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Acceleration of fetal lung development by antenatal adminis
tration of glucocorticoids has been demonstrated in a number of
clinical and animal studies (2). Most previous studies suggest that
glucocort icoids act by accelerating the synthesis and relea se of
fetal lung surfactant (2). However. we have observed that the
major effect of betamethasone on fetal rhesus lung is to incre ase
the total lung capacity, with less significant surfactant alterations
(14. 15). In a more recent study, we compared air and saline fluid
filling characteristics in control and betarnethasone-treated rhesus
fetuses (21). Increased lung volumes were observed in the steroid
treated fetuses, both during air and saline filling. This latter
ob servation supports our hypothesis that the functional effects of
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Summary

Pregnant rhesus monkeys (Macaca mula"a) at 67 to 85% of
term pregnancy were treated with betamethasone for 3 days and
then delivered by cesarean section. These treated fetuses had
larger lung volumes (32.6 ± 1.8 ml/kg of body weight) compared
to gestational age-matched controls (22.9 ± 3.2 ml/kg of body
weight; P < 0.025) but no alterations in surfactant properties as
measured by amniotic fluid LIS ratios, alveolar deflation stability,
or lung phosphatidylcholine. These findings suggest that beta
methasone effects an increase in fetal lung volume by some method
other than alteration in alveolar surfactant concentrations. Results
also demonstrated an 11% increase in the collagen to elastin
concentration in the treated fetuses as compared to the control
animals (P < 0.01), suggesting alterations in lung connective
tissue. Morphometric studies done on the air-fixed inflated lung
demonstrated a decrease in the number of alveoli per unit volume
of lung among the treated animals (0.95 ± 0.07 x 10") compared
to the control animals (1.19 ± 0.08 x 106

; P < 0.025) and a
reduction in the mean surface area of the lungs of the treated
animals (506 ± 10 cm2 per em") compared to the control animals
(561 ± 9 em" per em"; P < 0.005). These findings suggest that at
least part of the increased maximal lung volumes is related to
increased alveolar distensibility. Together, these pressure volume
findings, biochemical studies, and morphometric analyses indicate
that a major effect of betamethasone on the rhesus fetal lung is to
alter lung connective tissue characteristics. Alterations in lung
surfactant appear to be of less functional significance in this
rhesus fetal model. The disparity between these findings and other
animal studies might be due to differences in species, the prepa
ration, or the method of glucocorticoid administration.

Speculation

Maternal betamethasone treatment produces alterations in the
connective tissue properties of the developing fetal lung, which
could have long-lasting effects on lung mechanical properties.

betamethasone arc primarily upon lung structural characteristics.
rather than upon alveolar surfactant.

In this animal model, betarnethasone appears to accelerate lung
maturity by inducing structura l changes that increa se total lung
volume. The question arises, however, as to the mechanism for
this increase in lung capacity. Lung capacity can be increased
either by making the inflatable units more distensible or by
increasing the number of inflatable units (recruitment). To attempt
to answer this que stion. we have performed morphometric anal
yses on lung tissue from betarnethasone-treated fetuses . In addi
tion , collagen and elastin have been extracted and quantified from
aliquots of fetal lung, to determine whether or not alterations in
fetal lung connective tissue elements might be associated with
betamethasone treatment.

MATERIALS AND METHODS

Fourteen pregnant rhesus monkeys (seven pairs of Macaca
mulattos. matched for duration of gestation. were used for the se
studies. Details regarding the determination of the duration of
pregnancy and the care of the pregnant females have been reported
previously (15). The pregnant animals were separated into two
groups: group I mothers received isotonic saline (Med Tech. Inc..
Elwood. TX) intramuscularly (0.3 rnl) daily for 3 day s before
preterm delivery. Group II mothers received I mg of betarnetha
sone phosphate and I mg of betamethasone acetate (Celestone
Soluspan: Schering Corp., Kenilworth. NJ) intramuscularly (0.3
rnl) for the same duration of time . This dail y dosage . which is
one -sixth that used in clini cal obstetrics, was chosen on the basis
that the rhesus fetal weight is about one-sixth that of the human
fetus. Delivery was accomplished by cesarean section in all cases.
according to previously descr ibed techniques ( 15). Gestati onal age
at delivery varied between 67 and 85% of term pregnancy (com
parable to 28 to 34 wk of human pregnancy), with one an imal
from each group being delivered at 110. 11 5, 120. 125. 130. 135,
and 140 da ys' gestation, respectively. Amniotic fluid samples were
obtained before delivery. The fetal trachea was clamped upon
delivery to prevent spontaneous fetal lung inflation. Death oc
curred shortly thereafter. All data were collected without prior
knowledge as to the gestat ional age or treatment of the animal.
Fetal bod y weight, crown -heel length. crown -rump length, head
circumference. trimmed placental weight. and sex were deter
mined.

