4-0 kg in weight (>4 months in
age) the interalveolar distance levels off, suggesting
no further increase in the number of alveoli. However,
when the total number of alveoli (Na4) is plotted
against body weight (Fig. 4) there appears to be a
general increase in the numbers of alveoli for whole
lungs. Also shown in Fig. 4 are the total numbers of
alveoli for right lungs after pneumonectomy, which
are seen to vary considerably within a relatively close
range of body weights.

In paired lungs (Fig. 5, closed circles) the total
surface area (Ss) increases directly with lung volume
whereas, in post-pneumonectomy right lungs
(crosses), Sa increases as the two-thirds power of the

lung volume, ie, the Sa values for right lungs ‘fit’ the
paired lung slope at two-thirds the lung volume
(dotted lines). All right lungs other than the two with
the lowest volumes are eight or more weeks after
pneumonectomy.

Enlargement of the lungs of normal rabbits due to
natural growth is accompanied by an early increase
in the number of alveoli (Fig. 4) and a rise in the
volume density of alveolar ducts (Table 5). Alveolar
size as estimated by measurement of intercepts (Lm)
within the range of body weights investigated is
fairly constant, as is the surface area of whole lungs
from older animals of 5-1 to 9-0 kg in weight (Table 5).

ELECTRON MICROSCOPY

A comparison of morphometric data derived from a
left lung removed at operation (day 0) and the cor-
responding right lung removed at necropsy 10 weeks
later is shown in Table 6. Changes in the volume
densities of different components of the parenchyma
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Fig. 3 A plot of interalveolar wall distance (Lm(3\/ 1 V1) against body weight corrected for increases due to lung
inflation. Values are fairly constant at about 4.0 kg and beyond. Dotted lines are linear regressions.

Table S5 Morphometric parameters of parenchyma tissue from the lungs of rabbits of different body weights

Body wt (kg) Vi(ml) Via Vo Vvaa Ln(um) Sam?
1-1 23-8 520 21-3 23-5 78-1 1-036
2-8 42-4 486 20-5 27-8 62-3 2-307
3-4 446 50-3 17-6 30-4 70-8 2:146
43 619 51-6 17-0 291 73-0 2-873
51 97-2 50-6 16-7 31-0 67-0 4932
54 102-3 47-1 17-8 32:4 72:7 4-791
62 1069 499 12:0 36-5 78-4 4-634
9-0 88-7 43-2 17-0 372 75-2 3-996

Vva=volume density of air space (%); Vvt =volume density of alveolar tissue (%); Vvaa =volume density of alveolar ducts (%); Lm =mean linear

intercept (um); Sa =total air-space surface area.

are seen as well as differences in air—blood barrier
dimensions.

The volume densities of combined air-space
(alveoli and alveolar ducts) estimated by light
microscopy was 0-73 (73%) and by electron micro-
scopy (Table 6) 0-74 (74 9;). Air-space surface areas
calculated for right lungs by use of electron micro-
scopy were larger than those derived by use of light
microscopy (3-5 m2 v 2-4 m2). For left lungs, the areas
were correspondingly 1-1 m2 v 0-71 m2.

Lung casts

A photograph of a polyester resin cast of a right lung

nine weeks after pneumonectomy from a rabbit of
3-6 kg in body weight is shown in Figure 6. This cast
and casts of three control lungs from animals of
similar body weight were measured with respect to
diameter and length of the axial airway. Overall the
axial airway from the pneumonectomy cast was
5-0 mm longer than two of the control casts and
2-0 mm longer than the remaining control. However,
axial airway diameters of the pneumonectomy cast
were not significantly different from those of the
controls. Whether this difference in axial length is
common to all post-pneumonectomy right lungs
remains to be verified. In any event, the agreement
between control and pneumonectomy right lungs in
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Table 6 Morphometric data obtained by electron
microscopy of lungs before and after pneumonectomy
(PP)

Day 0 10 weeks PP

Morphometric parameters left lung right lung
Volume density—air space 0-74 0-84
s ,. —capillaries 0-06 0-05
. ,, —alveolar wall 0-20 0-11
v ., —epithelium 0-25 0-30
“ ,» —interstitium 0-40 0-40
—endothelium 0-35 0-30

Surface density—alveoli 854 cm?/cm?® 588 cm?/cm?®

Arithmetic mean—alveolar wall 29 um 215 um
Harmonic mean—alveolar wall 0-85 um 0-85 um
Thickness of epithelium 0-68 um 0-53 um
" ,, interstitium 1-15 um 0-87 um
. ,. endothelium 1:26 um 0-78 um
Absolute surface area 0-996 m? 3-50 m*

terms of airway diameters was remarkably close and
confirms the usefulness of this casting technique.

