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BASIC SCIENCES

Det ri men tal Ef fects of Hypoxia-reoxygenation In jury on De vel op ment of Rat Em bryos
dur ing Organogenesis In Vi tro

Ivana Rosenzweig
Selwyn Col lege, Uni ver sity of Cam bridge, Cam bridge, United King dom

Aim. To ana lyse the ef fects of hypoxia-reoxygenation on the de vel op ment of rat em bryos dur ing early stages of ges ta -
tion in vi tro.
Methods. Whole em bryo cul ture tech niques were used to cul ture Wistar rat em bryos un der a range of gas sing re gimes, 
some of which in cluded pe ri ods of mild hypoxia. Af ter the ter mi na tion of cul tures, em bryos were mor pho log i cally ex -
am ined and as sessed, and their pro tein con tent was de ter mined.
Re sults. Cul tured em bryos ex posed to 4 h of mild hypoxia did not show any sig nif i cant growth or dif fer en ti a tion, as ex -
pected dur ing this de vel op men tal stage. The en su ing 20 h reoxygenation pe riod ap peared to ex ac er bate the ef fects of
the hypoxia.
Con clu sion. The ef fects of hypoxia dur ing the perinatal or late fe tal stages are well doc u mented, but less is known of the 
ef fects at ear lier stages of ges ta tion. Our re sults in di cate that dur ing organogenesis, even short-term ex po sure to
hypoxia may im pose det ri men tal ef fects on growth and neurodevelopment of em bryos.
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Dur ing preg nancy, any ma ter nal met a bolic dis -
tur bance has po ten tially a det ri men tal ef fect on em -
bry onic de vel op ment. Patho log i cal con di tions in the
mother, such as di a be tes mellitus, pre-eclampsia,
smok ing, and drug ad dic tion can all lead to pla cen tal
hypoxia and dys func tion, re sult ing in the lack of ox y -
gen for the de vel op ing off spring (1-4). Re cent stud ies
have im pli cated uter ine ischemia-hypoxia in jury, fol -
lowed by reoxygenation, in the in ci dence of early
mis car riage (5,6). How ever, al though the ef fects of
hypoxia dur ing the perinatal or late fe tal stages are
well doc u mented (7-12), much less is known of the
hypoxic ef fects on em bryos at ear lier stages of ges ta -
tion (13-15). At ten tion has there fore been fo cused on
the con se quences of both hypoxia and the sub se -
quent pe riod of reoxygenation dur ing organogenesis
on the de vel op ment of rat em bryos.

It has been sug gested that hypoxia at prepla -
cental stages can im pair re pro duc tion, as shown by
re tarded em bry onic de vel op ment and in creased fre -
quency of em bryo death and reabsorp tion (16). Fur -
ther more, it was shown that long-term ex po sure to
hypoxia dur ing organogenesis can re sult in growth re -
tar da tion of the fe tus (17). A de tailed ob ser va tion of
short-term ef fects of hypoxia fol lowed by reoxyge na -
tion on gross anat omy and dif fer en ti a tion of em bryos

dur ing organogenesis, to the best of my knowl edge,
has not been done be fore.

In the pres ent study, the mam ma lian postimplan -
tation whole-em bryo cul ture tech nique was used to
high light this is sue. The use of whole-em bryo cul ture
tech niques to in ves ti gate the de vel op men tal ef fects of 
dif fer ent teratogens has sev eral ad van tages. First and
fore most, such tech niques al low strict ma nip u la tion
of de vel op ment, ie, ex po sure of em bryos of known
age to a pre de ter mined amount of a sin gle spe cific
teratogen for a set du ra tion of time. Thus, the level
and du ra tion of ex po sure to the teratogen and the de -
vel op men tal stages of the em bryo used can all be
clearly de fined. In ad di tion, the con cen tra tion of rel e -
vant sub stances in the cul ture me dia sur round ing the
em bryo is known or can eas ily be mea sured. Finally,
the ef fects of ma ter nal me tab o lism are elim i nated.
Hence, the di rect ef fects of the teratogen on em bry -
onic de vel op ment can be stud ied.