Upon completion of the pressure volume studies on fetal lungs.
the following organs were removed. blotted dry. placed in pre
weighed. covered vessels and weighed to 0.0 I mg on an analytical
balance: lungs. adrenals, kidneys, thymus. liver. and spleen.

The amniotic fluid samples were processed and the lecithin /
sphengomyelin (L/S) ratio determined. as described previously
( 15).
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PR ESS UR E-VO LUM E ST UDIES

After fetal death by asphyxiation . the trachea was undamped
and cannulated. Pressure vo lume stud ies were then performed
with the th orax intact and by previou sly de scribed method s ( 15).
Maxim al lung capacity was ac hieve d by infl ating the lungs to 50
em of water transpulmonary pressure (TPP) and maintaining th at
pressure for 4 min ( 15). An inflation pressu re o f 50 ern of wa te r
wo uld not be expected to cau se lun g damage in these fetal lungs.
Indeed. we ha ve show n that nearl y ide ntica l deflat ion pre ssure
vo lu me curv es ca n be obtai ned with a n inflat ion pressure of 30
cm even when separa ted in time by an intermediate infl ati on
to 50 em (W . Mitzner and J . W . e. Johnson. unpublished
observations ). The values for pressure vo lume analyses were taken
from the seco nd infl ation and defl a tion limbs. After these studies
of th e mechanical properties of the lung and thorax. the th or ax
was opened and the left a nd right lungs were removed and
weighed . They were then sep arated . The right lung was utilize.d
for biochemical studies. The left lung was used for morphometric
studies.

MOR PH OL O( il C STUD IES

After the pressure volume stu dies. th e lun gs were removed . a nd
the right lun g was used for bioch em ical studies. as noted above.
T he left lung main stem bronchus was cannulat ed. a nd the left
lung was full y infl ated and th en deflat ed bet ween 0 a nd 30 em of
wa ter TPP. The lung was held at 30 cm pressure in a 37°C
ove n for 24 to 48 hr to ac hieve fixa tion . After fixation. th ick
corona l sections were cut fro m th e upper and lower lobes. These
sections were embedded in par affi n; 6 urn sections we re cut and
sta ined with hematoxylin and eosin . Measurements of alveo la r
numeri cal density and alveolar surface a rea density were then
don e by usin g a squa re grid. randomly placed at seven to ten
d ifferent location s. and by averaging the co untings. The a lveo la r
su rface area/uni t vo lu me of lun g was determined as descr ibed by
We ibel (29) and is directly proportional to the number of inter
sections of the test lines with a lveo la r wa lls and inversely propor 
t ion al to the to ta l length of the test lin es. The test lines in thi s case
a re th e perpendicular lines of the grid . Alveola r number per unit
vo lu me of lung was determined by co unting the number of al veol i
with in th e large square. Usin g the formula of Weibel and G om ez
(30) . with a shape factor of 1.55. we calculated the number of
a lveo li per unit volume of lung tissue.

d ist illed wa te r (9). Both procedures gave identical results. After
hyd rol ysis in 0. 1 N NaOH for 45 min a t 95°C of a
amount of lyophilized lung homogenate. the su pern a ta nt frac tion
containing collagen and the inso luble (residue) fra cti on co ntaining
elastin were sepa ra ted by centrifugation at 20.000 rpm (45.000 X

g) for 30 min . The pellet wa s was hed with distilled water. T he two
supe rnata nts were co mbi ned . di alyzed . and lyophilized . Both frac 
t ion s were then hydrolyzed in 6 N HCI for 24 hr at 11O°e.
Aliquo ts of the se fracti on s from ea ch lung .were .ana lyzed a
Durrum D500 amino acid a na lyzer. The ammo acid co mpos ruo n
o f the residue fracti on al ways co rres po nded to the known a mi no
aci d co mposit ion o f pure elast in (28) . The weight of elas ti n in th e
aliq uot was computed fro m the to ta l of the contribution s of its
ami no acids (31 ). The amo unt of collagen present was ca lculated
fro m the hydroxyproline co ntent of the soluble fract ion. This was
measured either from the peak of the amino acid analysis o r by
co lorimetric determination (4 ). The amounts of elastin and co lla
gen were calculated from the value from known
and expressed in micrograms (ug) per milligram (rng) dry weight
of lung.

DATA ANALYS IS

Stat ist ical signi fica nce for a ll me asurements was assessed by the
pa ired t test; probability val ues of < 0.05 we re co ns id ered sig nifi 
ca nt.

