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Ultrastructural Stereologic Analysis of Fetal Rabbit 
Type II Alveolar Epithelial Cells Following 
Maternal Pilocarpine Treatment or Fasting 

DENNIS M. SMITH, SUE A. SHELLEY, AND JOHN U. BALIS 
Departments of Pathology and Anatomy, Loyola University Stritch School of 
Medicine, Maywood Illinois 60153 

ABSTRACT We have previously reported that subcutaneous administration 
of 5 mglkg pilocarpine HC1, a muscarinic agonist, to pregnant white rabbits on 
days 24 through 27 of gestation results in an acceleration of fetal lung maturation. 
In the present study the ultrastructural differences observed within alveolar type 
I1 cells of 28-day fetuses from the pilocarpine and control groups were quantified 
by stereologic analysis. In addition, maturational changes occurring within the 
lungs of 28-day fetuses obtained from pregnant rabbits which were fasted for 7 
days (days 21-28) were similarly analyzed. 

Stereologic analysis revealed that the fetal type I1 cells in the pilocarpine- 
treated group possessed a significantly greater volume density of lamellar inclu- 
sion bodies and rough endoplasmic reticulum and a significantly smaller volume 
density of glycogen than did controls. The volume density values for fetal type I1 
cells of the fasted group were, with the exception of the Golgi apparatus, found to 
be intermediate between those of the control and the pilocarpine-treated groups. I t  
was also noted that a high percentage of the lamellar inclusion bodies within type 
I1 cells of the fasted group appeared morphologically abnormal, being character- 
ized by a highly irregular outline and tightly packed lipid membranes. 

The results of this study substantiate and quantify our previously reported ob- 
servation of accelerated maturation in pilocarpine-treated fetuses. In addition, 
they suggest a similar, though not as pronounced, effect of maternal fasting prior 
to delivery. However, the abnormal morphology of the lamellar inclusion bodies in 
the fasted group may reflect a qualitative change in the pulmonary surfactant pro- 
duced by these fetuses. 

There is a great deal of interest in the identi- 
fication and characterization of factors which 
may influence or regulate the development and 
maturation of the mammalian lung, particular- 
ly the type I1 alveolar epithelial cells. This in- 
terest stems from the established relation- 
ships between the type I1 cells, the production 
of pulmonary surfactant, and the etiology of 
the respiratory distress syndrome of the new- 
born (RDS). 

The search for pharmacologic means of en- 
hancing fetal lung maturation has led to a large 
body of evidence documenting the effects of 
adrenal glucocorticoids on lung development 
(for reviews see Avery, 1975; Olson, 1979). 
However, controversy remains as to the effi- 
cacy of prenatal corticosteroid administration 
in humans for the prevention of RDS (Frank 
and Roberts, 1979). Other agents which have 

been reported to hasten fetal lung maturation 
include thyroid hormones (Hitchcock, 1979) 
and 0-adrenergic agonists such as terbutaline 
(Bergman et al., 1979). 

We previously reported (Smith et  al., 1979a, 
b) that, in rabbits, maternal administration of 
pilocarpine, a muscarinic agonist, results in an 
acceleration of fetal lung maturation. The evi- 
dence for this includes morphologic correlates 
of increased maturation, a lower glycogen con- 
tent, as determined biochemically, and de- 
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creased cell proliferation in the lungs of 
pilocarpine-treated fetuses. In the present 
study, in order to further characterize and 
quantify these findings, ultrastructural stereo- 
logic analysis of the morphologic changes oc- 
curing within the type I1 cells of the fetal lungs 
was performed. 

In addition to pharmacologic manipula- 
tion, there is evidence that the nutritional stat- 
us of the pregnant female may play a role in the 
maturative process occurring in the fetal lung. 
Naeye et al. (1974) reported significantly high- 
er LecithinlSphingomyelin (L/S) ratios and 
shake-test values for amniotic fluid lecithin in 
human infants born to undernourished moth- 
ers. In addition, the lungs of infants born to the 
most poorly nourished mothers revealed a 
more mature histologic pattern when com- 
pared to neonates of better-nourished mothers. 
Finally, the incidence of death due to hyaline 
membrane disease was lower in premature off- 
spring of mothers who were undernourished or 
on low-calorie diets before delivery. These find- 
ings were substantiated by Fairbrother and co- 
workers (1975) who, based on the results of 
foam tests, concluded that malnourished 
fetuses had a higher concentration of sur- 
factant in the amniotic fluid than well- 
nourished counterparts. 

