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Summary 

Smoking during pregnancy results in offspring with an average 
birth weight 200 g less than those of non-smoking mothers. The 
pathogenesis of this effect is still unknown and there is no general 
agreement about the causal relationship between maternal smok- 
ing and subsequent fetal growth retardation. In the present study, 
a model of maternal smoking during pregnancy in the rat was 
established using the P & I Walton Exposure Machine. The 
study consisted of three groups: control, pair-fed, and smoke- 
exposed. Smoke-exposed animals were exposed continuously to 
tobacco smoke for cycles of 7 min, 16 times a day from d 5 to d 
20 of gestation. O n  d 21 of gestation, fetuses from all groups 
were removed by cesarean section, weighed, and dissected. The 
fetal brain, liver, and lungs as  well a s  the placentas were weighed 
and analyzed for nucleic acid content. Fetal weight was found to 
be significantly reduced in both pair-fed and smoke-exposed 
groups compared with the control group. There was also a 
significant reduction in fetal body weight of the animals in the 
smoke-exposed group in comparison to those in the pair-fed 
group. Exposing the mother to smoke affected neither fetal brain 
weight nor nucleic acid content whereas fetal liver and lungs 
showed a significant decrease in both weight and nucleic acid 
content. These results indicate that the fetal growth retardation 
associated with maternal exposure to tobacco smoke in the rat 
corresponds to a disproportionate type. In addition, the present 
results indicate that the maternal tobacco smoke exposure in- 
duced fetal growth retardation without placental growth retar- 
dation. 

Data from the literature clearly demonstrate that maternal 
smoking during pregnancy has a significant and adverse effect 
upon the fetus. Among other detrimental effects, smoking during 
pregnancy results in offspring with an average birth weight 200 
g less than those of non-smoking mothers (20). The pathogenesis 
of this effect is still unknown and no general agreement exists 
about the causal relationship between maternal smoking and 
subsequent fetal growth retardation. 

In attempts to elucidate the effect of maternal smoking on the 
fetus, pregnant experimental animals have been utilized in sev- 
eral different models, such as exposure to nicotine (7, 9, 14, 15, 
19), to smoke (3. 8, 16, 21, 25), and to carbon monoxide and 
low oxygen environments (5). Although these studies have con- 
tributed to a better understanding of the effect of tobacco smok- 
ing, the intrinsic mechanisms as well as the specific pattern of 
the resulting fetal growth retardation still remain unclear. 

Two major types of fetal growth retardation have been de- 
scribed (17), proportionate and disproportionate (also called 
"symetric" and "asymetric"). In the proportionate type, all organs 
decrease in weight to the same degree. In the disproportionate 

type the growth of the brain is relatively preserved in comparison 
to other organs. Clinical studies of infants of smoking mothers 
have not clarified which of the two types is associated with this 
condition ( 13). 

The aim of the present study was 2-fold: first, to establish a 
reproducible model of maternal tobacco smoking in the rat, and 
second, to define the pattern of the fetal growth retardation. 

MATERIALS AND METHODS 

Mature, virgin female rats of the Sprague Dawley strain, 200- 
250 g body weight, were used (Camm Company, Wayne, NJ). 
Cigarettes were tobacco, non-filter, 70 mm length. The total 
particulate matter less nicotine and water was 19.9 + 0.5 mg. 
Total alkaloids reported as nicotine were 1.1 1 + 0.03 mg. 

The following instruments were used in the experiment: I )  P 
& I Walton Smoke Exposure Machine, manufactured by Process 
& Instruments Corporation, Brooklyn, NY and 2) IL 282 CO- 
Oximeter, manufactured by Instrumentation Laboratory, Inc. 
Lexington, MA. The animal diet consisted of Rat-Mouse Diet 
96W, pellets (protein, minimum: 19.0%; fat, minimum: 7.5%; 
fiber, maximum: 2.5%; N.F.E., minimum: 52.0%), Old Guiiford 
Laboratory Animal Diets manufactured by the Emory Morse 
Co., Guilford, CT. 

