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Abstract

In toto mouse embryos were cultivated at embryonic day 8.5 for 26 h with 105, 310 or 620 mM caffeine; 105–310 mM correspond to
concentrations transferred by the placenta of heavy caffeine consumers. Failure of neural tube closure, excessive proliferation of
neuroepithelial cells and premature evagination of telencephalic vesicles were present in 50% of treated embryos. When reaching the
embryonic neural tube before neuronal migration, caffeine regionally modifies the schedule andror rate of neural cell proliferation.
q 1997 Elsevier Science B.V.
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Caffeine is a widely used neuroactive drug present in
coffee, tea, chocolate and cola drinks. During pregnancy,
caffeine crosses the placenta and some of its metabolites
Ž .theophylline, theobromine, paraxanthine seem to be con-

w xcentrated in the fetal brain 17 . In vitro, caffeine has some
deleterious effects on metabolic pathways which play a
crucial role in neural development: inhibition of choles-

w xterol synthesis 15 , stimulation of extracellular matrix
w x w xsynthesis 4 and antagonism of adenosin 6 . The purpose

of the present study is to investigate in whole cultured
mouse embryos the effects of caffeine on brain develop-
ment at the pre-migratory steps of neurulation and en-
cephalization.

NMRI mouse embryos displaying 6–8 somites were
cultivated, for 26 h, in propylene tubes containing culture

Ž .medium 80% adult human and 20% rat sera in an
w xincubator at 378C with 5% CO and 95% air 3,14 .2

Ž .Caffeine Sigma, St. Louis, MO was added to the culture
medium at the beginning of the culture period to obtain
final concentrations of 105, 310 and 620 mM caffeine. At
the end of the culture period, embryos were examined for
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macroscopic abnormalities under a microscope. Absence
of heartbeat andror lack of yolk-sac circulation were used
as criteria for death. Growth of the surviving embryos was
assessed by counting the number of pairs of somites and
by using size measurements: yolk sac diameter, crown-rum

w xlength and head length 3,14 . After glutaraldehyde and
osmium tetroxide fixation, embryos were embedded in
resin. Serial coronal sections were stained with Toluidine
blue for light-microscopic observations. In each embryo,

Ž . Ž .the pyknotic PI and mitotic MI indices were determined
Ž .on five non-adjacent sections taken at 10-mm intervals at

the level of the optic vesicles. A Kruskal-Wallis non-para-
metric ANOVA test was used to compare MI and PI in
control group and each caffeine group. When group inter-
action was significant, Dunn’s multiple comparison test
was performed. Measurements are reported as mean"S.D.

In caffeine-treated embryos, three types of disorders of
Ž . Ž .neurulation were observed Table 1, Fig. 1 : 1 thickening

Ž .of the neuroepithelium; 2 premature evagination of the
ventral prosencephalic neuroepithelium corresponding to
the encephalization level reached 36 h later in non-treated

w x Ž .in vivo animals 12 ; 3 absence of neural tube closure. A
significant dose-dependent increase of the MI and of the PI
in neural tube was observed between controls and embryos
treated with different doses of caffeine. No significant
differences could be detected between the MI and the PI of
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Fig. 1. Photographic representation of coronal 2-mm-semi-thin sections of mouse embryos. A: control. P, prosencephalon; VO, optic vesicles; R,
rhombencephalon. B: caffeine-treated embryo displaying premature evagination of the ventral prosencephalic neuroepithelium. C: caffeine-treated embryo
displaying absence of neural tube closure. D: caffeine-treated embryo displaying thickening of the neuroepithelium. Magnification =80.
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Table 1
Caffeine-induced dysmorphogenesis in 8.5-day-old mouse embryo cultures

Caffeine Number of Number of Normal Premature Open Abnormal Mitotic Pycnotic
Ž .dose mM embryos malformations neural evaginationrthickening neural eye andror index in index in

