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A number of studies describe the effects 
of hypoxia (exposure to low oxygen in gas- 
eous mixtures, reduced oxygen tension in 
hypobaric chambers, and natural high alti- 
tude) on pregnancy during the postimplan- 
tation phase of gestation (1-7). Little is 
known of the effects of varying degrees of 
hypoxia on reproductive function prior to 
placentation. Recently, Rattner and Ramm 
(8) demonstrated that exposure of gravid 
mice to a 7% oxygen environment (equiva- 
lent to the partial pressure of oxygen at 
24,000 ft) resulted in death of embryos dur- 
ing the preimplantation period or  shortly 
thereafter, indicating that gestation may be 
interrupted prior to placentation. 

The present investigation was conducted 
to determine the level of oxygen which im- 
pairs blastocyst implantation and to follow 
the effects of progressively more severe de- 
grees of hypoxia. Morphologic changes in 
the ovaries, uteri, and embryos were used to 
elucidate a possible mechanism by which 
exposure to hypoxia alters gestation. 

Materials and Methods. Ten-week-old vir- 
gin female mice (strain CD-l) ,  weighing 25- 
30 g,  were mated monogamously. Mating 
was confirmed by visual inspection for vagi- 
nal plugs prior to 1000 hr on the following 
day. The day on which a vaginal plug was 
first observed was designated as Day 0 of 
pregnancy. Gravid mice were assigned to 
one of five groups and provided with food 
and water ad libitum. 

The various oxygen environment expo- 
sures were performed in a Labconco fiber- 
glass glovebox (Labconco Co., Kansas City, 
Mo .) to which ultrahigh purity nitrogen was 
added to reduce the partial pressure of oxy- 
gen (PO,). A Beckman Model D2 Oxygen 
Analyzer (Beckman Instruments, Inc., Ful- 

l This research was supported by the Public Health 
Service (RRO-742-09) and the Computer Science 
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lerton, Ca.) was used to monitor PO,, and 
carbon dioxide tension ( p C 0 , )  was meas- 
ured with a Fyrite Carbon Dioxide Analyzer 
(Bacharach Industrial Instrument Co., Pitts- 
burgh, Pa.). The p C 0 ,  within the chamber 
was reduced by intermittently circulating 
the atmosphere through a 6 M KOH bub- 
bling flask. Relative humidity was held be- 
tween 40-70% by means of a CaSO, drying 
train. Chamber temperature ranged from 
22-25°C and a 14-hr 1ight:lO-hr dark photo- 
period was employed. 

Group (Gp) 1 included mice maintained 
at  21 2 0.5% oxygen (approximate PO,, 
159 mm Hg and equivalent to sea level) 
with the carbon dioxide concentration less 
than 0.5 k 0.5%. Animals in Gps 2 and 3 
were exposed to 14 k 0.5% oxygen (ap- 
proximate PO,, 131 mm Hg and equivalent 
to 10,000 ft) and 12 k 0.5% oxygen (ap- 
proximate p 0  ,, 91 mm Hg and equivalent 
to 14,000 ft), respectively, with the carbon 
dioxide concentration less than 1.5 * 0.5% 
of total atmospheric constituents. Group 4 
consisted of mice maintained in 10 0.5% 
oxygen (approximate PO,, 76 mm Hg and 
equivalent to 18,000 ft). with the carbon 
dioxide concentration I 1.5 k 0.5% and, 
lastly, G p  5 at  8 k 0.5% oxygen (approxi- 
mate PO,, 60 mm Hg and equivalent to 
22,000 ft) with the carbon dioxide concen- 
tration 5 2 . 0  k 0.5%. Following insemina- 
tion, animals were placed into the glovebox 
and exposed continuously to the various ox- 
ygen environments from 1000 hr on Days 0 
through 6 of pregnancy. Mice were main- 
tained in an animal care facility (21 & 0.5% 
oxygen, 5 0.5 k 0.5 % carbon dioxide) until 
Day 8 ,  at  which time they were sacrificed by 
cervical dislocation. 