Animals were mated overnight. The next morning, vaginal 
smears were examined and the presence of sperm was taken to 
indicate day "0" of gestation. "Sperm-positive" rats were individ- 
ually caged and maintained at 25"C, in a facility with a 12-h 
light-dark cycle. 

The animals were randomly assigned to three groups: control, 
pair-fed, and smoke-exposed. The control group was allowed 
free access to water and food. Except for daily determination of 
food intake and body weight, no other manipulations were 
performed on this group. 

Animals in the pair-fed group were given free access to water 
and fed the same average quantity of diet consumed by the 
smoke-exposed group. Body weight was recorded daily. In addi- 
tion, these animals were exposed to fresh air in the Walton 
Smoke Exposure Machine following the same regimen as the 
smoke-exposed group. 

Finally, the smoke-exposed group was given free access to 
water and food. Daily food intake and body weight were recorded 
throughout the experiment. To achieve smoke exposure, these 
animals were placed two at a time in a constant volume (2124 
cc) smoke exposure chamber attached to the Walton Smoke 
Exposure Machine. This machine is an intermittent device in 
which a puff from three lighted cigarettes was pushed into the 
exposure chamber. In the typical 1-min cycle of operation, each 
puff of smoke was held in the chamber for a 30-s exposure, and 
then the chamber was purged with fresh air for the next 30 s. 
The cycle was repeated until the cigarettes were consumed, 
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usually in 7 min. This exposure was repeated continuously every 
'12 11 from 9 AM to 5 P M  from d 5 to d 20 of gestation. 

On d 2 1 of gestation, fetuses, and placentas were removed by 
cesarean section. After gross examination for external malfor- 
mations, the fetuses were weighed and dissected. The fetal brain, 
liver, and lungs, as well as the placenta were weighed and 
immediately frozen for later analysis of nucleic acid content. In 
order to perform this analysis, the fetus closest in body weight to  
the mean body weight of the litter was taken as representative 
for the litter. DNA and RNA were extracted serially by the 
Schmidt-Tannhauser method (18) as modified by Fleck and 
Munro (4). 

T o  assure adequate smoke exposure, a pilot test was conducted 
before the experiment. This test was designed to measure the 
percentage of carbon monoxide saturation of hemoglobin under 
smoke exposure conditions. For this purpose, several rats ex- 
posed to tobacco smoke in a situation similar to  that of the 
smoke-exposed group were sacrificed at  regular and defined 
intervals during a 24-h period. Blood was removed from the 
abdominal aorta and analyzed for carbon monoxide saturation 
using the IL 282 CO-Oximeter. From these results it was con- 
cluded that in the present study the blood carbon monoxide 
saturation in the smoke-exposed group was maintained between 
10-20% from 9 AM to 5 PM. After the last smoke exposure for 
the day, all evidence of carbon monoxide in blood disappeared 
within 1 h. 

Stafi.rflca1 analysis. Differences between groups were analyzed 
using the Student's t test. Results were considered statistically 
significant when P was less than 0.05. 

RESULTS 

Mean daily food intake from d 5 to d 2 1 of gestation was 15 g 
for the smoke-exposed group (and consequently for the pair-fed 
group). For the control group, the mean daily food intake was 
20 g. Mean litter size for the three groups combined was 12.5 
with no statistically significant difference between groups (Table 
1 ). There were no resorbed fetuses nor fetal external malforma- 

Table I. Number of dams, l i t~er size, and,fe~al weight.for all 
unimul grotus fx +- SEMJ 

tions in any group. Fetal weight was significantly reduced in both 
pair-fed and smoke-exposed groups compared with the control 
group. There was also a significant reduction in fetal body weight 
of the smoke-exposed group in comparison with the pair-fed 
group (Table 1). 

In the analyses of the brain, significant decreases were found 
in total brain weight of the pair-fed and the smoke-exposed 
groups, compared with the control group. Total brain weight of 
the smoke-exposed and pair-fed groups did not differ. In addi- 
tion, there were no significant differences, in brain nucleic acid 
content or in the weight/DNA ratio among the three groups 
(Table 2). 

