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ABSTRACT. Retinol, or one of its metabolites such as  
retinoic acid (RA), is an important factor in the differentia- 
tion and maintenance of integrity of lung epithelium. Ret- 
inol deficiency in rats induces morphologic changes in 
respiratory tract epithelial cells that are histologically 
similar to those found in human premature infants with 
bronchopulmonary dysplasia. The exact mechanism of ret- 
inoid action in cellular growth and differentiation is not 
understood, but recently investigators have focused on 
mechanisms mediated by nuclear RA receptors (RAR). 
The role of these RAR a s  regulators of retinoid function is 
being studied in adult animal tissues and malignant cell 
lines, but little is known about RAR in developing fetal 
lung tissue. The purpose of this study was to determine the 
effect of gestational age and vitamin A deficiency on fetal 
rat lung nuclear RAR. RAR were also assayed in vitamin 
A control and vitamin A-deficient adult rat lung. A com- 
petitive binding assay and size exclusion H P L C  separation 
were used to quantitate total RAR-specific binding. Binding 
analysis revealed a single class of receptor binding sites 
with high affinity (kd M) for RA and RAR saturation 
a t  2-5 n M  RA. Specific binding of lung RAR in rat fetuses 
a t  18 d gestation was two to three times greater than in 
fetuses at  20-21 d gestation, newborn pups, or adults. 
Western blot analysis revealed a predominance of RAR-P 
receptors in fetal lung. Lungs from vitamin A-deficient 
fetuses demonstrated up-regulation of nuclear RAR. Lung 
RAR-specific binding from adult female rats raised on a 
vitamin A-deficient diet since they were weanlings was no 
different from that of vitamin A-supplemented controls. 
These observations suggest that both gestational age and 
vitamin A are important regulators of RAR in developing 
lung. Such regulation might be important a s  well in the 
pathogenesis and/or repair of neonatal lung injury. (Pediatr 
Res 33: 251-255,1993) 
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Retinol, or one of its metabolites such as RA, is an important 
factor in the differentiation and maintenance of integrity of many 
epithelial cell types including the epithelial cells lining the respi- 
ratory tract. Retinol deficiency in rats is characterized by the loss 
of ciliated and mucus-producing cells and the replacement of 
normal columnar epithelia with squamous metaplasia (1-3). 
These findings are similar to the histologic changes found in the 
lungs of human premature infants with BPD (4). 

In general, vitamin A levels at birth are lower in preterm 
infants than in term infants (5-7), and preterm infants who 
subsequently develop BPD often have lower plasma retinol levels 
than preterm infants who do not develop BPD (8, 9). At present, 
controlled trials with small numbers of premature infants are 
inconclusive in regard to whether or not vitamin A supplemen- 
tation decreases the morbidity associated with BPD (10, 11). In 
any event, the cellular mechanisms by which vitamin A might 
act in normal lung development or lung injury and repair have 
not been adequately studied. 

Retinol and RA are transported in the plasma bound to retinol- 
binding protein and albumin, respectively. Once inside the cell, 
a portion of retinol is irreversibly oxidized to RA, which binds 
to  cytosolic RA-binding protein (12). RA then undergoes other 
metabolic conversions or is transported to the nucleus, where 
RA is the ligand for nuclear RAR. The activated RAR complex 
is thought to  regulate gene expression by interaction with RA- 
responsive elements located on DNA (12). At least three distinct 
RAR subtypes (a ,  P, and 7 )  have been identified in a variety of 
adult animal tissues and also in malignant cell lines (1 3- 15). The 
expression of mRNA for the RAR in early chick and mouse 
embryo (16) and adult lung (17) is being studied, but the protein 
level of these potential mediators of retinoid function in fetal or 
neonatal lung tissue has not been reported. 

The purpose of this research was to  characterize the nuclear 
RAR in developing fetal rat lung. The effect of gestational age on 
developing rat lung RAR was assessed, and the effect of vitamin 
A deficiency on fetal and adult lung RAR was also studied. A 
single class of receptor binding sites for fetal rat lung RAR was 
demonstrated, and total RAR-specific binding was significantly 
higher in 18-d fetuses than in older fetuses, newborns, or adults. 
Vitamin A-deficient fetuses demonstrated up-regulation of lung 
RAR, whereas vitamin A-deficient adults did not. 