Ma te rial and Methods
Fe male rats were caged with males over night, and those

with sperm in the va gina on the fol low ing morn ing were re -
garded as be ing 0.5 days (d) preg nant. Rats were hu manely killed 
at 11.5 d by ex po sure to ei ther car bon di ox ide or ether, fol lowed
by exsanguination. The gravid uter ine horns were dis sec ted free,
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re moved, and placed in a dish of Hanks’ bal anced salt so lu tion
(SIGMA, Dorset, UK). Each conceptus was re moved from its
decidual swell ing and the pa ri etal yolk sac opened as pre vi ously
de scribed (18). The vis ceral yolk sacs were opened to al low each
amniotic sac con tain ing the em bryo to be eased out, so that it lay
in di rect con tact with the cul ture me dium and the gas phase.
Those lit ter mates that were uni formly de vel oped were fur ther dis -
trib uted evenly be tween ex per i men tal treat ments and some were 
re tained as zero hour (0 h) con trols.

The cul ture me dium was com posed of 50% im me di ately
cen tri fuged and heat-in ac ti vated rat se rum (19) and 50%
Dulbecco’s mod i fied Earle’s me dium (SIGMA) with added L-glu -
tamine. Pen i cil lin (100 U/mL) and strep to my cin (60 mg/mL) were
added to all cul ture media. One mL of me dium was added for
each explant (em bryo and yolk sac) cul tured. Explants were cul -
tured at 38∞C in glass bot tles (Wes ley Coe / Wingent, Mil ton, UK) 
at tached to a ro tat ing cul ture unit (BTC En gi neering, Mil ton, UK)
housed within a pre ci sion in cu ba tor (BTC En gi neering). Each bot -
tle con tained up to a max i mum of 4 em bryos and 4 mL of me -
dium. Em bryos were ei ther cul tured through out the cul ture un -
der the gas sing con di tions that were found to be op ti mal for their
nor mal de vel op ment and growth in vi tro (40% ox y gen, 5% car -
bon di ox ide, bal ance ni tro gen; ref. 20), re ferred to as a “nor mal
ox y gen a tion”, or ex posed to pe ri ods of 4 h of 5% ox y gen (90%
ni tro gen and 5% car bon di ox ide) fol lowed by “nor mal ox y gen a -
tion” for the re main der of the cul ture. Cul tures were ter mi nated
af ter 4 or 24 h, at which stage the em bryos were ex am ined for
any mor pho log i cal ab nor mal i ties and as sessed for crown-rump
(C-R) length, somite num ber, and pro tein con tent. Cur va ture was
re garded as nor mal in those em bryos in which ax ial ro ta tion had
been ei ther com pleted or nearly ac com plished. So mites were
counted by light mi cros copy. Histological ex am i na tion of the in -
ter nal anat omy for the stag ing of em bryo de vel op ment was not
un der taken be cause mor pho log i cal as sess ment us ing scor ing sys -
tem of Brown and Fabro (21) and histological find ings closely
cor re late (22).

Fol low ing mor pho log i cal as sess ment, the em bryos were
pro cessed in di vid u ally for es ti ma tion of to tal pro tein con tent,
which was de ter mined with a com mer cial bicinchoninic acid
pro tein as say kit (SIGMA, No. BCA-1) by the colorimetric method 
(23). Sev enty-four em bryos were used in to tal: 10 for 0 h con trols, 
10 for 4 h hypoxia (4 h, 5% O2), 10 for 4 h nor mal gas sing con di -
tions (4 h, 40% O2), 22 for 24 h hypoxia-reoxygenation (4 h, 5%
O2, 20 h, 40% O2) and 22 for 24 h con trols (24 h, 40% O2).

Stu dent’s t test was used for all sta tis ti cal anal y ses, with sta -
tis ti cal sig nif i cance de fined as p<0.05.

Re sults

The 11.5 d explants were ex am ined im me di ately 
af ter explantation or fol low ing 4 or 24 h in cul ture
(Ta ble 1). The two groups of em bryos cul tured for 4 h
(nor mal in 40% O2, and hypoxic in 5% O2) were com -
pared to 0 h con trols. The em bryos cul tured for 24 h
un der the hypoxia-reoxygenation re gime (4 h, 5% O2; 
20 h, 40% O2) were com pared to 24 h con trols (24 h,
40% O2).