The liver analyses revealed a significant decrease in weight and 
RNA content in the pair-fed pups compared with controls. When 
comparing the smoke-exposed group with the control group, all 
the study variables showed a significant decrease. There was also 
a significant decrease in liver weight and total content of RNA 
between the smoke-exposed group and the pair-fed group. In 
contrast, DNA content was not significantly reduced (Table 2). 

In the analyses of the lungs, except for a borderline decrease 
in DNA content, no other significant difference was found 
between the pair-fed group and the control group; however, 
when comparing the smoke-exposed group with either the pair- 
fed or the control group, both lung weight and nucleic acid 
content were found to be markedly decreased (Table 2). Organ 
weight, expressed as  a percentage of total body weight, shows 
that the greatest percentage change occurred in fetal lung weight 
(Table 3). 

Finally, placental analyses showed no significant differences 
between the groups for all the variables studied, although there 
was a clear trend toward a decrease in weight, in RNA, and in 
the weight/DNA ratio, when smoke-exposed animals were com- 
pared with the pair-fed group (Table 2). 

The present results document a reproducible animal model 
for studying the influence of maternal smoking on fetal growth 
in the rat. Using a n  automatic smoke exposure machine certainly 
makes the procedure highly versatile as well as accurate and 
reproducible. Among the various advantages of this machine are 

No. of Fetal weight 
Animal group dams Litter size (8) Table 3. Organ weight as a percentage ~ f ' t o ta l  body wrighr 
-- --- 

Control 7 13.2 k 0.18 5.85 ? 0.13 Brain Liver Lung 

Pair-fed 6 13.1 k 0.47 5.2 1 k 0.09* (%I (7;) (9;) Animal group 
-- -- -- 

Smoke-exposed 5 12.2 + 0.70 4.60 ? 0.16*1 Control 1 8  X 7 7 f i  
-~ - . <, 

*Significantly different from control, P <  0.05. Pan-fed 3.7 8.0 2.8 

-t Significantly difyerent from pair-fed, P < 0.05. Smoke-exposed 4.0 7.5 2.3 

Table 2. Feral brain, liver, lung and placenta weigh[, nuc le i~  acid content, and weight/DNA ratio,fi,r all animal groups (.% + SEM) 
-. - -. - .- .- -- -- 

A n ~ m a l  group 
- - -- -- - - - - - 

Brain 
Control ( n  = 7) 
Pail--fed (11 = 6) 
Smoke-exposed (11 = 5) 

Liver 
Control (11 = 7) 
Pair-fed ( n  = 6) 
Smoke-exposed ( n  = 5)  

Lungs 
Control (17 = 7) 
Pair-fed ( n  = 6) 
Smoke-exposed ( n  = 5) 

Placenta 
Control ( n  = 7) 
Pa~r-fed (ti = 6) 

Weight (mg) 
-. -- 

* Signiticantl) different from control. 1' < 0.05. 
t Significantly different from pair-fed. I' < 0.05 
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the rotameters for setting and measuring the flow rates of the 
puff air and the purge air, a self-contained air humidifier for 
maintaining constant relative humidity of the air breathed by 
the animals, a cycle timer, and a constant volume chamber for 
the animals. For our study, we designed a cylinder chamber 
made of clear plexiglas, 16 cm long by 13 cm diameter that 
minimized animal stress due to confinement, and prevented the 
subsequent weight loss observed in the original restraining tubes 
(6). In reference to smoke absorption, it should be pointed out 
that some constituents of the smoke may be deposited on the 
exposed animal and ingested in preening or absorbed through 
the skin to add to the dose obtained by inhalation. As expected, 
some degree of fetal growth retardation was found in the pair- 
fed group as a consequence of the 25% food restriction (1,  2). 