R ESU LT S

Mean bod y weights and lengths are given in Table I. The mean
bod y we ight of the betarn eth ason e-treated fetu ses wa s not signi fi
cantly d ifferent from th at of th e control (sa line-treated) anima ls.
The co ntrol group had three males (43%). whereas the trea ted
group had five (7 1% ). No significant d ifferences in either th e body
len gth s or head ci rcumference s bet ween the groups was notc?
The me an adrenal to bod y weight rat io was sig nificant ly less in
group II (beta rnethasone-trea ted) in group I. fetuses;
however . the mean lung to bod y weig ht ratio was Signi fica nt ly
gre ater in the group II anima ls co mpa red to th at of group I. N o
signi fica nt differences were noted between the bet arnethason e
and saline-trea ted fetu ses for the following organ we ights. ex
pressed per gram of bod y weight : pancreas. thymus. spl een. and
kidney. However. both the pan cre as to body weight and th ymus

BIOCHEMICAL ST UDI ES, PHOSP HOLI PID ANALYSES

The right lung was weighed . hom ogenized. and lyophilized. as
descri bed pre viou sly ( 15). Phosphol ip ids were extracted by the
method of Fo lch et al. (10) . as mod ified by C heek (6) . Aliquots of
th e purified lipid extrac t were ch romatogra phed. in d imen sion
on silica gel H th in-layer plates (0.5 rnrn; Applied SCIen ce Labo
ratories . Inc .. St ate Coll ege. PA l. using the so lvent sys tem of
Goldner and Brumley ( 12). After visua liza tion with iod ine vapo r
an d scraping. phosphatidylchol ine and sphingomy elin were qu an
tified by the phosphorus assay of Parker and Peterson (24 ). An
a liq uo t o f the total lipid extr act was a lso analyzed for total
ph ospholipid phosphorus by the sa me procedure (24 ). Ph ospho
lip id co nce ntra tions were obtai ned by mult ipl ying the
co nce ntra tion by 25 ti.e.. ass umi ng an av erage molecular weight
of 8(0).

DNA AN ALYSES

DNA analyses were per formed by the flu orometric method of
Kissan e and Robbins (16). as mod ified by Cheek (7) . using ca lf
th ymus DNA (Worthington Biochemical Corp .. Freehold. NJ) as
the sta ndard.

COLLAGEN AND ELAS TI N MEASUREMENTS

Collagen and elastin were sepa ra ted by treatment of the tissue
with hot a lka li (19) or by autoc lav ing each specimen in 4 ml of

Table

Fe ral bod y WI. (g)

Sex ratio (M/F)
C row n-heel len gth (em)
Crown- ru mp len gth (em)
Head ci rcumference (em)
Ad rena l wt/ body
WI (mg /g)
Lung wt/body
wt (rng/ g)
Kidney wt/ body
wt (rng/g)
Spleen wt/body
wt (mg/g )
Pan crea s wr/bod y
wt (rug/g)
Thymus wr/body
wt (rng/g)
T rim med placenta
WI (g)

1 Me an ± S.D.
' p < 0.05 .
' »< 0.025.

I. Morphom etric Data

Group I:
sa line

283.3 ± 76.6'

23.8 ± 2.7
16.2 ± 1.4
16.7 ± 1.3

0.749 ± 0.127'

19.6 ± 2.11'

5.77 ± 0.64

1.67 ± 0.20

0.603 ± 0.204

3.18±0.57

84.2 ± 20.8

Group II :
bet arner hasone

262.8 ± 56.7

23.0 ± 2.4
15.6 ± 1.2
16.5 ± 1.1

0.571 ± 0.155

22.2 ± 1.8

5.9 1 ± 0.83

1.70 ± 0.29

0.434 ± 0.069

2.44 ± 0.73

72.4 ± 9.7
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to body weight ratios tended to be reduced in the glucocorticoid
treated animals as was found previously (14, 15).

PRESSURE·VOLUME STUDIES

Figure I illustrates the mean changes in volume on inflation
and deflation for betarnethasone-treated and control fetuses, ex-

There were no significant differences between treated versus
control animals, with respect to mean values of DNA, total
phospholipid, phosphatidylcholine, sphingomyelin, collagen, or

BIOCHEMICAL STUDIES

PULMONARY MORPHOMETRIC STUDIES

Figure 3 is a composite of two low magnification photographs
taken from the fixed sections from lungs of fetuses at 135 days'
gestation. The overall visual perspective demonstrates the tend
ency for larger air spaces to be present in the lungs of the
betamethasone-treated animal.

In an attempt to quantitate this difference, the mean number of
alveoli per unit volume of lung and the mean internal surface area
per unit volume of lung were determined using the mean linear
intercept method. These two morphometric measurements are
directly related because an increase in the number of alveoli per
unit volume implies an increased surface area per unit volume.
Figure 4 shows the alveolar surface area density as a function of
gestational age for control and treated animals. The decrease in
surface to volume ratio in the steroid-treated group is apparent.
When all gestational ages are grouped we find a mean ± S.E.
decrease from 561 ± 9 cm2/cm:1 in the control group to 506 ± 10
cm2/cm" in the treated group (P < 0.005). This morphometric
result is supported by the results of alveolar number. The number
of alveoli was decreased from a mean ± S.E. of 1.19 ± 0.08 x
1Ol;/cm:1 in the control group to 0.95 ± 0.07 x 1Ol;/cm" in the
treated animals (P < 0.025).

pressed per kilogram of body weight. The mean maximal lung
volume per kilogram of body weight at a TPP of 50 em of water
was signifcantly larger (about 40%) in the treated fetuses compared
to the controls. In addition, the absolute lung volumes at a TPP
inflation of 40 em of water and a TPP deflation of 40 and 30 ern
of water were significantly greater in the glucocorticoid-treated
animals compared to the controls.

