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INTRODUCTION

Type II alveolar epithelial (Type II) cells are known to produce pulmonary
surfactant which reduces surface tension at the air-water interface (Goerke, 1974).
The synthesis and/or secretion of surfactant material in Type II cells are facilitated by
stimuli of neurohumoral mediators: cholinergic and adrenergic stimuli (Goldenberg,
Buckingham & Sommers, 1969; Oyarzun & Clements, 1978; DeCamara, Moss &
Das Gupta, 1979; Dobbs & Mason, 1979). It is well established that hormonal stimuli
such as adrenal glucocorticoids and thyroid hormones accelerate differentiation of
Type II cells and synthesis of surfactant (Farrell & Avery, 1975; Wu et al. 1973).

Atrial natriuretic peptides (ANP) stored in atrial myoendocrine cells of the heart
(Cantin et al. 1984; Metz, Mutt & Forssmann, 1984) possess various biological
actions: diuresis, natriuresis, vasodilatation and inhibition of aldosterone and cortisol
hypersecretion (De Bold, Borenstein, Veress & Sonnenberg, 1981; Seidah et al. 1984;
Garcia, Thibault, Cantin & Genest, 1984; De Lean et al. 1984). As far as the
circulatory system is concerned, blood containing newly secreted ANP passes first
through the lung tissue. This suggests the possibility that the lung tissue is a target
organ of ANP. In fact, it has been confirmed that the lung tissue contains many
binding sites for ANP (Bianchi et al. 1985) and ANP receptor can be purified from
bovine lung (Ishido et al. 1986; Shimonaka et al. 1987).
During an autoradiographic study of the lung tissue using [125I]ANP, we found

silver grains over Type II cells in addition to endothelial cells and smooth muscle cells
of vessels. In the present study, therefore, we analysed the effects of ANP on
subcellular structures of Type II cells in the rat lung, using a morphometric technique.

MATERIALS AND METHODS

Preparation of [1251]ANP
[125I]ANP (Na125I, 1 mCi/10,ul, Amersham) was prepared using synthetic rat a-

ANP (a-rANP, Peninsula Laboratories Inc) with minor modifications of the
Chloramine T method (Greenwood & Hunter, 1963). Immediately after reaction, the
radioactive mixtures were separated on a Sep-Pak C18 cartridge column (Waters
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Associates). Then the mixtures were applied to reverse phase HPLC, where three
radioactive major peaks were obtained. Monoiodinated a-rANP, eluted in the second
peak, was purified and used as a tracer which was stored at -80 °C until use. The
siliconised glass tubes used for the storage of the tracer were treated with 1 % bovine
serum albumin (Sigma).

Injection of [125I]ANP
[1251I]ANP (10 ,tCi; 12 ng) in 0-2 ml physiological saline was injected into the inferior

vena cava of male, 50 g Wistar rats under sodium pentobarbitone anaesthesia. For
displacement analysis, 6,tg x-rANP was mixed with [1251]ANP as above and injected
in the same manner.

Autoradiography
At 2 minutes after [125I]ANP injection, 8 rats were perfused via the heart, first with

the physiological saline for exactly 1 minute and then with 2% glutaraldehyde-2%
paraformaldehyde buffered with 0-1 M cacodylate-HCI, pH 7-2, for 10 minutes.
Portions of lung, kidney and liver tissues from each rat were used to quantitate
radioactivity in a gamma counter (Beckman Gamma 4000). The lung tissue was cut
into small pieces and further fixed with the same fixative for 2 hours. For light
microscopy, samples were dehydrated with graded alcohols and embedded in JB-4.
Sections were cut at 2 ,tm with an LKB ultramicrotome (2088 IV) and mounted on
gelatin-coated glass slides. They were stained with haematoxylin and eosin or left
unstained before dipping in Sakura NR-M2 emulsion. For electron microscopy,
samples were postfixed with 2% OSO4 buffered with 0 1 M cacodylate-HCl, pH 7-2,
containing 7.5 % sucrose for 2 hours. Then they were dehydrated with graded alcohols
and embedded in Epon 812. Thin sections were cut with the ultramicrotome and
mounted on Formvar-coated glass slides. They were stained with uranyl acetate and
lead citrate and coated with carbon before dipping in Sakura NR-H2. All sections for
light and electron microscopy were exposed for 4 weeks and developed by Konidol X
(Sakura, Japan) for 5 minutes at 20 'C. Thin sections were then mounted on nickel
grids and stained for 20 minutes with lead citrate before examination with a Hitachi
H-600 electron microscope.