Two studies have been reported on the effects of chronic 
exposure to cigarette smoke during pregnancy in the rat, in which 
the authors took into consideration the effects of smoking on the 
caloric intake of the mother. One of the studies found no 
differences in fetal weight between the rats exposed to smoke 
and the controls ( I  6) whereas the other study found a significant 
difference (8). No effort was made to quantify the degree of 
smoke exposure and therefore differences in dose may explain 
the discrepancies in the results obtained. In the latter study fetuses 
at day 21 of gestation in the group exposed to tobacco smoke 
weighed 4.3 g whereas those in the pair-fed group weighed 5.2 g, 
a highly significant difference. The reduction in fetal weight, 
found in the tobacco-smoked rats, is similar to the effect of a 
50% caloric restriction (1 0). Because the caloric restriction of the 
tobacco-smoked animals was only 32%, it is likely that the 
exposure to cigarette smoke had a negative influence on fetal 
growth. Unfortunately, the magnitude of this effect cannot be 
determined because the pair-fed control rats had a smaller litter 
size than the tobacco-smoked rats. Although the authors of the 
study discount the importance of this point, our own experience 
and that of other workers (26) regarding the effect of litter size 
on the mean fetal weight of calorically deprived rats suggests that 
it may have influenced the results. 

The present study confirms that fetal growth retardation due 
to maternal smoking during pregnancy is not solely the result of 
reduced food intake by the mother, as concluded from the 
significant difference in fetal weight of the smoke-exposed group 
and the pair-fed group where litter size was the same. The 
mechanism by which tobacco smoke interferes with fetal growth 
is unknown. A clearer understanding may be obtained through 
the pattern of growth retardation. The proportionate type has 
been produced in the rat by restricting the protein intake of the 
mother throughout pregnancy (24). At term, the fetuses have a 
20-25% reduction in body weight and a proportional reduction 
in various organs including brain, heart, lungs, liver, and kidneys. 
These organs also have a reduced DNA content which indicates 
interference with the hyperplastic phase of fetal growth. 

The disproportionate type of fetal growth retardation has been 
produced in the rat by unilateral ligation of the uterine artery on 
day 17 of gestation (22). This causes a reduction in blood flow 
to one of the horns, which is then supplied only by the ovarian 
artery. At term the affected fetuses have a 20-30% reduction of 
body weight but a normal brain weight. The weight of the various 
fetal organs is reduced by 40-50%. The DNA content of the 
brain is normal, reflecting no measurable effect of the growth 
retardation on the cellular growth of this organ. 

Although the effect of maternal smoking on fetal body and 
organ weight in the rat has been studied, it is impossible to 
determine from the available studies the type of growth retarda- 
tion obtained (8). The problem derives from the fact that organ 
weight has not been provided and the data is expressed as 
percentage of control values. Comparing changes in forebrain 
and liver weight, the growth retardation seems to be a dispropor- 
tionate one; however, comparing the percentage changes in hind- 
brain and liver, the growth retardation seems to be a proportion- 
ate one. 

In the present study, smoke exposure of the mother affected 

neither fetal brain weight nor nucleic acid content whereas fet.al 
liver and lungs showed a significant decrease in both weight and 
nucleic acid content. These results indicate that fetal growth 
retardation associated with exposure to tobacco smoke in the rat 
corresponds to a disproportionate type. This supports the possi- 
bility that blood flow to the uterine horns was reduced and, if 
so, the present data is consistent with the report of an acute 
decrease on uteroplacental blood flow after cigarette smoking in 
healthy human volunteers (1 I). 

At this time we do not have an explanation for the proportion- 
ally greater effect of the smoke exposure on the fetal lungs. A 
recent study on the effects of fetal growth and development in 
rats with continuous exposure to low level carbon monoxide (30 
or 90 ppm CO) and low oxygen atmosphere (13% O?) found 
that fetal body growth was unaffected by CO inhalation but pias 
significantly reduced, approximately 13%, by the low oxygen 
atmosphere (5). Furthermore, the mean fetal lung weight of t.he 
group exposed to 30 ppm CO, was 17% lower than that of 
controls and 24% lower in the group exposed to 90 ppm C'O. 
How carbon monoxide interferes with fetal lung growth is un- 
known. It would be interesting to study the dynamics of fetal 
lung fluid production and its retention within the future ainva.ys, 
and also to characterize fetal breathing movements in association 
with maternal smoking because these functions are considered 
to be major determinants of fetal lung growth (23). Of note. 
injection of nicotine into pregnant ewes resulted in a fall of 
uterine blood flow leading to transient fetal hypoxemia and a 
reduction in the incidence of fetal breathing movements (12). 

