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ABSTRACT
Background: We have previously reported on a mal-
formation-prone Sprague-Dawley rat substrain (U),
which presents a high frequency of micrognathia in the
offspring of diabetic mothers. This malformation is
related to impaired development of the cranial neural
crest cells (NCC); the defect may be prevented by
antioxidative treatment of the mother.
Methods: We have therefore investigated whether fe-
tuses of diabetic rats display other malformations as-
sociated with altered cranial NCC development and
whether maternal vitamin E supplementation may af-
fect such malformations.
Results: Fetuses of diabetic rats showed low-set ex-
ternal ears, severely malformed Meckel’s cartilage,
small thyroid and thymus, and absence of parathyroid
glands. Cardiac anomalies were frequently observed,
including rightward displacement of the aorta, double
outlet right ventricle (DORV), persistent truncus arteri-
osus (PTA) combined with ventricular septal defects
due to a malaligned outlet septum. The malformations
in the outflow tract included abnormalities of the great
arteries; right-sided aortic arch/descending aorta, and
double aortic arches. These defects tended to occur
together within individual fetuses. Maternal dietary
treatment with 2% vitamin E markedly reduced the se-
verity of the malformations.
Conclusions: The phenotypic appearance of these
defects is strikingly similar to the DiGeorge anomaly in
humans, which has been found in children of diabetic
mothers together with an overrepresentation of PTA
and DORV. The malformations associated with defec-
tive NCC development in the offspring of diabetic U
rats show several morphological similarities to those in
humans; hence the teratogenic mechanisms may be
similar and accessible for study.
Teratology 61:355–367, 2000. © 2000 Wiley-Liss, Inc.

INTRODUCTION

In our previous studies of diabetes-induced congeni-
tal malformations in the offspring of diabetic rats, we

found micrognathia to be specifically associated with
maternal diabetes (Eriksson et al., ’82; Eriksson, ’88).
The morphologic lesion was shown to be induced be-
tween gestational days 6 and 10 (Eriksson et al., ’89)
and could be prevented with either insulin treatment
(Eriksson et al., ’82, ’89) or antioxidant supplementa-
tion of the pregnant rat (Eriksson and Simán, ’96;
Simán and Eriksson, ’97a,b; Cederberg J, Siman CM,
Eriksson UJ, unpublished data). The mandibular bone
as well as Meckel’s cartilage are formed from cranial
neural crest cells (NCC) (Morris-Kay et al., ’93). Ex-
plants of NCC showed reduced proliferative and migra-
tory capacity when exposed to a medium with high glu-
cose concentrations. These alterations could be partly
normalized with the antioxidant N-acetylcysteine (Su-
zuki et al., ’96). Furthermore, micromass culture of day
12 mandibular tissue from embryos of diabetic rats
showed less chondroitin-sulfate production (Styrud et
al., ’90) and higher susceptibility to developmental
damage by exposure to high glucose and b-hydroxy-
butyrate than controls (Styrud and Eriksson, ’90).
Hence, there is evidence suggesting that abnormal
development of NCC is involved in the etiology of
diabetes-induced micrognathia and that this malde-
velopment is associated with excess reactive oxygen
species (ROS).

Vitamin E (a-tocopherol) is an antioxidant previ-
ously shown to prevent diabetes-induced complica-
tions, including cataract (Trevithick et al., ’89), neurop-
athy (Cotter et al., ’95), and congenital malformations
(Simán and Eriksson, ’97b). In these studies, it was
demonstrated that vitamin E accumulates in embry-
onic and fetal tissues during treatment, and that it can

Grant sponsor: Swedish Diabetes Association; Grant sponsor: Novo
Nordisk Foundation; Grant sponsor: Ernfors Family Fund; Grant
sponsor: Swedish Society for Medical Research; Grant sponsor: Swed-
ish Medical Research Council; Grant numbers: 12X-7475; 12X-109.

*Correspondence to: Ulf J. Eriksson, Department of Medical Cell
Biology, Box 571, SE-751 23 Uppsala, Sweden.
E-mail: ulf.eriksson@medcellbiol.uu.se

Received 15 September 1997; Accepted 19 November 1999

TERATOLOGY 61:355–367 (2000)

© 2000 WILEY-LISS, INC.



prevent diabetes-induced lipid peroxidation. Thus, di-
abetes may cause complications via free oxygen radical
production, which is preventable with antioxidants
(Eriksson et al., ’99).