The second portion of the present study was 
designed to determine the effects of maternal 
fasting on the maturation of the rabbit fetal 
lung. In this report we compare results ob- 
tained through pharmacologic manipulation of 
fetal lung maturation (pilocarpine) with those 
obtained following nutritional deprivation. 
Portions of this work have previously been pre- 
sented in abstract form. 

MATERIALS AND METHODS 

Young white New Zealand female rabbits 
(Langshaw Farms, Augusta, Michigan) rang- 
ing in weight from 3.2 to 4.0 kg were mated un- 
der direct observation and the time of mount- 
ing was considered to be time zero of gestation. 
Control and pilocarpine-treated does were at 
all times maintained on a standard diet of ap- 
proximately 90 gm of lab chow per day. Does of 
the fasted group were fed similarly prior to the 
beginning of the fast. All animals were allowed 
water ad libitum. 

Some of the pregnant does received the 
identical pilocarpine regimen as utilized in our 
previous studies (Smith et al., 1979a, b)-5 
mglkg administered subcutaneously on days 
24 through 27 of gestation-and are desig- 
nated as the pilocarpine-treated group. The 

fasted group consisted of pregnant does sub- 
jected to complete withdrawal of food on days 
21 through 28 of gestation. Pregnant does in- 
jected with saline served as controls for both 
groups, since pilot experiments utilizing non- 
injected controls demonstrated no significant 
differences from the saline-injected rabbits in 
any parameter studied. 

In all cases the does were killed using an air 
embolism and the fetuses were obtained by an 
immediate hysterotomy at the 28th day of 
gestation. The fetuses were not allowed to 
breathe and therefore the lungs were main- 
tained in the fetal condition when removed and 
fixed for electron microscopy. The fixative uti- 
lized was 2% glutaraldehyde in 0.2 M Soren- 
sen’s phosphate buffer (PH 7.2). In order to 
maintain uniformity, the most lateral fetus of 
the right uterine horn was always utilized for 
electron microscopic studies. In the fasted 
group, the lungs and the livers of the remain- 
ing fetuses were removed and frozen in liquid 
nitrogen. These were then analyzed for glyco- 
gen content using the method of Murat and 
Serfaty (1974). This was done in order to com- 
pare the results from this group with those of 
pilocarpine-treated and control fetuses which 
we have previously reported (Smith et al., 
1979a). 

The fetal lung fixed in glutaraldehyde was 
processed and sectioned for electron micros- 
copy utilizing procedures detailed in our pre- 
vious study (Smith et al., 1979a). I t  should be 
stresed that, in order to obtain optimal preser- 
vation of glycogen within the fetal type I1 
cells, Sorensen’s phosphate-buffered solutions 
and a somewhat abbreviated ethanol dehydra- 
tion were employed. Thin (60 nm) sections were 
obtained from randomly selected blocks from 
the right upper and right lower lobes of six 
fetuses from different litters in each group. 
These were mounted on ZOO-mesh copper grids 
and examined in a RCA EMU-3H electron 
microscope. Beginning in the left upper corner, 
each grid was scanned and the first five 
alveolar type TI cells which were encountered 
were photographed at  a standard magnifica- 
tion of 5,800. The scope was calibrated 
periodically in order to maintain uniformity. 
Identification of type I1 cells was based on 
cuboidal shape, presence of microvilli, and, 
most importantly, the presence of at  least one 
lamellar inclusion body. In addition, in order to 
maintain as much uniformity as possible, only 
cells in which the plane of section passed 
through the nucleus were photographed. This 
process resulted in 60 photographs from each 
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group (30 from each of the upper and lower 
lobes) which were enlarged to a final print size 
of 8 X 10 and a magnification of 20,000. These 
photographs were then analyzed stereological- 
ly employing the methods of Weibel(1973), in 
order to determine the cytoplasmic volume 
densities of components involved in 
pulmonary surfactant production in the fetus. 

The test system for the stereologic analysis 
consisted of a transparent acetate sheet im- 
printed with a 0.25-inch grid which was ran- 
domly applied to the micrographs. By using 
the intersections of the grid lines as reference 
points, the test system employed approxi- 
mately 1,200 test points per micrograph, with 
800-1,000 falling over the area occupied by the 
entire type I1 cell. 