Body weights were measured before and 
immediately after chamber exposure and on 
Day 8 of pregnancy. From the suborbital 
sinus, 50 p l  of blood was drawn for micro- 
hematocrit determination on Days 6 and 8. 
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Weights were obtained on uteri and paired 
ovaries and adrenal glands. Generally, the 
two largest corpora lutea (CL) were dis- 
sected with a needle from each ovary, blot- 
ted on filter paper, and rapidly weighed to a 
10 pg sensitivity on a Cahn Model RTL 
Electrobalance (Cahn Instruments, Cerri- 
tos, Ca.). If no implantation sites were pres- 
ent the contents of one uterine horn were 
flushed into a watch glass with 0.5 ml of 
0.9% NaCl and examined under a dissecting 
microscope for preimplantation embryos 
and cellular debris. Tissues were fixed in 
neutral formalin, sectioned serially at 10 
pm,  and stained with hematoxylin and eosin 
for light microscopic analysis. 

The number of mice with implantation 
sites in each treatment group was compared 
using serial contingency analysis. The data 
for each variable were tested for homogene- 
ity to ensure that utilization of analysis of 
variance or the Student's t test was appropri- 
ate, The Newman-Keuls multiple range test 
was employed to determine significant dif- 
ferences between means. 

Results. Macroscopic observations. The 
percentage of mice with implantation sites 
declined with the reduction in oxygen con- 
centrations (Table I). Implantation was not 
impaired at 21 or 14% oxygen concentra- 
tions (Gps 1 and 2). At 12 and 10% oxygen 
(Gps 3 and 4 ,  respectively) an intermediate 
response was apparent with less than 50% 
of inseminated mice having nidatory sites. 
In 8% oxygen blastocyst implantation was 
blocked. Uterine flushings of mice without 
implantation sites in Gps 3-5 contained cel- 
lular debris and occasionally blastocyst em- 
bryos. The flushed uterine horns of mice 
without implantation sites contained one to 

three blastocysts in three of ten mice in Gp 
3, two of ten mice in G p  4, and four of 
nineteen mice in Gp 5.  There was no differ- 
ence in the number of embryonic swellings 
per uterus in any group when implantation 
sites were present at Day 8 of pregnancy. 

Uterine and ovarian weights declined sig- 
nificantly as oxygen concentration was re- 
duced (Table 11). Mean CL weights in Gps 3 
and 5 were significantly less than the 21% 
oxygen control. In Gp 5 ,  only seven small 
CL could be dissected and weighed due to 
extensive luteal regression. 

Responses symptomatic of hypoxia 
(adypsia ? anorexia, hyperpnea, and polycy- 
themia) were observed in Gps 2-5. Mean 
body weight of mice in Gp 1 increased by 
6.3% during the exposure period, whereas 
Gp 2 mice maintained their body weight, 
and Gps 3-5 mice lost 10-20% of their 
initial weight (Table 11). Between Days 6 
and 8, mice in Gps 3-5 demonstrated a 
significant gain in body weight with the re- 
sumption of growth when compared to mice 
in the 21 and 14% oxygen groups. The 
mean hematocrit value of the groups at Day 
6 of exposure was inversely related to the 
oxygen concentration to which mice were 
exposed, ranging from (mean 2 SE) 42.8 2 
0.52 at 21% oxygen to 59.1 2 0.72 at 8% 
oxygen. The mean hematocrits at Day 8 in 
all groups were significantly less than the 
corresponding Day 6 means. The mean ad- 
renal gland weight of the groups did not 
vary significantly. 

Histologic observations. Hyperemic cor- 
pora lutea of pregnancy of Gp 1 mice were 
composed of irregular columns of homoge- 
neous lutein cells. Individual lutein cells 
were composed of a large band of cytoplasm 

TABLE I .  IMPLANTATION SITES AT DAY 8 OF GESTATION 
~ 

Mean number of em- 
bryonic swellings per 

Oxygen concentrationa ber of ani- implanted embryos 2 
Total num- Animals with implantation sites uterus of mice with 

Group (%) mals n %b SE 
1 21 (sea level) 68 48 70.5* 13.2 & 0.34* 
2 14 (10,000 ft) 27 18 6 6 . 6 * ~ ~  11.7 ? 0.44* 
3 12 (14,000 ft) 17 7 41 .2A 12.7 2 0.51* 
4 10 (18,000 ft) 17 7 41.2* 13.7 k 0.36* 
5 8 (22,000 ft) 20 1 5 . O t  12 .O" 

a Approximate altitude in parentheses corresponding to the oxygen concentration. 