In children, micrognathia has been associated with
diabetes in several cases of the DiGeorge anomaly
(Gosseye et al., ’82; Ferencz et al., ’90; Wilson et al., ’93;
Novak and Robinson, ’94; Digilio et al., ’95; Kumar et
al., ’96). The DiGeorge anomaly is described as a spec-
trum of defects in structures derived from the 3rd and
4th pharyngeal pouches. These include facial abnor-
malities such as micrognathia and low-set auricles,
hypoplastic thymus and parathyroid, as well as cardiac
and arterial malformations, preferentially of the out-
flow tract of the heart. A microdeletion of chromosome
22 (22q11) has been found in most DiGeorge cases
(Lammer and Opitz, ’86). However, infants of diabetic
mothers with DiGeorge anomaly were found to have no
microdeletion (Wilson et al., ’93; Novak and Robinson,
’94; Digilio et al., ’95; Kumar et al., ’96), suggesting that
diabetes itself may cause the DiGeorge anomaly. All
the affected organs receive cells from the cranial neural
crest region during their development (Kirby and Bock-
man, ’84; Hall and Hörstadius, ’88). Experimental ma-
nipulations with the NCC result in malformations re-
sembling this anomaly (Kirby et al., ’83, ’85; Bockman
and Kirby, ’84).

Against this background, we designed the present
study to determine whether experimental diabetes in
rats induces malformations that may be caused by
abnormal NCC development. Furthermore, we investi-
gated whether the antioxidant vitamin E given to preg-
nant diabetic rats would have any preventive effects on
diabetes-induced malformations in NCC-derived or-
gans, including the mandible.

MATERIALS AND METHODS

Female rats of the Sprague-Dawley U-substrain with
an initial weight of approximately 250 g were made
diabetic with a single intravenous injection of strepto-
zotocin (a kind gift from Pharmacia and Upjohn,
Kalamazoo, MI), 40 mg/kg (Eriksson, ’88). Manifest
diabetes (MD) was confirmed by a serum glucose con-
centration exceeding 20 mM 1 week after injection.
Rats with glucose levels lower than 20 mM were ex-
cluded from the study. Noninjected animals served as
normal controls (N). All rats had free access to pelleted
laboratory food (R36, Lactamin AB, Stockholm, Swe-
den) and tap water. Three diabetic animals were given
a diet enriched with 2% (w/w) of vitamin E (MDE), as
described elsewhere (Simán and Eriksson, ’97b), by
soaking food pellets with vitamin E (Vitamin E water
soluble, Merck, Darmstadt, Germany) dissolved in
ether, after which the ether was evaporated in a fume
hood.

N, MD, and MDE females were mated with normal
males overnight; the morning when sperms were found
in the vaginal smear was designated gestational day 0.
Pregnancy was interrupted either on gestational day

16 or 20. In a first set of experiments, mandibular size
was evaluated at gestational day 20 by measuring the
length of two lines on photographs of the fetuses
(Simán and Eriksson, ’97b). The size of the mandible
was estimated by drawing a line from the tip of the
mandible through the lower part of the external ear to
the neck (denoted “man,” Fig. 1). From that point, a
new line was made to the nose tip (denoted “max,” Fig.
1). The ratio between the lengths of the lines (max/
man) was used as an index of mandibular size, pre-
sented as histograms under Results (Fig. 2). In a sec-
ond set of experiments, day 16 pregnant rats were
killed by cervical dislocation and the offspring carefully
removed and fixed in 4% formalin. After 2 days of
fixation, the fetuses were transferred to 70% ethanol
and subsequently dehydrated and embedded in paraf-

Fig. 1. External appearance of a normal rat fetus (left) and a rat fetus
with micrognathia (right) at gestational day 20. Lines indicate the
measures of maxillary (max) and mandibular (man) length. The dis-
tribution of the ratio (max/man) in the different experimental groups
is displayed in Fig. 2.

Fig. 2. Histogram of distribution of the ratio between maxillary and
mandibular length in fetuses of normal (N; n 5 91), manifestly dia-
betic (MD; n 5 67) and vitamin E-treated MD rats (MDE; n 5 62). A
ratio of $1.25 denotes a fetus with micrognathia. Occurrence rates
(y-axis) are given as percentage of all fetuses in each group.