Finally, the present results also indicate that maternal tobacco 
smoke exposure induced fetal growth retardation without placen- 
tal growth retardation, similar to the effects of uterine artery 
ligation in the rat (22). This finding further suggests the possibility 
of reduced uterine blood flow in the smoke-exposed animals. 
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Detection of the Cystic Fibrosis Protein by 
Isoelectric Focusing of Serum and Plasma 

Summary 

We used the isoelectric focusing method developed by Wilson 
to analyze serum from individuals homozygous or heterozygous 
for cystic fibrosis. The presence of cystic fibrosis protein (CFP) 
was found in 37 out of 52 homozygous and 24 out of 34 hetero- 
zygous patients, which leads to a frequency of 71% for both 
families. Five out of 24 controls were found positive. The same 
study, performed on 26 plasma samples collected from the same 
patients, demonstrated that the detection of CFP is possible in 
plasma as well as in serum. Our results confirm the presence of 
a protein "marker" of CF in serum, but also underlines the lack 
of sensitivity of the isoelectric focusing technique to be used for 
diagnosis. 

Abbreviations 

CFP, cystic fibrosis protein 
IEF, isoelectric focusing 

Cystic fibrosis, characterized by a generalized metabolic dis- 
order, is one of the most prevalent genetic diseases in the Cau- 
casian population. An incidence of l in 2000 live births has been 
reported (3), and approximately I in 20 of the population is a 
carrier of the gene or heterozygote (8). 

In 1973, Wilson et al. (8) detected a "cystic fibrosis factor" 
now designated "cystic fibrosis protein" in serum using IEF in 
thin layer polyacrylamide gels. Other studies from this laboratory 
(9, 11) characterized this CFP as having a pI of 8.4, a molecular 
weight between 3500-10,000, and a close association with IgG 
in serum. The importance of these findings prompted different 
laboratories to reproduce this IEF technique but with widely 
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varying success (2, 5, 7). Recently, Nevin et a/. (4) confirmed the 
CFP frequency reported by Wilson using the same IEF technique. 
Because of several unsuccessful reports, another set of experi- 
ments to confirm the presence of this protein in serum was 
necessary. Furthermore, the protein had never been characterized 
in plasma. Only Wilson recommended that samples obtained 
from heparinized or citrated blood not be used (9); therefore, it 
is of interest to study the presence of CFP in plasma and serum 
from the same patients for a further understanding of the nature 
of CFP, and to eliminate the possibility of the origin of CFP by 
proteolysis during blood clotting. 

MATERIALS A N D  METHODS 

Material. Sera from 52 CF patients were supplied by J. P. 
Chazalette (Giens) and R. Gilly (Lyon). Diagnosis of the disease 
was established by clinical criteria and an abnormal sweat test. 
Sera from 34 obligate heterozygotes and 24 controls were studied 
in parallel. 

Preparation of' sera and plasma. All sera were carefully col- 
lected as described by Wilson et al. (9). After collection, all 
samples of venous blood were immediately cooled at 4°C and 
allowed to clot in glass tubes for 4-6 h. The samples were then 
centrifuged at 1700 g for 10 min at 4°C and the serum was 
transferred by aliquots into plastic tubes, then frozen and stored 
at -75°C. 

Plasma (5 ml) from the same patients (12 CF patients, nine 
heterozygotes, and five controls) were collected in tubes contain- 
ing 25 heparin (50,000 IU) and immediately centrifuged at 
400 g for 5 min, then at 3000 g for 10 min at 4°C. After 
centrifugation, plasma samples were stored as described for se- 
rum. 

IEF. IEF was performed in thin layer polyacrylamide gels 
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