" This value is within the range of the means of Groups 1-4. 
Groups with different superscripts were significantly ( P  < 0.05) different. 
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surrounding a vesicular nucleus. Corpora lu- 
tea of mice in Gps 2-4 were less hyperemic 
and had a smaller ratio of nu- 
c1ear:cytoplasmic diameter when compared 
to Gp 1 .  In Gps 2-4 CL were incompletely 
luteinized, being composed of a heteroge- 
neous cell population of vacuolated, pale- 
staining, lutein cells and small, intensely 
staining, eosinophilic cells. In Gp 5 ,  lutein 
cells were highly vacuolated and the cyto- 
p1asmic:nuclear ratio was further reduced 
over Gp 1.  These CL were just below the 
surface of the ovary, often infiltrated with 
connective tissue, and appeared to be re- 
treating toward the medulla of the ovary. 

Ovarian interstitial development was in- 
complete in mice exposed to oxygen concen- 
trations of less than 12% when compared to 
Gp 1 controls. Small antral follicles were 
present in ovaries of mice in Gps 1-4. Nu- 
merous secondary and tertiary iollicles un- 
dergoing atresia were present in the cortex 
of mice in Gp 5.  The membrane granulosa 
of these follicles was only a few cell layers 
thick, or absent, and the antral cavity was 
frequently filled with blood. 

In Gp 1 ,  and usually in Gps 2-4, embry- 
onic development proceeded to neurulation 
by Day 8. Embryonic resorption sites were 
more frequently observed in Gps 2-4. Pyk- 
notic nuclei were present in embryonic and 
extraembryonic structures, and the uterine 
lumen contained an abundance of leuco- 
cytes. Uterine stromal hyperplasia and epi- 
thelial gland development were reduced in 
Gp 5 when compared to all other groups. In 
mice exposed to 8% oxygen an occasional 
free blastocyst was found in the cervix or  
adjacent to a crypt in the uterine horn. 

Discussion. These experiments demon- 
strate that pregnancy may be terminated 
prior to implantation in the nonacclimated 
mouse exposed to oxygen concentrations of 
12%. Embryonic implantation during hy- 
poxic exposure appears to be an "all or  
none" response. Although the percentage 
of inseminated animals with implantation 
sites decreases as oxygen tension is reduced, 
those animals in which nidation occurs have 
a constant number of implantation sites re- 
gardless of the p 0 2  treatment level. This 
constant number of implantation sites is 
governed by total ovulations and the normal 
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nidatory failure of a small number of blasto- 
cysts. 

Fecundity in rodents exposed to reduced 
p 0, is “graded” during the postimplantation 
period. This response may range from the 
resorption or abortion of an individual fetus 
to loss of an entire litter (2, 4). The number 
of viable offspring is dependent upon the 
degree of maternal hypoxia and the extent 
of acclimatization attained during exposure 

Weights and morphology of the ovaries 
and their CL indicate that secretion and/or 
delivery of luteotropic hormones [FSH and 
prolactin (9); LH and prolactin, (lo)] to the 
ovary is depressed (Gps 2-4) or blocked 
altogether (Gp 5 ) .  Follicular development 
in mice exposed to as little as 10% oxygen 
(approximate p 0 2  equivalent at 18,000 ft) 
was comparable to control ovaries, indicat- 
ing maintenance of FSH secretion. Thus, 
inhibition of prolactin (PRL) secretion may 
be the primary means by which luteal func- 
tion is impaired. Regressing CL and numer- 
ous hemorrhagic follicles undergoing atresia 
in mated mice exposed to 8% oxygen may 
indicate that cyclic follicular development 
continued after conception, but ovulatory 
quantities of LH were not available to the 
ovary. A similar selective inhibition of hy- 
pophyseal PRL and LH secretion has been 
reported in the cycling hamster exposed to 
23,000 ft of simulated altitude [oxygen con- 
centration approximately 8.6%, (6)]. 