The cell components which were analyzed in 
the present study included glycogen, lamellar 
inclusion bodies, rough endoplasmic reticu- 
lum, and Golgi apparatus. The number of point 
“hits” falling over each of the structures of in- 
terest were tallied for each cell, as well as the 
number of total point “hits” falling over the en- 
tire cytoplasmic compartment of the cell. Point 
“hits” falling over the nucleus were not in- 
cluded. Using the equation Point Intercept / 
Point Total (Pi / Pt) = Point Density (P ) - 
Profile Density on a Test Area (Aa) = V o E A  
Density (VV) (Weibel, 1963,1972), cytoplasmic 
volume densities were obtained for each of the 
structures of interest. 

The use of the test system detailed above re- 
sulted in a maximum relative error of approxi- 
mately 10% in measuring the organelles of 
least volume density (i.e., Golgi). While it 
would have been acceptable to utilize far fewer 
test points for the volumetry of other struc- 
tures, the test system used yielded results 
with minimal relative errors. All data were 
compared using Student’s t-test. 

I t  is appropriate to mention that the stereo- 
logic methods employed in this study may 
have introduced two levels of bias. The first is 
due to the sampling method which selected 
only profiles of cells which included the nucle- 
us. This may have overestimated the volume 
density of organelles occurring primarily in the 
central core of the cell, and underestimated 
those occurring more in the periphery. How- 
ever, since the goal of this study was the 
comparison of type I1 cells from the various ex- 
perimental groups, this bias is of negligible 
concern because identical sampling techniques 
were utilized for all groups. 

A second level of bias may have been intro- 
duced by measuring the volume densities of 

the organelles of interest relative to total cyto- 
plasmic volume. I t  may be theorized that 
changes in the absolute volume of total cyto- 
plasm following maturational stimulation 
could skew the volume densities of the organ- 
elles in question since they are determined rela- 
tive to cytoplasmic volume. However, the 
point totals were not significantly different in 
the various groups of thiq study and therefore 
this does not appear to be a problem. 

RESULTS 

Mean maternal weight gains or losses during 
the appropriate experimental period were: con- 
trol, +2.4% (days 24-27); pilocarpine, -3.8% 
(days 24-27); fasted, -11.1% (days 21-28). 
The average weight of fetuses from seven lit- 
ters in the fasted group was 25.57 gm (* 0.81) 
as compared to our previously reported values 
of 26.95 gm (f 1.97) for the pilocarpine-treated 
group and 35.42 gm (+ 1.42) for control fetuses 
(Smith et al., 1979a). There were no apparent 
abnormalities in fetuses of any group and their 
lungs appeared comparable by gross inspec- 
tion. 

In fetuses of the fasted group light micros- 
copy revealed evidence of increased matura- 
tion in the lungs including thinner alveolar 
septa and a marked decrease in periodic acid- 
Schiff (PAS)-positive material within lung 
parenchymal cells. This PAS-positive material 
disappeared after diastase pre-treatment and 
thus was interpreted as having been glycogen. 
Similar light microscopic findings were pre- 
viously reported in the lungs of the pilocarpine- 
treated fetuses. Indeed, no marked differences 
were noted, by light microscopy, between 
lungs of pilocarpine-treated fetuses and those 
of the fasted group, both appearing more ma- 
ture than controls. 

The biochemical determination of glycogen 
content (Table 1) indicated that the glycogen 
content of the lungs of fasted fetuses was inter- 
mediate between our previously reported val- 
ues for control and pilocarpine-treated fetuses, 
which are included here for completeness. 
There was also a decrease in liver glycogen con- 
tent in the fasted group which was significant 
when compared to either the control or pilocar- 
pine-treated group. I t  should be noted that 
there was no significant difference in liver gly- 
cogen content between the control and pilocar- 
pine-treated group. 