356 SIMÁN ET AL.



fin. Fifteen N fetuses (randomly chosen) and all MD
and MDE fetuses were sectioned, with the exception of
two fetuses in the MDE group that were excluded be-
cause of damage in preparation. The fetuses were se-
rially sectioned (10 mm) in the transverse plane from
the level of the external ear to the apex of the heart,
and the sections were stained with hematoxylin and
eosin (H&E) and examined under a light microscope.

During examination of the sectioned fetuses, special
attention was given to Meckel’s cartilage, the thyroid
and parathyroid glands, the thymus, the great arteries
and the heart. Morphometric determination of organ
volumes and three-dimensional reconstruction were
performed with the aid of the MOP Videoplan image
analysis system (Kontron Bildanalyse, Munich, Ger-
many) with a section distance of 40 mm. Evaluation of
arterial and heart morphology was performed by two
independent examiners with no knowledge of the type
of fetus. Illustrations of vessels (see Fig. 9) were based
on the microscopic examination.

Statistical analyses

Statistical differences of means were calculated with
Student’s t-test. Associations of malformations within
fetuses were studied by x2-analysis. For comparison of

the treatment groups, a malformation score was calcu-
lated by adding the numbers of identified malforma-
tions in each fetus. For parameters with graded sever-
ity, values within each fetus were assigned, ranging
from 0 to 1 (e.g., in the heart: normal, 0; DORV, 0.5;
PTA, 1). The median of the groups was compared with
the Mann-Whitney U-test.

RESULTS

Gestational day 20

The relative size of the mandibles of day 20 fetuses
was calculated as the ratio between the estimated max-
illary and mandibular length (max/man; Fig. 1). In
control fetuses, a narrow normal distribution of rela-
tive mandibular size was found (Fig. 2). In the MD
group, however, we found two separate populations of
mandibular size. The population with a normal appear-
ance had a wider distribution than that of the controls,
and one case with underdeveloped maxilla was noted.
The population with a maxillary/mandible length index
exceeding 1.25 was all previously diagnosed as having
micrognathia (Simán and Eriksson, ’97b). The size of
the mandible in the micrognatic group was highly vari-
able, from a shortened to a complete absence of the

TABLE 2. Number of observed defects in normal (N) manifestly diabetic (MD) and MD rats
on vitamin E therapy (MDE)*

Tail
(normal/
missing)

Ears
(normal/
low-set)

Meckel’s
cartilage
(normal/

abnormal)

Tongue
(normal/

abnormal)

Thyroid-
isthmus
(normal/
missing)

Parathyroid
(normal/
missing)

Atrium
(normal/

abnormal)

Veins
(normal/

abnormal)

AV
connection

(normal/
abnormal)

AV valve
(normal/

abnormal)

N 15/0 15/0 15/0 15/0 15/0 15/0 15/0 15/0 15/0 15/0
MD 22/2 20/4 20/4 22/2 13/11 9/15 23/1 24/0 23/1 23/1
MDE 24/1 23/2 22/3 22/3 15/10 17/8 25/0 25/0 25/0 25/0

Subaortic
outflow tract

(normal/
fusion

line/small
VSD/medium

VSD/large
VSD)

Pulmonary
outflow

tract
(normal/

abnormal)

VA
connection
(normal/
DORV/
PTA)

Rel. pos
aorta/pulm.

(normal/
right-shift/

side by
side/ PTA)

Retro-
esophagal

vessel
(none/

remnant/
small/
large)

Aorta
(normal/

right-
sided)

Aortic
arch

(normal/
right-
sided/

double)

Brachio-
cephalic
artery

(normal/
missing)

Ductus
arteriosus
(normal/
closed)

Median of
malfor-
mation
score

N 8/4/2/0/1 14/1 14/1/0 13/3/0/0 14/1/0/0 15/0 14/0/1 15/0 15/0 0
MD 0/4/5/6/9 18/6 11/12/1 0/18/5/1 9/7/3/5 21/3 11/9/4 12/12 23/1 4.7†

MDE 1/6/7/4/7 20/5 17/8/0 5/15/5/0 17/3/2/3 23/2 19/4/2 17/8 25/0 2.2‡

*The median malformation score (see Materials and Methods) for each group is given in the last column. Comparisons of medians were
performed with Mann-Whitney U-test. Significance: †P , 0.001 vs N; ‡P , 0.05 vs MD.