Discussion

The unravelling of the changes taking place after
pneumonectomy is complicated by the normal
growth and development of the animal and by inter-
animal variation. That considerable variations in
alveolar number and other lung parameters occur in
both man and animals has recently been discussed by
Thurlbeck (1975). In humans, for example, the need
for new tissue is met by an increase in both number
and size of alveoli until growth of the chest wall is
finished (Reid, 1967). In the rat, alveoli may continue
to be produced throughout life, whereas in the rabbit
differentiation and the formation of new alveoli
apparently cease at 3 months of post-natal
development (Short, 1952). The need for an accurate
determination of this event is of particular impor-
tance when studying growth stimuli after pneumo-
nectomy and exposure to ozone.

In terms of morphometry, the concept of an
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Fig. 5 A plot of total
surface area (Sa) against
lung volume (V1) for whole
lungs and right lungs after
pneumonectomy. In the
former lungs, surface area
increased in a linear fashion
with lung volume (@)
whereas right lungs fit this
line at 2/3 Vi.
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accurate determination is based upon statistical
probabilities, and with respect to point-counting the
degree of accuracy obtained is dependent upon the
total number of counts made. In the present study
the volume densities were based on 500 to 700 points
per section. From the data of Weibel (1963) the
expected error is about 4% to 8%, depending upon
the frequency of the component. Even so, much
depends upon the discriminatory powers of the
observer. In our work, all morphometric determina-
tions were made by a single observer.

The question of the shrinkage of lung tissue after
fixation and embedding has periodically received
attention, and fixation constants have been derived
for particular systems (Dunnill, 1962; Weibel and
Knight, 1964 ; Burri et al., 1974). Provided that care
is taken in the choice of fixatives, buffers, and the
osmolality of the final solutions, the changes in
tissue dimensions, particularly with resin embedding,
are less than 59 (Weibel and Knight, 1964). The
linear conversion coefficient for glutaraldehyde/

+~—

osmium fixed tissue in the present study was identical
with that of Weibel and Knight (1964), that is, 1-:05
with the use of 70 % ethanol as the initial dehydrating
agent.

In animal experiments involving pneumonectomy,
comparisons are often difficult because of the lack of
information concerning the breed, sex, age, and body
weight of the animal employed in the study. In many
cases, only the term ‘adult’ is used to characterise the
animal.

The body weight of the animals used in our study
ranged from 1-0 kg to 9-0 kg which, in age, is from
about 2 months to 3 years. The rabbits termed
adult by Short (1952) had a V1. of 43 ml and a Sa of
2-3 m2, which would correspond to our rabbits of
3-8 kg. Sefy et al. (1969) used adult rabbits with a
mean Vi, of 62 ml and a S. of 2:53 m2, which would
correspond to our rabbits of 43 kg.

It has been shown by use of a variety of animal
species that, irrespective of whether the right lung or
left lung is removed, the stimulus to the remaining
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Fig. 6 A resin corrosion cast (partially trimmed) of a
right lung nine weeks after pneumonectomy.

lung results in a compensatory increase in lung
volume. Generally, the remaining lung doubles in
volume or is equal to the combined volume of left
and right lungs within 4 to 10 weeks. Our results
(Tables 1 and 4) are consistent with this. It should be
recalled that, although either lung can be removed,
removal of the right lung reduces total lung tissue
abruptly by about two-thirds. In either event the
metabolic needs are apparently met since Nattie et al.
(1974) found in rats that hypoxia was absent 24 hours
after surgery and Cournand et al. (1950) noted in
humans that alveolar ventilation/perfusion relation-
ships after pneumonectomy showed that the vascular
bed of the remaining lung was able to accommodate
a twofold increase in pulmonary blood flow in a
normal manner.

With a rapidly changing residual lung the advan-
tage of morphometry is that relatively small changes
not readily detectable by visual examination can be
determined. The pictorial and calculated data shown

D

in Fig. 1 support this contention. The results (Tables 1
and 4; Figs. 1 and 2) confirm the findings of Sety et al.
(1969) and show that after pneumonectomy the
increase in volume of the remaining lung required to
fill an enlarged thoracic space caused by a displaced
mediastinum is satisfied almost entirely by a sub-
stantial increase in mean linear intercept and in the
volume density of alveolar ducts. Given such factors
as variations in age, body weight, and lung volume
(Sety et al. removed the right lung), as well as differ-
ences in fixation, sampling, and processing of tissue,
the values obtained from the two studies are remark-
ably close. For example, the amount of non-
parenchyma calculated for adult rabbits from
measurements by light microscopy (Sefy e al., 1969)
was 12:43 9. In our study, it was 11-89 %, obtained by
the use of 4 mm tissue slices and 13:729; by use of
1-0 um sections. Also, in adult animals before and
after pneumonectomy, in both studies the volume
density of alveolar duct air-space increased from
32-47% to 47-5% (Sery), an increase of 45%; and in
our study from 30-29%; to 40-8 9, an increase of 33 %,
(Fig. 1). Sefy et al. (1969), however, did not estimate
the mean interalveolar distance for those lungs but
did estimate the mean surface area of air-space.