Procedures for oc-rANP injection and electron microscopy
Nine ,ug a-rANP in 0 5 ml physiological saline were injected intraperitoneally into

8 male Wistar rats (12 weeks of age, ca. 250 g), respectively. At 5, 15, 30 and 60 minutes
after the injection, 2 rats were perfused, first with 50 ml physiological saline and then
with 250 ml of 2% glutaraldehyde-2 % paraformaldehyde buffered with 0 I M
cacodylate-HCI, pH 7-2. Two rats killed at 0 minute in the same manner as above were
not treated with ANP and were used as controls. The lung tissue was quickly excised
from the middle lobe of the right lung, cut into small pieces (2 x 2 x 2 mm) and placed
in the same fixative at 0 'C for 24 hours. After washing thoroughly with the same
buffer containing 7.5 % sucrose, the blocks were postfixed with 2% OSO4 buffered
with 0-1 M cacodylate-HCl, pH 7f2, containing 7-5% sucrose for 2 hours, and stained
with 2% aqueous solution of uranyl acetate for 1 hour. The blocks were then
dehydrated using graded alcohols and embedded in Epon 812. Silver sections were cut
with an LKB ultramicrotome, and after staining with uranyl acetate and lead citrate,
they were examined with the electron microscope.
The original magnification of electron micrographs was x 2210, calibrated using a
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Effects ofANP on Type II cells 87
carbon grating replica with 2000 lines per mm. Eighteen fields of Type II cells from
each rat were chosen randomly and photographed at the same magnification. Four to
six Epon blocks were used for each rat.

Morphometry
The morphometric method used has been previously reported (Watanabe &

Uchiyama, 1988). Various morphometric parameters of subcellular structures were
measured: the volume, surface and numerical densities of lamellar bodies, the volume
and surface densities of rough endoplasmic reticulum (RER), Golgi complex,
multivesicular bodies and mitochondria in the cytoplasm of Type II cells.
Measurement of surface densities of mitochondria was limited to their outer
membranes.
The volume densities of various cytoplasmic organelles (Vv) and the numerical

profile densities (NA) were analysed at 10 times the original magnification by a
universal projector (Olympus), using a double lattice system with 1 5 cm spacing (test
points: 220). For the estimation of surface densities, the number of intersection points
of cytoplasmic membranes with the test line was counted on the same screen of the
instrument at the same magnifications.
The profile size of lamellar bodies was measured by an image-analysing system (nac

Cardias GP-2000) at 10 times the original magnification. From the size distribution of
lamellar bodies, the mean diameters (D) were calculated (Giger & Riedwyl, 1970). The
Nv of lamellar bodies was calculated from the equation: Nv = N,/D. The individual
volume (V) of lamellar bodies was calculated by the equation: V = Vv/Nv.
The fractional values of each component at each sampling time were calculated for

each electron micrograph (18 electron micrographs per rat, 36 electron micrographs
per sampling time). The mean, standard deviation (S.D.) and standard error of the
mean (S.E.) were obtained from all fractional values calculated at each sampling time.
For the statistical evaluation, analysis of variance was applied to examine differences
in morphometric parameters between the groups, using Tukey's comparison test.

Corrections of systemic errors occurring in the volume, surface and numerical
densities of various components were performed after the method of Weibel (1979).