MATERIALS AND METHODS 

Sprague-Dawley rats were obtained from Harlan Sprague- 
Dawley, Madison, WI. They were housed one to two per cage 
(adults) or three to four per cage (weanlings) in suspended wire 
cages with individual water and feeders. Light and dark were 
cycled at  12-h intervals. Vitamin A-deficient diet was obtained 
from ICN Biochemicals, Cleveland, OH. The use and care of the 
animals was approved by the Research Animal Resource Center 
at the University of Wisconsin. ~ l l - t r ~ n s - [ ~ H ] - R A  (50 Ci/mmol) 



252 MCMENAMY A ND ZACHMAN 

was obtained from New England Nuclear, Boston, MA. All other 
chemicals were obtained from Sigma Chemical Co., St. Louis, 
MO. Gel filtration standards for molecular weight determination 
were obtained from Bio-Rad, Richmond, CA. Polyclonal anti- 
bodies to RAR subtypes were kindly supplied by Dr. Pierre 
Chambon, Paris, France. 

Animals. Timed pregnant Sprague-Dawley rats (term 22 d )  
were obtained at 17-20 d gestation and the fetuses were delivered 
at 18-2 1 d gestation. The dams were anesthetized with ether or 
intraperitoneal pentobarbital, and the fetuses were delivered by 
cesarean section and immediately decapitated. Maternal animals 
were then killed by cardiac excision, and their lungs and livers 
were collected and frozen separately at -20°C until use. Fetal 
tissues from each litter were pooled and stored similarly. For 
some experiments at 18 d gestation, fetal tissues were pooled 
from two to three litters to increase yield. 

Nuclear RAR assay. Lung nuclei preparation and the R A R  
competitive binding assay were performed as described by Nervi 
et a/. ( 1 5 )  with a few modifications. Weighed portions o f  lung 
(0.1- 1.5 g )  were homogenized at 4°C with a teflon-glass homog- 
enizer (pestle B, 40-50 strokes) in 5 m L  o f  PTG buffer ( 5  mM 
sodium phosphate/lO mM thioglycerol/lO% glycerol, pH 7.4) 
and the following PI: phenylmethyl sulfonyl fluoride ( 1  mM) ,  
aprotinin ( 1  pg/mL), and leupeptin (1 pg/mL). The hotnogenate 
was centrifuged at 1000 x g at 4°C for 15 min and the resultant 
supernatant (cytosolic fraction) was discarded. The nuclear pellet 
was rewashed with 5 m L  PTG + PI and centrifuged two to three 
times until the supernatant was clear. The final nuclear pellet 
was suspended in 1-5 m L  o f  TTGK buffer (10 mM Tris HCl/ 
1.5 nM EDTA/10 mM thioglycerol/lO% glycerol/0.8 M KCl, 
pH 8.5) with the same PI added as in the PTG buffer. The 
suspension was incubated on ice for 1 h and resuspended every 
10-15 min with a teflon-glass homogenizer (pestle A, three to 
four strokes). The suspension was then centrifuged at 66 000 X 
g for 1 h and the resultant supernatant saved as the nuclear 
fraction. Protein concentration o f  this nuclear preparation was 
performed by the method o f  Lowry (18) using BSA as the 
standard, and aliquots o f  100-750 pg o f  protein were stored in 
1.5-mL Eppendorf tubes at -20°C until use. 

For the nuclear RAR competitive binding assay, [3H]-RA was 
added to known amounts o f  nuclear protein for a final concen- 
tration o f  0.4-10 nM [3H]-RA in the presence or absence o f  a 
200-fold molar excess o f  unlabeled RA. The final volume o f  400 
pL was incubated for 3 h at 4"C, then the ligand-receptor complex 
was separated from other proteins and free R A  by size-exclusion 
HPLC using a Perkin-Elmer (Norwalk, CT)  model LC- 100 liquid 
chromatography system. Injections o f  200 pL were fractionated 
over a Superose 12 HR 10130 size exclusion column (Pharmacia, 
Piscataway, NJ) at a flow rate o f  0.5 mL/min using PTG buffer 
containing 0.4 M KC1 and PI at 4°C as eluent. Fractions o f  0.5 
m L  were collected and radioactivity was measured. Binding data 
were calculated as the area under the peak using the trapezoidal 
rule and expressed as dpm/mg nuclear protein. Molecular weight 
was determined by comparison o f  relative elution times to known 
molecular weight standards. Western blot analysis was performed 
on 30 pg o f  protein from HPLC fractions 24-26 using polyclonal 
antibodies raised against mouse ( 1 :  1000). Goat anti-rabbit was 
the second antibody, used to perform Western blot analysis, and 
an alkaline phosphatase color reaction was used to identify the 
bands. 