TABLE 1. Number of litters, maternal serum glucose, number of implantations,
resorptions, and viable fetuses collected on gestational day 16 in normal (N)

manifestly diabetic (MD) and MD rats on vitamin E therapy (MDE)*

Group
No. of
litters

Serum
glucose
(mM)

No. of
implantations

No. of
resorption

No. of
viable

(no. sectioned)

Crown-rump
length
(mm)

N 2 5 27 1 26 (15) 14.2 6 0.1
MD 3 30 29 5 24 (24) 11.1 6 0.1†

MDE 3 33 32 5 27 (25) 13.8 6 0.2‡

*Number of analyzed fetuses is given in parentheses for each treatment group. Mean
crown-rump length 6SEM.
†P , 0.001 vs N; ‡P , 0.001 vs MD, according to Student’s t-test.
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lower jaw. Treatment with vitamin E reduced the num-
ber of micrognatic fetuses but did not change the dis-
tribution of mandibular size within the population of
micrognatic fetuses (Fig. 2).

Gestational day 16

Serum glucose concentrations were increased in the
streptozotocin-treated diabetic rats by gestational day
16 and were not affected by vitamin E treatment (Table
1). Numbers of implantations, resorptions, and live
fetuses in each group are given in Table 1. Fetal size,
measured as crown-rump length, was reduced in the
diabetic group compared to the control. Vitamin E
treatment restored the fetal size (Table 1).

External appearance of fetuses

All control fetuses had a normal external appear-
ance. In the two diabetic groups, low-set ears, micro-
gnathia, and absence of tail occurred in some cases

(Table 2). One fetus of a diabetic mother had a protrud-
ing forebrain and frontal placed eyes, but an otherwise
normal appearance.

The mandible

In the normal mandible (Fig. 3), Meckel’s cartilage
appeared as two rods ranging from the ears throughout
the mandible (Fig. 3a) and combining ventrally in a
symphysis (Fig. 3c). Dorsally, Meckel’s cartilage was
continuous with the developing malleus. In sections of
the body of Meckel’s cartilage, ossified mandibular
bone was found in a moon-shaped structure laterally to
the cartilage (Fig. 3b). The masseter muscle was de-
tected lateral to the middle region of the mandible, and
in the same region developing teeth were found (Fig.
3b). A prominent tongue was present between the de-
veloping mandibular arches (Fig. 3b).

All fetuses with micrognathia (based on the external
examination) displayed an abnormal Meckel’s cartilage

Fig. 3. Normal appearance of a mandible at gestational day 16 with an illustration of a rat fetus
indicating the displayed histological sections (b,c). a: Reconstruction of Meckel’s cartilage (gray) and
mandibular bone (white). Arrows, level of corresponding histological section (b,c). Histological sections
are transverse; magnification 328. Ma, masseter muscle; MB, mandibular bone; MC, Meckel’s cartilage;
Th, tooth; To, tongue.
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(Figs. 4, 5). The common feature in all these fetuses
was a cartilage “bridge” ranging between the ears
(Figs. 4a, 5a,c,d). Cartilage was sometimes found ven-
trally from this bridge. In fetuses with no ventrally
protruding cartilage (Fig. 4b), bone formed a compact
structure central in the mandible (Fig. 4c). Mandibular
tooth development could not be identified, and the
tongue was often underdeveloped (Fig. 4c). The masse-
ter muscle was found in its normal position lateral to
the mandibular bone, but also ventrally, not being con-
nected to any bone structure (Fig. 4d).

In one case, cartilage tissue not continuous with the
cartilage bridge was found. Bone was found in a V
shape surrounding the free cartilage mass (Fig. 5a).
The mandibular bone was thicker than in normal man-
dibles (Fig. 5b). In this fetus, developing teeth were
found adjacent to an underdeveloped tongue. In an-
other similar case, we found the cartilage rod to be
continuous with the cartilage bridge between the ears
described above (Fig. 5c). In a third variant of abnor-
malities, the single cartilage rod from the bridge di-
vided to form two rods, and then combined again in a
symphysis, thereby forming a handle-shaped structure
(Fig. 5d). The mandibular bone was thicker than nor-
mal, and the tongue was underdeveloped, but the teeth

were positioned more normally than in the other cases
with abnormal mandibles (Fig. 5d).