However, when differences in lung volumes were corrected by
expressing partial volumes as percentages of VIllox50 TPP during
inflation and deflation (Fig. 2), the resulting curves were nearly
superimposable. There were no significant differences between the
treated and control fetuses in alveolar stability, as measured by
air trapping on deflation. No significant correlations were ob
tained between VIllox/body weight for groups I and II and adrenal
weight/body weight, lung weight/body weight, or amniotic fluid
L/S.

The individual paired values for the maximal lung volume and
the residual lung volume at 15 ern H20 are given in Table 2. The
maximal lung volume per kilogram of body weight in the control
groups increased with gestational age, whereas that in the beta
methasone-treated groups remained relatively constant.
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Fig. 2. Pulmonary pressure-volume studies. The mean proportionate
lung volumes expressed as a percentage of the total lung volume for the
betamethasone group are not statistically different from those of the saline
injected group.
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Fig. I. Pulmonary-pressure volume studies. The mean lung volumes
(in ml air) per kg of body weight tend to be higher in the animals treated
with betarnethasone. The lung volumes at a TPP inflation of 40 ern of
water and at a TPP deflation of 40 and 30 cm water are significantly
greater in the treated fetuses.

Table 2. Functional and morphologic data illustrating!he differences in contro}Jgroup /) and betamethasone-treated (group II) animals 1

Von.,/body weight
Gestational
Age (days)------

IIU

115
120
125
130
135
140

Mean ± S.E.

13.03'
15.05
18.24
25.26"
34.42"
21.06'
33.49
22.94 ± 3.21'

II

31.<J7
27.60
28.57"
39.74
28.80
37.82
33.46"
32.57 ± 1.79"

--_ .. -----

31.12"
34.20
27.U9

31.03"
46.34"
26.30'
77.46
39.10 ± 6.87

II

32.10
35.06
41.49"
26.76
26.48
44.78
45.86"
36.08 ± 3.07

, The data are presented as a function of gestational age and treatment regimen. The maximal lung volume (Von.,) is expressed in terms of ml/kg of
body weight.

, V"".Il is the percentage of lung volume remaining after initial inflation to 5U cm of water, followed by deflation to 15 em of water.
, Female animals.
'Mean ± S.D.
r, P < 0.025.
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/'Ig, j. L1gnt microscopy01 lungs trom saline Injectedgroup I (lop) and
betamethasone·treated group II (bollom) animals at 135 days' gestation,
The areas are chosen to illustrate the larger alveolar size in the treated
animal. The lungs have been fixed by warmed air distention through the
bronchial tree. so that the alveolar walls appear thin, Sections are 6 }-1m
thick. (Hematoxylin and eosin; solid bar al lOp is equal to 1 mm).

DISCUSSION

EFFECT OF BETAMETHASONE ON SURFACE AREA DENSITY

The present study charts the effects of maternal betarnethasone
administration on rhesus fetuses over a broader gestational age
(67 to 85% of pregnancy) than our previous studies (14. 15.21).
The reduced adrenal weights observed in this study are in agree
ment with our prev ious findings (14. IS) and are consistent with
the suppression of the hypothalamic-pituitary-adrenal axis pro·
duced by elevated fetal glucocorticoid plasma levels. Both the
thymus weights and pancreas weights are less in the betarnetha
sene-treated animals. Although these reductions in weight in the
present study were not statistically significant. the trend is con
sistent with previous findings (14. IS).

The increased lung weigh t/body weight ratio in the treated
animals (22.2 ± 1.8 g/kg) versus the saline controls (19.6 ± 2.1 gl
kg; P < 0.025) is a result we have not found in previous studies of
betamethasone-treated fetuses. We cannot offer a satisfactory
explanation of this finding in the present study because there were
no statistically significant changes in lung or body weights. The
increase in lung weight to body weight was 13% and the physio
logic significance of this increase is unclear.

In agreement with our previous studies (14. IS. 21), we ob served
a significant increase in the maximal lung volumes in the rhesus
fetuses after betamethasone treatment. However. in this study. we
found no changes in either the residual lung volumes on deflation
(V \,," r» or amniotic fluid LIS and onl y minimal cha nges in PCI
PL after betamethasone treatment. These results are in apparent
conflict with studies reported in other species and in in vitro lung
cultures. There are several possibilities for this discrepancy.