RESULTS

Autoradiography
The injection of an excess of ANP together with [125I]ANP showed a significant

inhibition of uptake of radioactive ANP; inhibition rates were 86 6°% in the lung,
73 8 % in the kidney and 65 3 % in the liver (n = 4 for each).

Silver grains of [1251I]ANP were deposited over Type II cells, endothelial cells and
smooth muscle cell layers of vessels, bronchi and bronchioles (Fig. 1 a,b,c). In the
controls, very few grains were detected in the lung tissue examined. With electron
microscopy, silver grains were seen on the basal plasma membrane of Type II cells
(Fig. 2).
The incidence of silver grains deposited on each constituent in the alveolar region

of the lung tissue was calculated; endothelial cells were 29-4 + 1 3 % (± S.E.) and Type
II cells 10-8 + 1 2% (± S.E.). The numbers of silver grains per unit volume of each
constituent in the alveolar tissue were 3 0 + 0 4 (± S.E.) in endothelial cells and
3 9i+06 (±S.E.) in Type II cells (Fig. 3).
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Fig. 1 (a c). Semifine sections of lung tissues 2 minutes after injection of [1251]atrial natriuretic
peptides. Silver grains are localised over Type II alveolar epithelial cells (T II arrows, a), endothelial
cells (End, ab) and smooth muscle cells of an arteriole (VSM, b) and a bronchiole (BSM, c).
(a) x150;(b,c) x 1700.
Fig. 2. Part of a Type II alveolar cell 2 minutes after injection of ["'261atrial natriuretic peptide. A
silver grain is seen on the basal plasma membrane of a Type II alveolar epithelial cell. IS, interstitial
space; LB, lamellar body. x 26000.

Electron microscopy
Type II cells of the control group contained relatively large numbers of lamellar

bodies (Fig. 4 a). At 15 minutes after the injection, lamellar bodies decreased in size
and electron-dense multivesicular bodies often appeared in the cytoplasm of the cells
(Fig. 4b). At 15 and 30 minutes, composite bodies, which contain both electron-dense
multivesicular bodies and lamellar structures, were frequently seen in the cells
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Fig. 3. The numbers of silver grains per unit area of Type II alveolar epithelial cells (II), endothelial
cells (End), Type I alveolar epithelial cells (I) and alveolar space (Alv). The numbers of grains in each
constituent are significantly higher than the number in the alveolar space (P < 001 by Tukey's
comparison test). Vertical bar, +S.E.

(Fig. 4c). At 60 minutes the incidence of larger lamellar bodies increased in the cells,
compared with those of other groups (Fig. 4d).

Morphometry
RER

Significant increases in the volume and surface densities ofRER were detected at 15
minutes; they reached 167% and 143% of the volume and surface densities of the
controls (Fig. 5).

Golgi complex
The volume and surface densities of the Golgi complex significantly increased at 5

minutes (Fig. 6). The volume and surface densities peaked at 30 minutes, when they
were 315 % and 267% of the control values.

Multivesicular bodies
No significant changes were seen in the volume and surface densities of electron-

dense multivesicular bodies immediately after the injection ofANP (Fig. 7). However,
the densities increased relatively at 15 and 30 minutes compared with the controls.

Lamellar bodies
The volume and surface densities of lamellar bodies significantly decreased at

15 minutes whereas they increased at 60 minutes. The volume and surface densities
at 15 minutes decreased to 61 1 and 71-9% ofthe control values whereas the densities at
60 minutes increased to 157-3 and 1351 % ofthose at 15 minutes. The numerical density
at 60 minutes decreased to 84-4% of the control value (Fig. 8 a). The mean sphere
diameters and individual volumes decreased significantly at 15 and 30 minutes whereas
they increased at 60 minutes (Fig. 8 b). The individual volume at 30 minutes decreased
to 71-9% of the control value while at 60 minutes it increased to 121 %.
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Figs. 5-9. Changes in morphometric parameters of various subcellular structures in Type II alveolar
epithelial cells after injection of atrial natriuretic peptides. Asterisks indicate the comparison between
the controls (0 minutes) and the experimental groups (5, 15, 30, 60 minutes), using Tukey's
comparison test: *, P < 0 05; **, P < 0 01. Vertical bar, +S.E.