The thyroid gland, parathyroid gland,
and the thymus

The thyroid gland (Fig. 6) was normally present as
two lobes positioned laterally from the larynx, con-
nected with an isthmus in the caudal part of the lobes.
Anterolaterally on each of the thyroid lobes were the
parathyroid glands, identified as a less condensed tis-
sue (Fig. 6b). The thymus was present as two elongated
lobes ventrally from esophagus and trachea stretching
from the thyroid isthmus to the heart (Fig. 6a). The
tissue had a loose structure and was sometimes subdi-
vided into smaller lobes (Fig. 6c).

In fetuses from the MD and MDE groups, the thyroid
gland and the thymus were often found to be overlap-
ping (Fig. 6d). In several cases, the isthmus of the
thyroid gland was missing and the gland itself small or
rudimentary (Fig. 6e,f). The parathyroid glands were
often missing. In some fetuses, a thin “spike” of thymic
tissue was present as an elongation of the thymus in
the proximal direction (Fig. 7a,b). The thymic tissue
from fetuses of diabetic rats was generally smaller,
more condensed, and more lobated than the controls
(cf. Figs. 6c, 7c).

The heart

All but one of the hearts of the MD and MDE groups
showed normal morphology of the atria, atrioventricu-
lar (AV) canals, and AV valves. One single abnormal
case had an atrioventricular septal defect and cushion-
like tissue in the AV valves.

The outflow tract septum was muscular in all cases,
sometimes still showing a fusion line where endocar-
dial cushion had fused (Fig. 8a). In the MD and MDE
groups, however, ventricular septal defects (VSD) oc-
curred frequently, as there was a malalignment of the
outflow tract septum (Fig. 8b). All VSD found were
subaortic and were combined with a marked rightward
displacement of the aorta (see below). This resulted in
a number of cases with double outlet right ventricle
(DORV) (Fig. 8c). In some cases, an abnormal curva-
ture of the pulmonary outflow tract was noted. How-
ever, with the technique used, it was not possible to
judge whether there was a stenosis of the pulmonary
outflow tract that would fit with the diagnosis of tetral-
ogy of Fallot.

The normal relationship of the semilunar valves of
the aortic and pulmonary orifices is in a dorsoventral
direction. In MD and MDE, however, a rightward dis-
placement of the aortic orifice occurred in most fetuses,
and in some cases left it in a complete lateral position.
One fetus with persistent truncus arteriosus (PTA) was
found in the MD group.

The great arteries

In rat fetuses, the aortic arch normally takes a left-
ward course ventral to the trachea and esophagus, with
connections to the brachiocephalic artery, the left ca-

Fig. 4. Abnormal mandible of a fetus of a diabetic rat. a: Reconstruc-
tion of Meckel’s cartilage (gray) and mandibular bone (white). Arrows,
level of corresponding histological section in b, c, and d, respectively.
Histological sections are transverse; magnification 328. Ey, eye; Ma,
masseter muscle; MB, mandibular bone; MC, Meckel’s cartilage; Th,
tooth.

NEURAL CREST-RELATED MALFORMATIONS IN DIABETES 359



rotid artery, and left subclavian artery. The pulmonary
trunk connects with the descending aorta via the duc-
tus arteriosus, after branching of the still relatively
small pulmonary arteries (Fig. 9a). In one fetus of a
diabetic rat, the ductus arteriosus was closed (Fig. 9b).
However, the most common features of the diabetic
groups were the presence of retroesophageal vessels,
right aortic arch with right descending aorta, and dou-
ble aortic arches (Fig. 9c–h).

A retroesophageal vessel (Fig. 10a) was sometimes
present as an arteria lusoria, that is, the right subcla-
vian artery originating distally from the left descend-
ing aorta (Fig. 9c). Double aortic arches and complete
arch slings were also found (Fig. 9d,f). In one fetus with
a double aortic arch, an abnormal connection between
the left carotid and subclavian artery was found at a
more distal level (Fig. 9e).