Recent animal (17.22) and clinical (3. 23) studies have sugge sted
that there may be different rates of lung maturation for males and
females and that males and females ma y respond differently to
the glucocorticoid induction of this process. Although the male to
female ratio was not significantly different between the two groups
of this study (Table I). the treated group had more male s, We
have examined the data on 20 Macaca mulatta fetuses from a
previous study at the same gestational age (82% of pregnancy) to
determine the effect of sex differences and betamethasone treat·
ment. We have found that in this species there is no statistically

AMNIOTIC FLUID LIS RATIO

The mean LIS ratio for group I was not significantly different
from that of group II (Table 3). There was, however. a significant
correlation between the amniotic fluid LIS ratio and gestational
age for both groups (r = 0.617; P < 0.05).
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ela stin expressed per milligram of wet lung tissue . Nor were there
any differences in mean values of phospholipid. phosphatidylcho·
line. sphingomyelin. collagen. or elastin expressed per }lg of lung
DNA. There was. however. a significant increase in the amount
of phosphatidylcholine relative to total lung phospholipid present
in the betamethasone-treated lung (mean ± S.E. of 0.337 ± 0.017)
compared to that of the control animals (mean ± S.E. of 0.290 ±
0.010; Table 3).

With respect to connective tissue elements. the lungs of beta
methasone-treated fetuses had increased collagen and decreased
elastin concentrations. but there were no significant differences
between control and treated groups. The collagen content in the
lungs for both groups ranged from 60 to 90 }lg/mg dry weight of
lung; the elastin content in these same samples ranged from 25 to
40 }lg/mg dry weight of lung. However. when the data were
expressed as a ratio of collagen concentration to elastin concentra·
tion (C/E), the ratios were significantly increased in the lungs of
the treated group (2.24 ± 0.08 for group I versus 2.48 ± 0.08 for
group II; Table 3). None of the biochemical parameters measured.
i.e.• lung phosphatidylcholine/phospholipid. (PC /PL). lung phos
phatidylcholine/sphingomyelin. or C/E. correlated significantly
with Vm../ kg body weight.
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Table 3. Biochemical data illustrating the differences in control (group I) and the betamethasone-treated (group II) animals!

PC/PL C/E Amniotic fluid L/S

I II II II

110 0.309 2.75 0.5
115 0.266 0.290 1.99 2.50 0.3 0.4
120 0.254 2.36 0.5
125 0.279' 0.295 2.12 0.4
130 0.3182 0.335 2.39 0.32 0.5
135 0.3292 0.367 2.302 2.77
140 0.275 0.4272 2.37 0.9 1.0

Group 0.290 ± 0.01 0.337 ± 0.017" 2.24 ± 0.08 0.53 ± 0.22
Mean ± S.E. 2.48 ± 0.084 0.53 ± 0.20

I ClEo PC/PL. and L/S ratios are given as a function of gestational age and treatment regimen.
Female animals.

"p < 0.05.
4 P<O.01.
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significant difference in Vmax/kg of body weight or residual lung
volume between males and females. Furthermore. male and fe
male fetuses exhibit approximately the same percentage change
after betamethasone treatment. Therefore. the fact that we have
not found significant differences in deflation stability or amniotic
fluid L/S ratios cannot be explained by differences in the sex ratio
between the control and treated groups.

Another possible explanation for the discordance with other
investigators may be our failure to quantitate the disaturated
phosphatidylcholine content, presumably a better marker for sur
factant synthesis than total lung phosphatidylcholine. However,
in our previous studies we have found significant correlations
between total phosphatidylcholine content and functional indices
of surfactant. i.e., minimum extract surface tension values and
lung deflation characteristics (15).

The fact that the present study contrasts with a number of
studies could be related to species differences, to differences in the
intact animal, and to method of glucocorticoid administration. A
number of studies have indicated that hyperinsulinemia may
interfere with lung maturation and surfactant acceleration (II).
We have recently ascertained that striking hyperinsulinemia oc
curs in our steroid-treated animal preparation (13). This clearly
would not be observed in in vitro preparations and may not occur
where the glucocorticoid is administered directly to the fetus.
rather than to the mother. Further studies are in progress to
determine whether the hyperinsulinemia observed in this rhesus
model might account for an apparent minimal effect of glucocor
ticoids on pulmonary surfactant.