Fig. 5. The volume (Vv, ,um3/,um3) and surface (Sv, /tm2/flm3) densities of rough endoplasmic
reticulum. n = 36 at each step.

Fig. 6. The volume and surface densities of the Golgi complex. n = 36 at each step.
Fig. 7. The volume and surface densities of multivesicular bodies. n = 36 at each step.

Fig. 4 (a-d). Electron micrographs of Type II alveolar epithelial cells at each stage after injection of
atrial natriuretic peptides. (a) Before the treatment. Large lamellar bodies (LB) are abundantly seen
in the cytoplasm of the cell. G, Golgi complex; M, mitochondria; N, nucleus. x 15000. (b) At 15
minutes after injection. Larger lamellar bodies disappear from the cytoplasm but several smaller ones
can be seen. Multivesicular bodies (MVB) often appear in the cytoplasm. x 15000. (c) At 30 minutes
after injection. A lamellar body possessing a multivesicular body as a constituent, forming a
composite body (arrow). These are often discernible at this time. x 37000. (d). At 60 minutes after
injection. Large lamellar bodies increase again in the cytoplasm. x 15000.
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Fig. 8 (a-b). The volume, surface and numerical (Nv, 1 /zm3) densities of lamellar bodies (a), and
their individual volumes (V, ,um3) and mean sphere diameters (D, /sm) (b). The differences in volume
and surface densities between 15 and 60 minutes after injection were 57 3 % (P < 0 01) and 35-1 %
(P < 0-01), respectively; n = 36 at each step except for the diameters (n = 360).
Fig. 9. The volume and outer surface densities of mitochondria. n = 36 at each step.

Mitochondria
Significant increases were detected in the volume and surface densities of

mitochondria at 15 minutes (Fig. 9). The increase in the volume density at 15 minutes
was 27-3 % while that in the surface density was 21-4%.

DISCUSSION

The uptake of [1251]ANP is significantly inhibited by simultaneous injection of an
excess of cold ANP and very few silver grains were detected in the alveolar tissue or
in glomeruli of the kidney. This suggests the possibility that the silver grains over the
structures after the injection of [1251]ANP alone represent real binding sites.
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Effects ofANP on Type II cells
The present autoradiographic results on the distribution of binding sites of ANP

(Leu 99-Tyr 126) in the lung almost agree with previous findings by Bianchi et al.
(1985) who have used Arg IO1-Tyr 126 ANP. In the present study, however, labelling is
also detected in Type II cells and smooth muscle cells of bronchi and bronchioles in
addition to endothelial cells and smooth muscle cells of vessels. O'Donnell, Garippa
& Welton (1985) have shown that ANP induces the relaxation of isolated guinea-pig
trachea and pulmonary artery. Therefore, smooth muscle cells of bronchi and
bronchioles may possess binding sites for ANP as presented here.

Until recently, no investigation has been reported on cellular changes after the
administration of ANP but the present morphometric results demonstrate marked
responses of Type II cells. In particular, the RER and Golgi complex increase their
volume and surface densities after the injection of ANP. These results suggest that
ANP facilitates protein synthesis and intracellular transport of synthesised proteins.
In the present study, however, it is paradoxical that the volume and surface densities
of the Golgi complex increase prior to the increases in those of the RER. With regard
to the peaks of the densities of both organelles, those of the Golgi complex occur after
those of the RER. This indicates that protein synthesis and transport of synthesised
proteins occur sequentially from the RER to the Golgi complex. Therefore, the
increases in the volume and surface densities of the Golgi complex 5 minutes after the
injection may not be due to transport of proteins synthesised by the stimulation of
ANP.
The present study demonstrates that electron-dense multivesicular bodies increase