In the fetuses that displayed a right aortic arch, the
ductus arteriosus was connected to the aorta ventral to
trachea and esophagus (Fig. 9g). In one case, the duc-
tus arteriosus reached the aorta through a double aor-
tic arch (Fig. 9h). In all fetuses with a right aortic arch,
a retroesophageal vessel or remnants of a retroesopha-
geal vessel were present.

The size of retroesophageal vessels was variable,
ranging from a size comparable to the aorta (Fig. 10a)
to very small lumen or even only remnants of a vessel

without any lumen (Fig. 10b). In all fetuses with a
retroesophageal vessel with lumen, the brachiocephalic
artery was absent.

Associations of abnormalities

Analyses of associations between different abnormal-
ities within all fetuses are presented in Table 3. Mal-
formations of Meckel’s cartilage were strongly associ-
ated with abnormalities of the tongue, ears, and
parathyroid. Absence of parathyroid gland was
strongly associated with absence of the thyroid isth-
mus. These defects appeared to form a group of abnor-
malities in the head and neck region, which was asso-
ciated with abnormalities in the outflow region of the
heart (Table 3).

Subaortic ventricle septal defects, abnormal VA con-
nection, and abnormal relative position of the aorta/
pulmonalis were all strongly associated. These cardiac
abnormalities formed a group of outflow tract abnor-
malities that correlated with both head and neck de-
fects and great vessel abnormalities (Table 3).

Abnormal patterns of the aortic arch and retroe-
sophageal vessels and absence of the brachiocephalic
artery were strongly correlated. In addition, right-
sided aorta was associated with abnormal side of the
aortic arch and absence of the brachiocephalic artery.
This group of defects was strongly associated with the

Fig. 5. Abnormal mandibles of fe-
tuses of diabetic rats. a: Recon-
struction of Meckel’s cartilage
(gray) and mandibular bone
(white). Arrow, level of correspond-
ing histological section in b. b: His-
tological section corresponding to
mandible in a, cut in the trans-
verse plane showing a single rod of
Meckel’s cartilage. Magnification
in b, 328. c, d: Reconstructions of
Meckel’s cartilage (gray) and man-
dibular bone (white) from two dif-
ferent fetuses of diabetic mothers.
MB, mandibular bone; MC, Meck-
el’s cartilage; Th, tooth.
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Fig. 6. a: Reconstruction of the thyroid and parathyroid (light gray),
as well as the thymus (white) from a normal fetus of a normal rat.
Lumen of trachea and esophagus is shown in dark gray. Histological
sections from this fetus were cut through the thyroid and parathyroid
(b), and through the thymus (c). d,e: Reconstructions of the thyroid
and parathyroid (light gray), as well as the thymus (white) from two

fetuses of diabetic rats. Lumen of trachea and esophagus is shown in
dark gray. d: Thymus overlapping the thyroid tissue. e: Both the
thyroid and thymus are hypoplastic. f: Histological section through
the thyroid and thymus of the rat fetus in e. Magnification in b, c, f,
356. Pt, parathyroid; Ty, thyroid; Tm, thymus; Tr, trachea; Oe, esoph-
agus (oesophagus).



heart defects but less clearly with abnormalities in the
head and neck region (Table 3).

Effect of vitamin E treatment
on gestational day 16

By adding the number of defects in each fetus as
described under Materials and Methods, a total mal-

formation score was calculated, as demonstrated in
Figure 11. In the N group, 13 of 15 fetuses were found
to have a malformation score of one or less (87%). By
contrast, in the MD group, only two fetuses were found
to have a malformation score of 1 or less (8%), whereas
this was found in seven vitamin E-treated fetuses
(28%). Notably, nine N fetuses, no MD fetuses, and one
MDE fetus had a malformation score of 0 (Fig. 11).
Comparison of the medians of total malformation score
between the groups showed that the fetuses of MD rats
had more malformations (4.7) than did the fetuses of N
rats (0) and that vitamin E treatment reduced the
malformation score among fetuses of the MDE group
(2.2) as compared with the MD group (Fig. 11 and
Table 2).