Vitamin A-deficient animals. Vitamin A-deficient females 
and offspring were obtained using the method o f  Wallingford 
and Underwood ( 1  9)  with a few modifications. Weanling female 
Sprague-Dawley rats were fed a vitamin A-deficient diet ad 
libitum for 8-10 wk, then some rats were killed and livers and 
lungs were collected. Vitamin A deficiency was documented by 
analysis o f  liver RP concentration as previously described (20) 
using a Perkin-Elmer Picosil C18 5 pm, 15 cm column. The 
remaining rats were then mated to normal males, and the pres- 
ence o f  vaginal sperm after overnight mating denoted d 0 o f  

pregnancy. On d 0 or 1 o f  pregnancy, the vitamin A-deficient 
females were started on 10 retinol equivalents ( I  retinol equiva- 
lent = 1 pg retinol = 3.33 IU) o f  RP/d to improve pregnancy 
outcome ( 1  9). Daily monitoring revealed that the rats completely 
ingested the diet with the added vitamins. The rats were killed at 
20 or 21 d gestation, and maternal livers and fetal livers and 
lungs were collected. Fetal tissues from individual litters were 
pooled. All tissues were frozen at -20°C until use. 

Statistical analysis. Data are expressed as means and SEM as 
indicated. Differences among group means were determined by 
unpaired two-tailed t tests, and p < 0.05 was considered signifi- 
cant. Scatchard plots ( 2  1 )  were analyzed using least squares linear 
regression. 

RESULTS 

RAR assay. A representative competitive binding analysis o f  
20-d fetal rat lung using 5 nM radiolabeled R A  shows multiple 
peaks o f  radioactivity (total binding), only one o f  which (fractions 
24-26) is abolished by excessive unlabeled R A  (nonspecific 
binding). This indicates specific binding for the RAR (Fig. 1). 
Using molecular weight standards, the peak at fraction 25 cor- 
responds to a molecular weight o f  approximately 50 000. Similar 
analysis o f  the cytosolic fraction demonstrated no such peak in 
this area, indicating that virtually all the nuclear fraction was 
retained during the preparation o f  nuclei. Incubation at room 
temperature versus 4°C yielded identical results, as did incuba- 
tion periods at 4°C o f  3 h versus 18 h. Nuclei preparations were 
stored frozen at -20°C for up to 4 mo without loss o f  RAR- 
specific binding. RAR-specific binding increased proportionately 
with increasing amounts o f  nuclear protein, and repeated meas- 
ures on the same sample yielded an intraassay variability o f  
<lo%. Western blot analysis o f  the peak o f  specific binding 
(fractions 24-26) from fetal and neonatal lung showed predom- 
inantly RAR-,B with a trace o f  RAR-cu when studied with poly- 
clonal mouse antibodies (Fig. 2). 

Efect of ge.~~ational age. Figure 3 illustrates saturation binding 
o f  lung R A R  o f  rat fetuses at 18-21 d gestation. Optimal binding 
occurred at concentrations o f  radiolabeled ligand greater than 2 
nM in 19- to 2 l -d fetal rat lung, but 18-d fetal rat lung RAR did 
not show saturation until higher concentrations o f  R A  were 
reached ( 5  nM). Scatchard analysis (Fig. 4 )  yielded linear plots 
consistent with the presence o f  a single class o f  receptor binding 
sites. The apparent equilibrium kd ranged from 0.77 nM (r  = 
-0.99) for 21-d and 0.97 nM ( r  = -0.88) for 20-d fetal rat lung 
to 1.75 nM ( r  = -0.97) for 18-d and 2.68 nM ( r  = -0.67) for 

M i n u t e  
Fig. I .  Competitive binding analysis of HPLC-separated RAR assay. 

The dpm in each minute (0.5 mL) for ['HI-RA only (total binding, W) 
and ['HI-RA plus 200-fold molar excess of unlabeled RA (nonspecific 
binding, 0) are shown. 
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Fetus 1 - Day 

Fig. 2. Western blot analysis of RAR peak. Fetal and 1-d-old rat 
nuclear extracts from HPLC fractions 24-26 were desalted, concentrated, 
and subjected to Western blot analysis against polyclonal antibody. 

- 21 d gestation - 20 d gestation - 19 d gestation 

Fig. 3. Saturation binding of RAR. Specific binding (total binding 
minus nonspecific binding) is plotted against increasing ['HI-RA concen- 
tration for various gestational ages. 

21 d gestation 

0 20 d gestation 

19 d gestation 

nM [3H]-RA Bound 

Fig. 4. Scatchard analysis. Scatchard analysis of saturation binding at 
various gestational ages. 