In a previous study (15), we found a 40% increase in residual
lung volume (V If>';n) and a 20% increase in the PC/PL ratio after
betamethasone treatment. In the present study, we observed no
significant change in V w; II after treatment and a smaller increase
in PC/PL (16%). after maternal betamethasone administration.
This recent study encompasses a broader (and earlier) gestational
range (67 to 85% of pregnancy) than the previous one (75 to 85%).
It is possible that there is a gestational age difference in beta
methasone sensitivity and that this may explain the apparent
inconsistencies in these two studies. Our inability to demonstrate
changes in alveolar stability (residual volumes on deflation) and
amniotic fluid L/S ratios suggest that lung surfactant changes are
of lower magnitude and functional consequence than lung struc
tural changes. It has been our hypothesis that the large increases
in lung volumes are due primarily to alterations in the structural
architecture (14, 15, 21), rather than the surface lining. based on
our observations that changes in residual lung volumes on defla
tion and lung phospholipid concentrations are much less striking.
It is not clear to us how changes in alveolar surface tension could
bring about such striking increases in maximal lung volumes.
Bachofen et al. (I) noted little. if any, change in maximal lung
volume of excised rabbit lungs after marked increases in alveolar

surface tension were effected by rinsing with a detergent. The fact
that increased lung volumes are observed even with saline filling
when surfactant effects are nullified (21) provides the most positive
evidence that betamethasone affects tissue elements directly.

Although the results of the present study show evidence of
increased distensibility of individual alveoli. we still cannot ex
clude the possibility that some of the increased lung volume occurs
because of an increased number of alveoli. The reason for this
relates to the fact that we made no measurement of the lung
volume after the lungs were fixed. Also. because the sections for
morphometric analysis are cut from the fixed lung, we cannot
directly relate these data to the pressure-volume curves done in
the intact lungs. If we make the assumption that there were no
systematic fixation differences between the control and the steroid
treated groups. then we may speculate on the degree of alveolar
recruitment and distensibility. A 20% decrease in alveolar number
per unit volume implies that an individual alveolus is increased in
volume by about 25%. This increase in size is insufficient to
account for the greater than 40% increase in maximal lung volume
found in this study and up to 100% increases found in previous
work ( 15). Therefore. to account for the entire increase in lung air
volume, it is likely that there was also an increase in the number
of alveoli recruited. However, at the present time. it is impossible
to be precise regarding the mechanism of the increased lung
volumes seen after betamethasone treatment. What is needed is a
study where lung volumes are controlled during the fixation
procedure. so that the morphometric results can be more directly
related.

Dexamethasone has been reported to inhibit collagenase pro
duction. thereby decreasing collagen degradation and resulting in
a net increase in collagen content (8). The betamethasone-treated
fetuses in this study had increased collagen and decreased elastin
concentrations compared to controls. Although these findings
were not significantly different. they are similar to findings re
ported previously in studies on emphysematous lungs (5. 18.25).
The fact that steroid treatment increased the C/E ratio by II % is
consistent with some type of structural change and tends to
support the morphometric data. Reduced numbers of alveoli and
alveolar surface area per unit lung volume, as well as increased
maximal lung volumes. have been reported in experimentally
produced emphysema (18, 26, 27). Although alterations in the C/
E ratio might be expected to cause functional alterations in the
pressure-volume curve, it is very difficult to define a specific
correlation. The functional effect of changes in the elastin and
collagen content of lung tissue is complex. The simple model, with
elastin fibers in parallel with collagen fibers arranged such that
the collagen fibers are stressed only at high lung volumes (20) may
be inadequate to describe the actual lung architecture. Indeed. the
recent work of Snider et al. (27) shows a significant increase in
maximal lung volume after elastase treatment. an increase which
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was considerably larger than the increase seen afte r collagenase
treatment. In light of this work . our finding s of increased maximal
lung volume are consistent with an increased C/E ratio. However.
with the increased C/E ratio. we also should have seen an increase
in the deflat ion stability due to th is structural alteration. We found
no such change in the present study. alth ough we did note them
in a prior study. Failure to observe them in the current study
might be explained by differences in gestational age.

In summa ry. we have collected functional data (pressure-vo l
ume cha racteristics). biochem ical data (C/ E concentration). and
morphometric data , which are consistent with the hypothe sis that
there are significant connective tissue changes occurring in the
feta l lung in response to glucocorticoid (betamethasone) therapy.
The increase in C/E rat io and the increase in maximal lung
volum es generally simulate hum an emphysema. Alth ough these
cha nges may be transitory ones which occur only during elevated
plasma betamethasone concentrat ions. the process of repair after
bctamethasone treatment must be considered. After elastase-in
duced emphysema. lungs depleted of elastin will acquire a normal
elastin content within 2 months, but the organization of the elastic
fiber network is not restored to normal. and permanent anatomical
deformity of the lung results ( 18). Thi s comparison of elastase
ind uced emphysema and the effect of glucocortico id on the de
veloping lung should be interpreted caut iously, as there may be
both quantitative and qualitat ive differences. However. the pos
sibility that the compar ison does have some validity should be
kept in mind . Addi tion al work will be needed to evalu ate the
long-term effect of the changes we have found in the present
investigation.

R EF ER ENC ES AND NOT ES

I. Hachofen . H.. G ehr, P.. and Weibel. E. R.: Alterations of mech an ical pro perties
and morp hology in excised rabbit lungs rinsed with a de te rgent. J . Appl.
Physio l. Respir. Envi ron. Exercise Physiol., 4 7: 1002 (197'1).