Estimates relating to either the numbers of alveoli/
cm? or the absolute number are subject to consider-
able errors. The first is a subjective one—of what, in
any plane of section, constitutes an alveolus (Burri
et al., 1974), and the second is the problem of inter-
animal variation. A table by Weibel (1963) shows that,
in human lung, total alveolar counts range from 75
to 775 million, and Thurlbeck (1975) has estimated
the range in the adult to be from 175 to 530 million.
We found similar variability in the rabbit not only in
whole lungs but also in the right lung after left
pneumonectomy (Fig. 4). In some instances in these
right lungs the calculated total number of alveoli
equals that of both lungs in animals of similar body
weight, thus suggesting some degree of alveolar
multiplication. However, if the average number of
alveoli/cm3 of tissue for whole lungs irrespective of
body weight (2:31+0-46x108) and of right lungs
>8 weeks post-pneumonectomy (1-70+0-38 x
106) are compared, then the latter are significantly
lower (p<0-05). This suggests that after pneumo-
nectomy in the rabbit little or no increase in alveolar
number occurs. Additional errors in counting alveoli
concern inter-observer variation and possibly the
method used, although the three methods used in our
study were within the expected error of 109%;.

If the increase in lung volume occurs by simple
distension of existing tissue we may ask how this
affects the surface cells of a single alveolus. Meyrick
and Reid (1970) estimated that in human lungs the
proportion of type I alveolar lining cells to type II
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cells/alveolus is in the ratio of 4:6, giving a total of
113 type I cells and 170 type II cells/alveolus. Using
Reid’s figures of 54 pum diameter and 2290 pm?2 for the
type I cell and 9 pum and 63 um?2 for the type II cell,
it was calculated that with the same proportions a
single rabbit alveolus of 71:25 um diameter and a
surface area of 15 950 um2 would accommodate about
six type I cells and nine type II cells. Furthermore, if
after pneumonectomy the diameter of a single
alveolus was increased to 84:25 um, then either the
surface area of the cells would have to increase by
409 or an increase in the number of cells from 15 to
22 would be required. On present concepts it appears
that the type II cell would be the source of the new
cells. The requirement for a cell to expand by 409,
would mean an increase in diameter of about 10 um
for the type I cell and 16 um for the type II cell.
Alternatively, a change in cell shape (surface to
volume ratio) may be all that is required. A study is
under way to attempt to estimate the average number
of type I and type II cells per alveolus and the
dimensions of the cells.

Cowan and Crystal (1975) suggest that in the adult
rabbit the observed increase in cell number (ie, on the
basis of increases in dry weight, DNA, protein, and
hydroxyproline) one month after left pneumonectomy
reflects alveolar hypertrophy and/or hyperplasia. All
four values were increased by nearly 1009, over the
control estimates. Obliteration of the empty hemi-
thorax with wax results in the suppression of both
DNA and collagen synthesis in the remaining lung.

Morphometric analysis of the components of the
air-blood barrier by electron microscopy showed as
expected a thinning of the barrier after pneumo-
nectomy (Table 6). In keeping with the results
obtained by light microscopy, the surface density of
alveoli (Sva) was also reduced. Electron microscopy
showed that the relative thicknesses of components
of the barrier were reduced after pneumonectomy as
was the arithmetic mean (7) thickness. The harmonic
mean (¥n) however, did not change. Estimates of
barrier thickness obtained by Weibel (1972) for the
rabbit were lower by almost 509 (f 1-52 um;
7n 049 um) than those obtained for pneumo-
nectomised rabbits in the present study (f 2-15 um;
7n 0-85 um). Why this was so is not clear. Additional
measurements of other lungs produced values of a
similar order. Interstitial oedema appeared not to be
involved, and the volume densities of epithelium,
interstitium, and endothelium were the same as those
for the rat. The measurement of normal rat lungs
using the same methodology produced results very
close to those obtained by Weibel (1972) and Burri
et al. (1974) for this species. Clearly, additional
analyses are required to resolve this problem.

The relative increase in total surface area of the

E. S. Boatman

lung as estimated by electron microscopy over that
calculated from light microscopy measurements is
due to the higher resolving power and magnification
of the former technique, and this has been commented
upon by Keller et al. (1976).

The electron microscopic appearance of alveolar
tissue from post-pneumonectomy lungs, apart from
a few focal areas of swollen cytoplasm of capillary
endothelium, was relatively normal. Type I surface
epithelium and type II cells with characteristic
lamellated bodies were similar to control lungs.

In conclusion it may be said that the overall effects
of left pneumonectomy in the adult rabbit are those of
dilatation of alveoli and alveolar ducts in accord with
a substantial increase in the volume of the remaining
right lung.

Dilatation of existing alveoli causes a reduction in
the thickness of the alveolar septal tissue. Structurally,
the remaining lung is somewhat compromised. What
then is its fate in the presence of gaseous air pol-
lutants? Preliminary findings indicate a surprising
degree of tolerance, although age and the addition of
intermittent exercise may be deciding factors.
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