their volume and surface densities at 15 and 30 minutes, relative to those of the control
group. Chevalier & Collet (1972) have shown, using an autoradiographic technique,
that the formation of lamellar bodies occurs sequentially from the RER via the Golgi
complex, multivesicular bodies and composite bodies to lamellar bodies. Thus, the
increases in volume and surface densities of multivesicular bodies at 15 and 30 minutes
suggest that Type II cells actively produce lamellar bodies at those times.
With regard to the alterations in lamellar bodies after the injection of ANP, the

following results may be important in relation to secretion and formation of lamellar
bodies. (1) The volume and surface densities and the individual volumes decrease at
15 minutes, whereas the numerical densities do not change significantly at this time.
These results suggest that Type II cells secrete lamellar bodies 15 minutes after the
injection. (2) The volume and surface densities begin to increase at 30 minutes, and
increase still more at 60 minutes compared to those of the controls, although the
individual volume at 30 minutes is smallest. Moreover, the morphometric parameters
of the RER, Golgi complex and multivesicular bodies increase in Type II cells prior
to the increases in the lamellar bodies. The results suggest that the increases in the
volume and surface densities of lamellar bodies at 60 minutes are related to the
increases in those of the RER and multivesicular bodies. Therefore, it seems likely that
ANP facilitates the formation of lamellar bodies in Type II cells in addition to the
production of their secretion.
The present study demonstrates that the volume and surface densities of

mitochondria significantly increase 15 minutes after the injection. Mitochondria are
known to be a site of energy production. Massaro, Weiss & Simon (1970) have
reported that the secretion of macromolecules into the alveolar spaces is an energy-
dependent process. From experiments using lung slices of various animals, Massaro,
Gail & Massaro (1975) and Massaro & Massaro (1977) have speculated that
mitochondrial volume densities in Type II cells change in proportion to oxygen
consumption and secretory activity of the cells. In the present study, the significant
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increases in volume and surface densities of mitochondria occur simultaneously with
the decrease in those of lamellar bodies. This suggests that Type II cells actively secrete
surfactant 15 minutes after the injection of ANP. Moreover, the energy supply at 15
minutes may also be necessary for protein synthesis and intracellular transport of
synthesised proteins related to the formation of lamellar bodies.
Inomata et al. (1987) have reported that ANP prevents pulmonary oedema induced

by arachidonic acid treatment in isolated perfused lung from guinea-pig. It is well
known that pulmonary oedema induces alveolar collapse which is lessened by
pulmonary surfactant. Therefore, our present results concerning the action of ANP on
Type II cells are compatible with those on the prevention of pulmonary oedema
reported by Inomataet al. (1987). The present work, as a whole, suggests that ANP
plays an important role in regulation of respiratory conditions in the lung.

SUMMARY

Effects of atrial natriuretic peptides (ANP) on TypeII cells of the rat lung were
examined, using autoradiographic and morphometric techniques.
The injection of an excess of ANP, together with[1251I]ANP, significantly inhibited

the uptake of radioactive ANP in the lung tissue. Following autoradiography, silver
grains of[125I]ANP labelled TypeII cells, endothelial cells and smooth muscle cells of
vessels, bronchi and bronchioles. As for morphometric changes in subcellular
structures of Type II cells after the injection of ANP, the volume and surface densities
of the rough endoplasmic reticulum increased at 15 minutes, while those of the Golgi
complex increased from 5 minutes, peaking at 30 minutes. At 15 minutes the volume
and surface densities of mitochondria significantly increased. The volume and surface
densities of multivesicular bodies with an electron-dense matrix also increased from 15
minutes after the injection. Lamellar bodies showed decreased volume and surface
densities at 15 minutes whereas the densities showed an increase at 30 minutes and
were higher at 60 minutes than those in the control.

These results suggest that TypeII cells provide a binding site for ANP which
facilitates the production of lamellar bodies in addition to their secretion.
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