The depression of uterine weight pro- 
duced by hypoxia is associated with nidatory 
failure and reduced progestational and es- 
trogenic support of pregnancy. A precise 
sequence of progesterone in combination 
with estrogen is essential for sensitizing the 
uterine endometrium for decidualization 
and implantation (1 1). The presence of free 
blastocyst embryos, reduced progestational 
growth, and regressing luteal tissue in mice 
exposed to 8% oxygen indicate that prepa- 
ration of the uterus for implantation was 
incomplete. A nutritive environment incap- 
able of maintaining viable embryos is impli- 
cated because uterine flushings contained 
cellular debris, leucocytes, and only a few 
blastocysts. In the nonprogestational uterus, 
clutches of preimplantation embryos are lost 
through the cervix on the day of ovulation of 

(2, 4). 

subsequent cycles (12). In rare instances, 
blastocysts which appeared to be normal 
were observed in uterine crypts. Such em- 
bryos may be viable, since a 2-week delay of 
implantation in prepuberal mice (hormon- 
ally induced to ovulate and mate) may be 
followed by successful nidation upon pro- 
gesterone administration (1 2). 

Baird and Cook (4), using acclimated 
mice exposed to a simulated altitude of 
14,000-25,000 ft , reported that resorption 
of fetuses was initiated when crown-rump 
length approached 7 mm [Day 12 of gesta- 
tion (13)]. In the present study, exposure of 
the nonacclimated mouse to hypoxia re- 
sulted in the initiation of resorption before 
Day 8 of pregnancy when crown-rump 
length is less than 2 mm. This difference in 
susceptibility of the fetus in the nonaccli- 
mated mouse may be due to the altered 
tropic and endocrine support of gestation 
and to the direct effects of hypoxia on the 
conceptus prior to maternal acclimatization. 

The progressively greater loss in body 
weight of pregnant mice produced by in- 
creasing severity of hypoxia may be due to 
several factors including reduced food in- 
take, excessive loss of body water, and the 
direct effect of hypoxia on tissues. Recently, 
it was found that most of the reduction in 
weight of mice exposed to hypoxia was pri- 
marily loss of body water (14-16). It is diffi- 
cult to establish unequivocally that hypoxia, 
per se, directly affects the ovary, uterus, or 
implantation. Severe nutritional deprivation 
has also been demonstrated to block im- 
plantation in the mouse (17). It has been 
shown that increased prenatal mortality oc- 
curs in rats exposed to 18,000 ft of simu- 
lated altitude (oxygen concentration ap- 
proximately 10%) in the absence of any 
alteration in the normal gain in body weight 
(2). This suggests that loss in body weight 
during exposure to hypoxia (12 and 10% 
oxygen) may not be the primary cause of 
alterations in the reproductive system. 

Summary. Inseminated mice were ex- 
posed to different degrees of hypoxia rang- 
ing from 8-14% during the first 6 days of 
gestation. The frequency of animals with 
embryonic implantation sites was reduced 
by 42% after exposure to either 12 or 10% 
oxygen and by 93% at 8% oxygen. When 
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implantation occurred, the number of nida- 
tory sites per uterus did not differ signifi- 
cantly, which suggests an all or none re- 
sponse for blastocyst implantation. The fail- 
ure of embryos to implant was associated 
with histologic evidence of luteal regression. 
An increased incidence of fetal resorption 
was apparent following implantation in mice 
exposed to 14, 12, or 10% oxygen. The 
reproductive dysfunction noted during hy- 
poxic exposure is attributed to a substantial 
loss in body weight and to altered tropic and 
endocrine support of pregnancy. 

The authors are deeply indebted to Ms. Marcia M. 
Pargament and Mr. Milton G. Parker for their assist- 
ance in this study. 
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