Stereologic analysis of type I1 alveolar epi- 
thelial cells from control and pilocarpine- 
treated fetuses confirmed the morphologic 
differences previously noted by electron mi- 
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TABLE 1. Glycogen content (mg/gm tissue) 

Number of litters Number of fetuses Lung Liver 

Control' 
Fasted 
Pilocarpine' 

5 
5 
7 

17 
13 
25 

4.11 f 0.33 16.98 f 2.03 
3.26 f 0.35? 8.29 f 1.173 
2.65 f 0.13 14.98 i 1.30 

'Smith, e t  al. 11979a). 
'No significant difference between fasted values and values for control and pilocarpine-treated groups. 
3Significantly lower IP <0.001) than both control and pilocarpine-treated groups. 
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Fig. 1. Histogram illustrating the results of the ultrastructural stereologic analysis of cytoplasmic components within 
type I1 alveolar epithelial cells of control (C) and pilocarpine-treated (P) fetuses. RER, rough endoplasmic reticulum. 

croscopy (Smith et al., 1979a). As illustrated in 
Figure 1, when compared to controls, the cyto- 
plasmic volume density of lamellar inclusion 
bodies and rough endoplasmic reticulum were 
increased significantly in the type I1 cells of 
the pilocarpine-treated group, in both the up- 
per and lower lobes. The Golgi apparatus was 
increased significantly in the cytoplasm of the 

type I1 cells of the upper lobe, but not the low- 
er. In addition, there was a significant decrease 
in the volume density of glycogen present 
within these cells, again in both the upper and 
lower lobes. 

Electron microscopic observation of fetal 
lungs of the fasted group confirmed the im- 
pression of increased maturation in these 
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lungs gained through light microscopy. The 
type I1 cells of the fasted fetuses appeared to 
contain more numerous lamellar inclusion bod- 
ies when compared to controls of the same ges- 
tational age (compare Figs. 3 and 4). In addi- 
tion, there appeared to be a decrease in the gly- 
cogen content of these cells. I t  was observed, 
however, that many of the lamellar inclusion 
bodies within these cells appeared morpholog- 
ically abnormal. These were characterized by a 
highly irregular outline and intense osmiophy- 
lia of tightly packed membranous profiles 
(Figs. 4, 5). I t  was noted, at higher magnifica- 
tion, that the periodicity of the lamellae within 
the “abnormal” inclusion bodies was identical 
to that of the “normal” inclusion bodies present 
within the type I1 cells. The periodicity of both 
types was subsequently determined to be 4 
nm. This finding would lend support to the 
view that these “abnormal” inclusion bodies 
were morphologic variants of lamellar inclu- 
sion bodies and not inclusions of some other 
origin. Although this type of inclusion body 
was extremely rare in the type I1 cells of con- 
trol or pilocarpine-treated fetuses, they ac- 
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counted for 41% of all the inclusion bodies in 
analyzed type I1 cells of the right upper lobe in 
fasted fetuses, and 31% in the right lower lobe. 

Stereologic analyses of type I1 cells from 
fasted fetuses were consistent with the impres- 
sions gained by routine electron microscopic 
observation. When these results are compared 
to those obtained from type I1 cells of control 
and pilocarpine-treated fetuses (Fig. 2) it be- 
comes apparent that, with the exception of the 
Golgi apparatus, values for the analyzed struc- 
tures in the fasted group fa l l  between the val- 
ues for control and pilocarpine-treated fetuses. 
Summarizing maturational changes, the type 
I1 cells of the fasted fetuses contained signifi- 
cantly less glycogen than did controls, in both 
the upper and lower lobes. In addition, those of 
the lower lobe contained a significantly greater 
volume density of lamellar inclusion bodies 
when compared to controls. 

DISCUSSION 

Our previous observations suggested that 
maternal pilocarpine administration results in 
accelerated maturation of the fetal lung. These 
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Fig. 2. Histogram comparing the results of the ultrastructural stereologic analysis of cytoplasmic components within 
type I1 alveolar epithelial cells of fetuses in the fasted group (F) with the results of control (C) and pilocarpine-treated fetuses 
(P) as presented in Figure 1. 
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Fig. 3. Electron micrograph of a type I1 cell from a con- 
trol fetus. These cells typically contained abundant gly- 
cogen (G) and relatively few lamellar inclusion bodies (LB), 
usually containing sparse lamellae. A, Alveolar space. 
x 21,000. 