The pro tein con tent and the de vel op ment of em -
bryos af ter 4 h of ex po sure to 5% O2 was es sen tially
sim i lar to that of em bryos in the 0 h con trols. They did 

not show any sig nif i cant growth or dif fer en ti a tion dur -
ing those 4 h. By con trast, those cul tured un der nor -
mal con di tions (40% O2) for the same 4 h pe riod, had
sig nif i cantly more so mites and a higher pro tein con -
tent than the 0 h con trols, as or di narily ex pected dur -
ing this de vel op men tal stage (20). Af ter a fur ther 20 h
of cul ture un der nor mal con di tions (40% ox y gen), the 
con trol em bryos (24 h, 40% O2) had sig nif i cantly
more so mites and higher pro tein con tent than those
sub jected to the brief pe riod of hypox ia (4 h, 5% O2;
20 h, 40% O2) (Ta ble 1).

None of the em bryos ex am ined im me di ately af -
ter explantation or fol low ing 4 h of cul ture showed
any sign of the edema of the neu ral tubes. Sim i larly,
the con trols ex posed to 40% O2 through out the cul -
ture had nor mal or only slightly edem a tous neu ral
tubes (Fig. 1A). In con trast, in the em bryos that were
ex posed to the hypoxia-reoxygenation reg i men, vi su -
ally con sid er able edema of the neu ral tubes could be
ob served (Fig. 1B). These em bryos were also sig nif i -
cantly smaller and less well dif fer en ti ated (as es ti -
mated from the somite num ber) than em bryos cul -
tured un der nor mal con di tions (p<0.001, Ta ble 1).
Vi su ally ob served mal for ma tions were pres ent in 17
out of 22 (77.3%) em bryos cul tured un der hypoxia-
 reoxygenation re gime, whereas milder malfor ma -
tions were ob served in only 3 out of 22 em bryos un -
der nor mal gas sing con di tions. These dif fer ences in -
creased fur ther in the lon ger cul tures (24).
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Ta ble 1. De vel op ment of 11.5-day explants in cul ture ex posed to dif fer ent gas sing pro to cols
Group of
embryos

No.
of embryos

Crown-rump length
(mm, mean±SEM)

Somite number
(mean±SEM)

Protein content
(g, mean±SEM)

0 h controls 10 3.7±0.01 27.0±0.2 240.0±8.0
4 h 5% O2 10 3.7±0.1 27.0±0.3* 238.0±8.0*
4 h 40% O2 10 3.7±0.1 29.0±0.4† 275.0±10.6‡

24 h 40% O2 22 4.9±0.2 34.4±0.5 477.4±8.6
4 h 5% O2 + 20 h 40% O2 22 4.6±0.2 29.0±0.5§ 360.2±14.6§

*Sig nif i cantly dif fer ent from val ues for ap pro pri ate con trols (0 h con trols)†Sig nif i cantly dif fer ent from val ues for ap pro pri ate con trols (0 h con trols), p<0.005.
‡Sig nif i cantly dif fer ent from val ues for ap pro pri ate con trols (0 h con trols), p<0.05.
§Sig nif i cantly dif fer ent from val ues for ap pro pri ate con trols (24 h con trols, ex posed to 40% O2), p<0.001.
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Fig ure 1. Em bryos (11.5 d) were ex posed to nor mal (A) or
hypoxia-reoxygenation gas sing re gime (B). Even short ex -
po sure to mild hypoxia, fol lowed by reoxygenation, caused
edema of the neu ral tube (B). The ef fect was par tic u larly
prom i nent in the area of the fourth ven tri cle (IV v, ar row) but 
was also eas ily dis cern ible in the re gions over ly ing the fu -
ture forebrain and midbrain (ar row heads). 