DISCUSSION

This investigation shows that maternal diabetes
causes a number of malformations in organs that are
dependent on neural crest cells for their development
(Hall and Hörstadius, ’88). Furthermore, treatment
with an antioxidant, vitamin E, reduced the severity of
the defects. NCC have a low antioxidative capacity
(Davis et al., ’90). It has been shown in vitro that
cranial NCC proliferation and migration are disturbed
by high glucose concentration in the medium and that
this maldevelopment can be restored by the addition of
an antioxidant (Suzuki et al., ’96). Thus, our data sug-
gest that the malformations described in this report
are secondary to ROS-related NCC damage.

The mandible develops primarily from two popula-
tions of neural crest cells (LeDouarin, ’82; Hall and
Hörstadius, ’88). One population forms Meckel’s carti-
lage; in chicken, its fate is determined by the neuroec-
toderm (Hall and Tremaine, ’79). The other population
of NCC will form the mandibular bone after induction
of the surface ectoderm (Hall, ’81; Schilling, ’97). In the
present study, we found severe abnormalities of Meck-
el’s cartilage, while the abnormalities of mandibular
bone appeared to be secondary to cartilage shape. Pre-
vious studies of the development of micrognathia have
shown that the malformations are induced between
gestational days 6 and 10 in these rats (Eriksson et al.,
’89), that is, before the migration of the NCC starts
(Sadaghiani and Thiébaud, ’87). Thus, damage to the
NCC probably occurred during the time of determina-
tion. The indication of an early damage to the NCC
development is supported by the apparent “all-or-none”
distribution pattern of the micrognathia in the diabe-
tes-exposed fetuses. The exact type of damage has to be
addressed in future investigations. However, in other
studies of NCC damage, evidence for alteration in NCC
proliferation (Suzuki et al., ’96) and rate of apoptosis
(Cartwright et al., ’98), as well as impaired migration
(Rovasio and Battiato, ’95) have been presented.

In neural crest ablated chick embryos, Bockman and
Kirby (’84) reported reduced size of the thymus, as well
as increased lobation and more condensed histologic
appearance. Endothelin-1 (ET-1) is a morphogenic fac-

Fig. 7. a: Reconstruction of the thyroid, parathyroid (light gray), and
thymus (white) in a fetus from a diabetic rat. Lumen of trachea and
esophagus is shown in dark gray. Thymus shows a spike of tissue,
overlapping the thyroid. b, c: Histological sections through the upper
and middle parts of thymus. Magnification in b, c, 356. Tm, thymus.
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tor in the development of the neural crest, and
knockout of the ET-1 gene results in an absence of
the thyroid isthmus and reduced size of the thymus,
which is not descended to its normal position (Kuri-
hara et al., ’95). In the present study, similar mor-
phological changes were found in fetuses of diabetic
rats. In addition, we noticed an absence of the para-
thyroid glands. This maldevelopment is included in
the human DiGeorge anomaly, which also is re-
garded as an NCC defect (Lammer and Opitz, ’86).
Therefore, the similarities with NCC defects in other
experimental and clinical settings suggest that the
abnormalities in the neck region reported here are of
NCC origin.

The consistent finding of cardiac defects in this study
may be summarized as a rightward displacement of the
aorta, causing subaortic VSD and DORV. The outflow
septa dividing the truncus arteriosus into the aorta
and pulmonary trunk are partially formed from NCC

(Kirby et al., ’83; Poelmann et al., ’98; Poelmann and
Gittenberger-de Groot, ’99). Studies of NCC migration
using retroviral labeling showed the NCC to be situ-
ated well below the orifice level (Noden et al., ’95).
Ablation of the cardiac region of the neural crest in
chick embryos causes heart defects with similarities to
those reported here (Kirby et al., ’85). Retinoic acid
treatment of chick embryos, which may damage NCC,
also yields outflow tract defects (Broekhuizen et al.,
’95). However, impairment of the embryonic head flex-
ure can disturb normal heart development and result
in DORV and other defects (Männer et al., ’93), show-
ing that heart malformations similar to those caused
by NCC damage may be induced by other factors. To
extend the variation in causes of outflow tract heart
malformations even further, a venous clip model,
changing cardiac flow has recently been shown to pro-
duce a similar pattern of anomalies (Hogers et al., ’97).
Thus, the direct or indirect role of the NCC in the

Fig. 8. a: Subaortic ventricle septa of a normal heart of a fetus from a normal rat. b: Heart of a fetus from
a diabetic rat showing a ventricle septum defect. c: Heart of a fetus from a diabetic rat showing a double
outlet right ventricle. Magnification in a–c, 328. FL, fusion line; RV, right ventricle; LV, left ventricle;
VSD, ventricle septum defect; AO, aorta; PO, pulmonary orifice.
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development of maternal diabetes-induced heart mal-
formations requires further study.