Ž .% tube of neuro epithelium tube arch prosencephalon prosencephalon

0 7 0 7 0 0 0 4.5"1.5 1.5"0.6
NS105 9 22 6 2 1 1 5.0"1.4 NS 1.8"0.5

a a310 9 44 5 3 1 1 8.3"1.4 2.6"1.1
a a620 5 88 2 3 0 3 12"3 3.9"1.5

Dunn’s multiple comparison test. NS, non-significant difference; a P-0.001.

ventral and dorsal parts of the prosencephalic neuroepithe-
lium. Regardless of caffeine dosage, increased MI and PI
were still present when all caffeine-treated embryos were

Ž .divided in two subgroups: 1 embryos displaying telen-
Žcephalic evagination or neuroepithelial thickening MIs

9.4"3.9; PIs3.1"1.6; ns8; statistically different from
. Ž .controls, P-0.001 ; 2 treated embryos without macro-

Žscopic neuroepithelial abnormalities MIs7.1"2.7; PIs
2.4"1.3; ns13; statistically different from controls, P

.-0.001 . The number of somites and the growth of the
embryos were not significantly affected by caffeine expo-

Ž .sure as compared to the control group data not shown .
The present study indicates that a short exposure to

caffeine induces disturbances of the early neurogenesis in
whole cultured embryos. Caffeine was shown to be a
teratogen in several species including rabbits, mice and
rats. In most previous studies, placental blood flow and

w xembryonic growth were severely reduced 2,6–8 . In our
study, embryonic growth and placental circulation do not
seem disturbed by caffeine, suggesting that caffeine does
not act primarily on the placental vascular bed. The lowest

Ž .equivalent dosage used in the present study 105 mM
corresponds to 25 mgrkg, one-fourth of the dose used in

w xteratological studies 2,6 . Our data confirm the severe
influence of caffeine on neural tube closure and, to our
knowledge, provide the first demonstration of defective
neural tube closure induced by low doses of caffeine. In
addition, we report a dramatic increase of the MI and the
PI, with thickening of the neuroepithelium and premature
evagination of the ventral prosencephalic vesicles, which
suggests a focal acceleration of neural maturation. Cumula-
tive labelling of S-phase cells with bromodeoxyuridine
could approach the effects of caffeine on mitotic cell cycle
w x11 .

At the molecular level, several hypotheses could be
proposed to explain our data. Caffeine interferes with cell

w xdivision before DNA replication is completed 9 . It also
leads to a release of calcium from intracellular stores

w xthrough a caffeine-sensitive ryanodine receptor 13 . Caf-
feine induces expression of immediate-early genes which

w xare key regulators of cellular transcription 10 . In glial cell
w xcultures, caffeine decreases cholesterol synthesis 15 ,

which could lead to cell membrane disturbances, and
w xincreases hyaluronan secretion 4 , which is a key compo-

w xnent of extracellular matrix during brain development 1 .
Caffeine antagonizes the action of adenosine in the

w xmetabolism of neurotransmitters 6 ; however, mRNAs for
adenosine A2a receptor were not detected by in situ hy-

w xbridization before E14 in rat brains 16 .
The reported defects of early neurogenesis induced by

caffeine raised concerns about the possibility of side-ef-
fects in humans. In in vivo animal studies, f25 mgrkgr
day of caffeine are necessary to obtain a caffeine blood
level of 100 mM which is the smallest concentration of
caffeine used in the present study. It could correspond to a
heavy human consumption of 8–10 cups of coffee or

w xcaffeine-containing beverages 5 . In rats, caffeine crosses
the placenta and is accumulated in fetal brain at higher
concentration than in serum after maternal consumption of

w xcoffee 17 . To date, teratogenic associations with caffeine
w xconsumption in humans are anecdotal 5,6 . However, little

data are available on consumers of very high amounts of
caffeine during pregnancy. Human studies only focused on
evident birth defects but did not analyze less conspicuous
alterations of brain development induced by caffeine, which
could be suggested by the present study and which could
alter brain function.

In the present model, caffeine during early brain devel-
opment accelerates encephalization. It could carry positive
andror negative consequences which will be tested in in
vivo experiments.
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