Fig. 4. Electron micrograph of a type I1 cell from a fetus 
of the fasted group. Glycogen IG) was less abundant in these 
cells and lamellar inclusion bodies (LB) were more frequent. 
A large percentage of the lamellar inclusion bodies in these 
cells were morphologically abnormal (arrows). A portion of 
this cell (box) is shown at  higher magnification in Figure 5. 
A, Alveolar space. X 14.300. 
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Fig. 5. Higher magnification of a portion of the cell seen in Figure 4. The periodicity of the lamellae in the abnormal 
lamellar inclusion body (ALB) may be seen to be identical with that in the normal lamellar inclusion body (LB). The periodici- 
ty of the lamellae is particularly evident in the areas demarcated by the arrows. G, glycogen; N, nucleus. X 92,200. 
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findings included thinning of the type I cells to 
form the blood-air barriers, significant in- 
creases in the number of mature type I1 cells 
which contained more and larger inclusion 
bodies, and substantial reductions in the gly- 
cogen content of alveolar epithelial cells (Smith 
et al., 1979a), as well as a reduced rate of cellular 
proliferation (Smith et al., 197913). The conclu- 
sion that pilocarpine enhances fetal lung mat- 
uration is substantiated by stereologic analy- 
sis made in the present study. Muscarinic 
agents, including pilocarpine and oxo- 
tremorine, have previously been reported to 
stimulate surfactant synthesis and secretion 
in the adult, neonatal and fetal lung; however, 
the mechanism by which pilocarpine produces 
this effect remains unclear. The literature in 
this field has been recently reviewed (Smith et 
al., 1979a, Smith and Bogues, 1980). 

The present study also provides quantita- 
tive data indicating that maternal fasting re- 
sults in an acceleration of maturation in the 
fetal lung. The 7- day duration of the fast may 
appear severe. However, the adult rabbit 
stores a great deal of food in its stomach and 
blood glucose levels do not begin to fall until 72 
hours after the onset of fasting (Kozma et al., 
1974). 

There is relatively little information pertain- 
ing to the effects of malnutrition or fasting on 
the lung surfactant system. In apparent con- 
trast to the findings of the present study, Curle 
and Adamson (1978) described delayed mat- 
uration, including retention of glycogen within 
type I1 cells, in the lungs of rat fetuses born to 
mothers fasted in late gestation. In addition to 
possible interspecies variation, however, the 
pregnant rats in the study of Curle and Adam- 
son were allowed free access to water supple- 
mented with 2% glucose. Since glucose is a pri- 
mary energy substrate supplied to the fetus by 
the mother (Simmons et al., 1974), and fetal 
glucose levels mimic those of the maternal sys- 
tem (Hill and Longo, 1980), this would result in 
a major difference between these experiments 
and those of the present study. 

Faridy (1975) has reported a reduction in leci- 
thin content and increased minimal surface 
tension in the lungs of fetal rats obtained from 
mothers deprived of food for 72 hours late in 
gestation; however, these puppies did not ex- 
perience respiratory problems after birth. This 
is interesting in light of the clinical findings of 
Naeye et al. (1974) and Fairbrother and co- 
workers (1975). which would indicate increased 
maturation of the lung and a decreased inci- 
dence of RDS in neonates born to undernour- 

ished mothers. In addition, data recently pre- 
sented by Roepke et al. (1980) indicated that in- 
fants born to mothers experiencing small 
weight gains during pregnancy had signifi- 
cantly better apgar scores than those born fol- 
lowing large maternal weight gains. I t  is also 
of interest that populations known to have a 
high incidence of malnutrition have a signifi- 
cantly lower incidence of postnatal death due 
to hyaline membrane disease (i.e., India, Had- 
ley et  al., 1958). 

In the present study the effect of maternal 
fasting was similar in many respects to that of 
pilocarpine treatment, though not as marked. 
However, a high percentage of the lamellar in- 
clusion bodies within the type I1 cells of the 
lungs of these fasted fetuses appeared morpho- 
logically abnormal with an irregular outline 
and intense osmiophylia. This morphologic 
appearance suggests that the biochemical na- 
ture of the pulmonary surfactant contained 
within these abnormal lamellar inclusion bod- 
ies may be different from that which is normal- 
ly present. 

In conclusion, the results of this study sub- 
stantiate and quantify our previously reported 
observation of accelerated maturation in pilo- 
carpine-treated fetuses. In addition, they sug- 
gest a similar, though not as pronounced, ef- 
fect of maternal fasting prior to delivery. Fur- 
thermore, the abnormal morphology of many 
of the lamellar inclusion bodies in the fasted 
group suggests a qualitative change in the pul- 
monary surfactant produced by the type I1 
cells of these fetuses. 
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