Dis cus sion

In the pres ent study, the em bryos were sub jected 
to short-term hypoxia fol lowed by reoxygenation by
use of re cently de vel oped in vi tro model of gas sing re -
gimes (25). It was shown that, un der these ex per i men -
tal con di tions, even rel a tively short-term ex po sure to
hypoxia dur ing organogenesis was ca pa ble of caus ing 
sig nif i cant det ri ment in the rates of growth and
somitogenesis. Johshita et el (26) showed that even a
shorter ex po sure to hypoxia (2 h) was ad e quate to
cause sig nif i cant de crease in the somite num ber of
em bryos, al though it did not sig nif i cantly af fect their
growth. This find ing might re flect a greater det ri men -
tal ef fect of hypoxia on the dif fer en ti a tion of em bryos
rather than on their growth at this par tic u lar stage of
embryo de vel op ment. Fur ther more, the re sults clearly
marked the hypoxic pe riod as the pe riod dur ing which
det ri men tal ef fects on the growth and dif fer en ti a tion
of rat em bryos oc cur; the reoxyge na tion pe riod se -
emed to ex ac er bate the ef fects of the hypoxia.

Re mark ably, close ob ser va tion of em bryos ex po -
sed to hypoxia-reoxygenation in jury also re vealed
edema of the neu ral tubes and en large ment of the de -
vel op ing brain ven tri cles. Severe brain in jury is fre -
quently fol lowed by sec ond ary or de layed pathophy -
sio logical events, in duc ing al ter ations in ce re bral me -
tab o lism, dysregulation of ce re bral blood flow, and
the on set of ce re bral edema (25). The ob served hypo -
xia- re oxygenation-caused edema in the em bryos,
how ever, seems to be the first such re cord of the sim i -
lar sus cep ti bil ity and re ac tion to in jury in em bryos un -
der go ing organogenesis. In ter est ingly, hypoxia alone
did not ex ert this ef fect; a pe riod of reoxyge nation
was needed for edema of neu ral tubes to de velop. In
adults, post-trau matic ce re bral edema has been re -
lated to the re lease or ac ti va tion of a num ber of en -
dog e nous autodestructive “in jury” fac tors, in clud ing
rad i cal ox y gen spe cies, leukotriens, free fatty ac ids,
and other break down prod ucts of the ara chi donic
acid cas cade (26). Given that all fac tors men tioned
above have been sug gested to in duce lipid peroxi -
dation (27) and given that the brain is known to show
early and spe cific ev i dence of lipid peroxi da tion dur -
ing reperfusion (28), it is per haps not sur pris ing that
edema of the neu ral tubes was only ob served af ter pe -
riod of reoxygenation, which ap peared to al low for
some of the sub se quent cel lu lar dysregulation to de -
velop.

Dur ing the last de cade, the causal re la tion ship
be tween smok ing and drug in take of moth ers-to-be in
their early preg nancy, and growth dis tur bances and
mal for ma tions in the off spring has gained re newed at -
ten tion (29-31). Both smok ing and drug in take can
elicit hypoxic in jury in em bryos, and hence cause
growth re tar da tion and ce re bral dam age (4). Fur ther -
more, a large body of ev i dence shows that ce re bral
dam age oc curs mainly in the an te na tal pe riod and not 
dur ing the course of la bor and de liv ery as was pre vi -
ously be lieved (32). More over, it has been shown that 
growth-re stricted fe tuses are more prone to suf fer
from intrapartum stress re sult ing in fur ther dam age
and po ten tial neurodevelopmental im pair ment of the
child (32).

Sur pris ingly lit tle is known of ei ther the mech a -
nisms un der ly ing the det ri men tal ef fects of hypoxia- reoxygenation in jury, or the tar get for such dam age
dur ing organogenesis. Faridy et al (17) spec u lated that 
growth-re tar da tion ob served in fe tuses of hypoxic
moth ers might re sult di rectly from in hi bi tion of mi to -
sis and in di rectly from a re duc tion in blood flow. Be -
cause of the com plex ity of the in jury that might en sue
un der hypoxic con di tions, and the fact that in vivo

many pa ram e ters, both ma ter nal and fe tal, are af -
fected si mul ta neously, as sess ment of mo lec u lar
mech a nisms un der ly ing the cell dam age in the fe tus
re mains elu sive.
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