19-d fetal rat lung. Total RAR-specific binding (expressed as 
dpm/mg nuclear protein) in lungs from various fetal and post- 
natal aged rats incubated with saturating concentrations of RA 
(5 nM) is shown in Figure 5. Lungs from 18-d fetal rats (n = 4) 
contained two to three times as much RAR-specific binding 
(25 966 + 5 140 dpm/mg protein) as 20- to 21-d fetuses (1  1 980 
+ 672 dpm/mg protein, n = 7, p < 0.01), 1- to 3-d-old newborn 
pups (9 698 + 3 992 dpm/mg protein, n = 4, p < 0.05), and 

18 d 20-21 d Newborn Adult 

Gesta t iona l  Age 

Fig. 5. Total RAR-specific binding in fetal and postnatal aged rats. 
Dpm/mg nuclear protein was plotted against the gestational ages indi- 
cated. 

adult pregnant females (7 042 + 772 dpm/mg protein, n = 6, p 
< 0.01). 

EJfect of vitamin A deficiency. Timed-pregnant Sprague-Daw- 
ley rats consuming regular rat food were used as a reference 
control group and compared with pregnant, vitamin A-deficient 
rats (Table 1). Vitamin A-deficient diet resulted in markedly 
reduced maternal liver RP concentration compared with normal 
diet (46 + 12 versus 866 k 224 nmol RP/g liver, respectively). 
This concentration of liver RP in vitamin A-deficient maternal 
rats at 20-2 1 d gestation (46 + 12 nmol RP/g liver) was higher 
than baseline concentrations obtained before mating (2.9 + 1.1 
nmol RP/g liver) due to the vitamin A supplement received by 
these rats during their pregnancy. Vitamin A-deficient animals 
had a smaller litter size ( p  < 0.00 1) and a smaller average fetal 
weight ( p  < 0.02) than the reference group. Fetal liver RP 
concentration was significantly lower in deficient pregnancies ( p  
< 0.001) (Table I). Lung RAR-specific binding of vitamin A- 
deficient fetuses was increased by 2-fold over that of controls 
(23 560 + 1 792 verszls 11 980 + 672 dpm/mg protein, respec- 
tively, p < 0.001) (Fig. 6). 

The RAR-specific binding in the reference maternal rat lung 
was 7042 + 772 dpm/mg protein (n = 6) compared with 4932 
+ 425 dpm/mg protein (n = 5) in rats raised on a vitamin A- 
deficient diet ( p  = 0.051). A separate experiment was done in 
which weanling rats were raised on a deficient diet and given 
daily supplemental vitamin A (100 retinol equivalentsld). In 
these adult animals, although none were successfully mated, the 
liver RP concentration was in the high normal range (1 590 nmol 
RP/g liver) and the lung RAR-specific binding (5948 + 889 
dpm/mg protein, n = 5) was similar to, but not statistically 
different from, that in the reference and deficient groups. 

DISCUSSION 

Vitamin A is known to be an important factor in lung growth 
and maturation, and recently interest has turned to the nuclear 
RAR as possible regulators of retinoid function (13, 14). Al- 
though many studies have focused on adult animals or human 
malignant cell lines, little has been done to investigate RAR in 
developing tissues. The purpose of this study was to examine the 
effect of gestational age and vitamin A deficiency on fetal rat 
lung RAR. In agreement with previous findings in HL-60 cells 
(15), a single class of receptor sites with a high affinity (kd 
M) for RA and an approximate molecular mass of 50 kD was 
identified in fetal lung nuclear extracts. The assay was reproduc- 
ible with a variation of less than 10% and demonstrated a dose- 
response relationship with nuclear protein concentration. Endog- 
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Table 1. Characteristics of control and vita~nin A-deficient pregnancies* 

No. of No. of fetuses Avg. fetal Maternal Fetal liver 
Group pregnancies per litter weight (g) liver R P  (nmollg) R P  (nmol/g) 

Control 7 1 1.8 t 0.8 4.62 + 0.33 866 + 224 33.8 t 1.4 
Deficient 5 4.2 + 1.01 3.15 + 0.37$ 46 + 12 13.2 + 2.71 

* Values are mean + SEM. 
i p  < 0.001. 
$11 < 0.02. 
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Fig. 6. Fetal liver R P  concentration and lung RAR-specific binding. 
Liver RP concentration was measured by HPLC analysis in control (m) 
and vitamin A-deficient (0) fetuses. The lung RAR-specific binding of 
these fetuses was determined using the method described in the text. 

enous RA was unlikely to be a factor in this assay because neither 
incubation at room temperature nor incubation for extended 
periods of time affected the results. In addition, nuclei prepara- 
tion was carried out in the presence of normal overhead lighting, 
which is known to rapidly degrade RA, and RA was not detected 
in nuclear extracts (limits of detection were less than 20% of 
exogenous radiolabeled RA used for the assay). 