The most common arterial defect found in the
present study was the presence of retroesophageal ves-
sels, with or without right-sided aortic arch and right-
sided descending aorta. These defects originate from
persistence of the antilateral part of the embryonic
dorsal aorta. The cardiac NCC are involved in the
development of the aortic arch arteries, but not in the
dorsal aorta (Kirby and Waldo, ’95). However, the de-
velopment of the great arteries is dependent on the
blood flow from the heart, and experimental changes of
the blood flow may yield vessel abnormalities (Hogers
et al., ’97). Thus, it cannot be ruled out that the mal-
formations of the great arteries in offspring of diabetic
rats are secondary to abnormalities in the heart.

The simultaneous occurrence of the malformations
discussed above and the observation that affected or-
gans originated from the same embryonic field (Opitz,

’93) suggest that defects of the NCC are the common
denominators for the abnormalities. Successful use of
antioxidants in this and several other experimental
studies of diabetic embryopathy has strengthened the
notion that excess ROS yields NCC damage (Eriksson
and Borg, ’91, ’93; Hagay et al., ’95; Trocino et al., ’95;
Eriksson and Simán, ’96; Sivan et al., ’96; Suzuki et al.,
’96; Viana et al., ’96; Reece and Wu, ’97; Simán and
Eriksson, ’97a,b; Wentzel et al., ’97, ’99; Wentzel and
Eriksson, ’98; Sakamaki et al., ’99). Glucose-exposed
embryonic neuroepithelial cells show marked mito-
chondrial swelling (Yang et al., ’95) and increased su-
peroxide production (Yang et al., ’97); the former alter-
ation can be diminished by antioxidant treatment
(Yang et al., ’98). NCC has a low antioxidant defense
activity compared with other embryonic cell popula-
tions (Davis et al., ’90), and disturbed NCC develop-
ment associated with oxidative stress has also been
implicated in embryopathy caused by ethanol (Sulik et
al., ’86; Kotch et al., ’95; Chen and Sulik, ’96; Cart-
wright et al., ’98), and phenytoin (Winn and Wells, ’99).
The way in which NCC development is altered in dia-
betes-, ethanol-, and phenytoin-exposed embryos re-
mains to be elucidated.

The congenital malformations in children of women
with diabetes mellitus most often occur in the heart

Fig. 9. Reconstructions of the great arteries in fetuses from normal
and diabetic rats. a: Normal configuration. b: Closed ductus arterio-
sus. c: Arteria lusoria. d: Double aortic arch. e: Double aortic arch
with an abnormal connection between the left carotid artery and the
subclavian artery. f: Retroesophageal aortic arch. g: Right aortic arch
and descending aorta. h: Right aortic arch and descending aorta with
ductus arteriosus connecting via a retroesophageal vessel.

Fig. 10. Histological sections of abnormal hearts from two fetuses of
diabetic rats showing a retroesophageal vessel (ROV) (a), and rem-
nants of a retroesophageal vessel (Rm) (b). Magnification 356.
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and central nervous system (Mills, ’82; Martínez-Frias,
’94). In addition, diabetes appears to cause caudal re-
gression syndrome with a high specificity (Kucera, ’71).
Concerning the heart defects, DORV and PTA appear
to be the predominantly occurring malformations in
children of diabetic mothers (Ferencz et al., ’90); it was
suggested that NCC were involved in the etiology of
these heart malformations. Also, as outlined previ-
ously, diabetes has been suggested to cause the Di-
George anomaly, a set of malformations caused by ab-
normal neural crest cell development (Gosseye et al.,
’82; Wilson et al., ’93; Novak and Robinson, ’94; Digilio
et al., ’95; Kumar et al., ’96). Thus, there are several
similarities between humans and rats in the pheno-
typic expression of diabetes-induced malformations.
This renders experimental diabetic pregnancy in rats a
suitable model for studies on the etiology of abnormal
NCC development. Such studies should aim to delin-
eate the precise cellular alteration yielding the devel-
opmental defect of the DiGeorge anomaly and related
field defects.
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