2. Ballard R. A.• and Ballard. P. L.: T he use of betarnethaso ne in the prevent ion of
R DS. In: A. I. Goldstein : Advances in Per inatal Med icine. pp. 77 -X7 (Strat ton
Interco nt inenta l Book Co rp.. Ne w York . 1'177) .

3. Balla rd P. L.. Ballard. R. A.. G ranbe rg, J. P.. and Sniderma n. S.: Sex a nd
prenatal bet am eth ason e ther ap y for respira tory d ist ress syndrome (RDS).
Pediat r. Res.. /4 : 5X'Ia ( I'IXO).

4. Bergman. I.. and Loxley. R .: Lu ng tissue hydrolysates: stud ies of the optimum
co nd itio ns for the spectrophoto metr ic determina tion of hydroxypro line. Ana
tyst .. IN : S7 S (1<)69) .

5. Briscoe. A. M.. and Loring. W. E.: Elastin content of the human lun g. Proc, Soc ,
Exp. Biol, Med .. VV: 162 (l 'l5H) .

6. C heek. D. B.: Brain lipid extraction. In: Fe tal and Postnatal Cellular G rowth . pp .
50'1-5 10 (John Wile y and Sons. Inc.. New York . 1'175).

7. Cheek. D. B.: Desoxyr ibonucleic aci d (D NA) . In: Fetal and Postnatal Cellula r
Growth. pp. 503-505 (John Wiley & So ns. ln c., New York . 1975).

X. Da ye r, J .·M .. Krone . S. M.. Russel l. R. G . G .. and Rob inson. D. R.: Production
of co llagenase and prosta gland ins by iso la ted ad herent rheumato id synov ia l
cells. Proc . Natl. Acad , Sci . U. S. A.. 73: '145 (1'176).

'I. Fisher. G . M.• an d Llaura do , J . G .: Co llagen and elastin co ntent in ca nin e arteries
selected from fun ction ally di ffe rent vascular beds . Ci rc, Res.. / '1: 3'14 (1'166).

10. Folch, J.. Lees. M.. and Sloane-Stanley, C H.: A simple me thod for th e isolat io n
an d purifica tion of tota l lipides fro m an imal tissues. J . BioI. C he rn.. ! ! fI : 4'17
( 1'157 ).

II. Fra ntz, I. D.. an d Epstein . M. F.: Fe tal lu ng de velopment in pregna ncies
co mplica ted by diab etes. Semin. Perinatol.. ! : 347 ( 1'l7X).

Co pyrigh t © I'IXI Internat iona l Ped iatric Research Fo undatio n. Inc.
003 1- 3'1'1X j XI j 1503-0235S02 .00jO

12. Goldne r, R. D.. and Bru mley. G . W .: Compa rative incorpo ra tion of " P into lung
phosph atidylchol ine in mam ma ls with different meta bo lic and pulmon ary
mo rphologic cha rac teris tics . Proc , Soc. Exp, Bio I. Med .. /4 5: 1343 (1'174).

13. Johnson . J. W. C . Mitzner, W.. Beck. J . C . Lee. P. A.. London . W . T .. and Sly .
D. L.: Betamethasone and the rhesus fetus: alt era tio ns in mate rn al -fetal ca r
bohydrate hom eostasis. (In prepara tion) .

14. Johnson . J. W . C.. Mitzner , W.. Lon do n. W. T.. Palm er . A. E.. and Scott. R. :
Betamethasone and the rhesus fetus: multisyste rnic effe cts. Am. J . Obs te t,
G ynecol ., / 33: 677 ( 1'17'1) .

15. Johnson . J . W. C .. Mitzner . W .. London. W. T.. Palmer . A. E.. Scott . R.. and
Kearney. K.: Glucoco nicoids an d the rhesus fetal lun g. Am. J . Obstet . G yne
col ., ! .lll: '105 (1'I7X).

16. Kissane . J . M.• and Robbins. E.: Th e fluoro met ric measurement of deoxyribo
nucleic acid in ani ma l tissu es with special reference 10 the ce ntral nerv ou s
system. J . BioI. Chern.. !3.1: IX4 (I 95X).

17. Kot as. R. V.. and Avery . M. E.: Th e in fluence of sex o n feta l ra bbit lun g
matur a tion and on the response to glucocorticoid . Am . Re v. Resp ir. Dis.. I ll :
377 ( I'IXO).

IX. Kuhn . c.. Yu , S.-Y .. Chrap lyvy , M.. Linde r. H. E.. and Sen ior . R . M.: The
induction of emphysem a with elastase. II. C hanges in connect ive tissue. Lab.
lnvest ., 34: 372 (1'176) .

1'1. Lan sing. A. I.. Rosenthal. T . B.. Ale x. M.. and Dempsey. E. W .: The struc tu re
and chemical character izat ion of elasti c fibers as revealed by elastase and
electron microscopy. Anat. Rec.. //4: 555 (1'153).