Lungs from rat fetuses delivered prematurely at 18 d gestation 
had two to three times as much RAR-specific binding as lungs 
from older fetuses, newborns, or adults. Specific binding is 
determined by both the affinity of a ligand for its receptor and 
the total number of receptor binding sites. Equilibrium k., are 
one measure of receptor affinity. In this study, the derived k., for 
the earlier gestational ages was slightly higher than for later in 
gestation. A higher k., indicates a ligand-receptor complex with 
lower affinity, which would manifest as lower specific binding. 
Because RAR-specific binding was higher in rat fetuses of 
younger gestational age in this study, this observation is unlikely 
to be a result of differences in receptor affinity. From this it 
would appear that 18-d fetal rat lung has two to three times as 
many RAR binding sites as older animals. The primary purpose 
of the Scatchard plot was to demonstrate the existence of a 
specific and single RAR binding site, and this was shown by the 
linear relationship. However, it is unclear whether the differences 
in the are significant or whether these values reflect variation 
about the mean. Similarly, although the intercepts on the abscissa 
do not reflect a 2- to 3-fold difference in number of binding sites 
under maximal binding conditions, there is a trend for the 18- 
and 19-d gestations to have larger intercept values than the 20- 
and 21-d gestations. This further supports the conclusion of a 
larger receptor number at earlier gestational ages. Additional 
work is needed to more completely characterize the fetal rat lung 
RAR and to resolve these questions. 

Western blot analysis demonstrated at least P- and possibly 
some a-receptor in fetal rat lung. Use of these particular antibod- 
ies does not always demonstrate the y-receptor, and the larger a 
(-60 kD) is frequently seen (Chambon P, personal communi- 
cation). The primary purpose of the Western blot analysis here 

was to show that the HPLC fractions isolated reacted with RAR 
antibody. Further studies using Western blot analysis to quanti- 
tate changes in RAR content during advancing gestation and in 
states of vitamin A deficiency are needed. The exmession of 
RAR in early embryo and aduit lung has been previdusly shown 
(16. 17. 22). 

~ i v e ;  RP was chosen as the marker for vitamin A deficiency 
because it represents the major storage form of vitamin A. Litter 
size and average fetal weight obtained from pregnancies of vita- 
min A-deficient rats were smaller than those in control pregnan- 
cies as previously reported by Takahashi et al. (23). Liver RP 
concentration of the experimental fetuses was statistically lower 
than that of controls, yet lung RAR-specific binding was nearly 
doubled. The reason for this increased receptor number is un- 
clear. One explanation might be that it reflects a period of rapid 
growth with a higher protein content of the whole animal; 
however, standardizing for amount of protein in the assay as was 
done in this study should correct for this. Alternatively, it is 
known that in 18-d rat fetal lung RP storage is high and decreases 
rapidly with birth, whereas retinol remains at a steady low level 
(24). At early gestations then, perhaps the observed up-regulation 
of the RAR is an adaptive measure to a predominate storage 
pathway that supplies little RA. As birth approaches, more ester 
is converted to metabolically active RA and so there is less need 
to have higher concentrations of RAR. 

Adult lung RAR-specific binding was slightly diminished with 
vitamin A deficiency. This is consistent with the results of others 
(22, 25) who report a decrease in mRNA levels of lung RAR-/I' 
in retinol-deficient rats compared with controls. Generally in 
studies of RAR expression in adult animal tissue, RA induces 
the RAR-P gene (1 3, 14, 17). The observation here of an apparent 
increase in the total RAR protein-specific binding in vitamin A- 
deficient fetal rat lung requires further study for an explanation. 
Perhaps this represents less degradation of the RAR in an effort 
to conserve receptor number in the presence of deficiency. It is 
known that in mild vitamin A deficiency in adults, some organs 
such as kidney and lung actually have higher concentrations of 
retinol than in the normal state. If that has occurred in these 
vitamin A-deficient fetuses, perhaps the up-regulation of lung 
RAR was actually associated with higher lung retinol than in 
control fetal lung. Although retinol and RP concentrations in 
lungs of deficient adults consuming this diet are lower than in 
controls (25), the fetal lung vitamin A in the five deficient 
pregnancies studied here was not analyzed. Additional research 
will be required to clarify this issue. 

In summary, the observations reported here suggest that both 
gestational age and vitamin A are important regulators of RAR 
in developing lung. Such regulation might be important as well 
in the pathogenesis and/or repair of neonatal lung injury. 
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