20. Mead. J .: Mechanical p roperties of lungs . Phys iol. Rev .. 4/ : 2XI (l 'Itd ).
2 1. Mitzner. W.. Johnson . J . W. C .. SCOIl. R .. London. W . T.. and Palmer. A. E.:

Effect of betamethasone on pressure-vol ume relationsh ips of fe tal rhesus
monkey lung. J . Appl. Physio!.: Resp ir. Enviro n. Exer cise Physiol ., 47: 377
( 1'17'1).

22. Nielsen . H. C . a nd Torday. J . S.: Ontogen y of surfac ta nt p rodu ct io n: a lag in the
male rabbit fetus . Pedia tr. Res.• /4 : 45'1a ( I'IXO).

23. Papageorgiou. A. N.. Co lle. E.. Gelfand. M. M.: Inciden ce of RD S fo llowi ng
betarn ethaso ne (B): the role of sex . type of delivery an d prolo nged ruptur e of
the membrane s (PRO M). Pedi a tr. Res.. / 4: 64'1a ( 19XO).

24. Par ker. F.. and Pete rson. N. F.: Qua nti ta tive analysis of phosp ho lipids an d
phosp holipi d fatty acids from silica gel thin -layer chro matogra ms. 1. Lipid .
Res.. fI: 455 (1'165).

25. Pecor a. I.. J .. Manne. W . R.. Baum , G . 1... Fe ld man. D. P.. and Recavarr en, S.:
Bioche mical study of gro und substa nces in normal and emphysem atous lun gs.
Am. Rev. Respi r. Dis.. 623 (1'167).

26. Snid er. G . L.. and Korthy. A. 1..: Int ern al sur face area and numbe r of respi rato ry
ai r spac es in elastase-ind uced emph ysema in ham ste rs. Am . Rev. Respir. Dis..
/ 17: 6X5 ( 1'I7X).

27. Snide r. G . L.. Sherrer. C B.. Koo . K. W.. Karlin sky. J . B.. Hayes. J . A.. and
Fra nzblau. C : Resp iratory mec ha nics in ha msters fo llow ing treat ment with
endot racheal elastase or co llagenase . J . Appl , Physiol., 42: 20b (1'177).

2X. Spina. M.• Garbin. G .. Fie ld. J. M.. and Sera fini-Fracass ini, A.: T he applica tion
of collagenas e purified by affi ni ty chromatog rap hy to the isola tio n of inso lub le
elastin from bovine ao rta . Bioch im . Biophys, Acta. 4()(): 162 ( 1'175).

2'1. Weibel. E. R .: Morph ometry of the Human Lung. p. 35 (Acad em ic Press. Inc..
New York. 1'163).

30. Weibel. E. R.. and G o mez. C . K.: A pr inciple for counting tissue structures o n
random sections. J . Appl. Physiol.. 17: 343 (1'162).

3 1. Wolinsky. H.: Effects of hypert en sion an d its reversal on the thor acic ao rta of
male and female rats . Ci rc, Res.. ! // : 622 (1'171).

32. Dr. Mitzner is a recip ient o f Nat ion al Institutes of Health Research Career
Development Award HL -00347.

33. Dr. Foida rt was a visitin g Associa te a t the Lab or atory of De velopm ent al Bio logy
and Abnor malities o f the Na tional Ins tit ute of Dental Resear ch and presently
is a Fe llow of the Fo ndo Nat ional de la Recher ch e Scient ifique in Belgium.

34. T he authors express their apprecia tion 10 Pat ric ia Murphy for her excellent
ass istance in the preparat ion of thi s manuscr ipt.

35. Req uests for reprint s sho uld be add ressed to: Jeanne C Beck. Ph.D.. lOX Harvey
Buildi ng. Jo hns Ho pkins Hosp ital. Balt imore . MD 2 1205 (USAj.

36. Th is research was sup ported in part by Na tio na l Institutes of Hea lth G ra nt li D
04050 .

37. Received for publ ication April 10. I'IHO.
3X. Accepted for pu bl icat ion September 16. I'IXO.

Printed in U. S.A.


	Betamethasone and the Rhesus Fetus: Effect on Lung Morphometry and Connective Tissue
	Summary
	Speculation
	MATERIALS AND METHODS
	PRESSURE-VOLUME STUDIES
	MORPHOLOGIC STUDIES
	BlOCHEMICAL STUDIES. PHOSPHOLIPID ANALYSES
	DNA ANALYSES
	COLLAGEN AND ELASTIN MEASUREMENTS
	DATA ANALYSIS

	RESULTS
	PRESSURE-VOLUME STUDIES
	PULMONARY MORPHOMETRIC STUDIES
	BIOCHEMICAL STUDIES

	DISCUSSION
	REFERENCES AND NOTES


