
Increased NCAM Expression and Vascular
Development in Trisomy 16 Mouse Embryos:

Relationship with Nuchal Translucency
MIREILLE N. BEKKER, JENNY B. ARKESTEIJN, NYNKE M.S. VAN DEN AKKER, STANLEY HOFFMAN,

SANDRA WEBB, JOHN M.G. VAN VUGT, AND ADRIANA C. GITTENBERGER-DE GROOT

Department of Obstetrics and Gynecology [M.N.B., J.M.G.V.], VU University Medical Center, 1081 HV,
Amsterdam, the Netherlands; Department of Anatomy and Embryology [M.N.B., J.B.A., N.M.S.A., A.C.G.G.],
Leiden University Medical Center, 2300 RC, Leiden, the Netherlands; Department of Cell Biology [S.H.],

Medical University of South Carolina, Charleston, SC 29425; Department of Basic Medical Sciences, Anatomy
and Developmental Biology [S.W.], St. George Hospital Medical School, London, SW17 ORE, U.K.

Increased nuchal translucency in the human fetus is associ-
ated with chromosomal abnormalities, enlarged jugular lym-
phatic sacs, cardiac defects and changed flow through the ductus
venosus. The developmental background of this nuchal edema in
relation to the associated anomalies remains elusive. We studied
the morphologic correlation between neurogenesis and vasculo-
genesis in neck, heart, and ductus venosus region of wild type
and trisomy 16 mice embryos (E10- E18), using an antibody
against Neural Cell Adhesion Molecule (NCAM). Trisomy 16
mice are a model for the above described human phenotype.
From E12 trisomy 16 mice showed an altered arrangement of
cranial nerves IX, X and XI, which are positioned between the
carotid artery, jugular vein and enlarged lymphatic sac. The
vagal nerve was significantly smaller, compared with wild type
embryos. NCAM was over expressed in both neuronal and
cardiovascular structures in trisomy 16 mice, being particularly
prominent in the 4th and 6th pharyngeal arch arteries, and the

ductus venosus. In the 4th and 6th pharyngeal arch arteries,
NCAM over expression was located to the part of the vessel wall
that is closely related to the vagal and recurrent nerve. In case of
4th pharyngeal arch artery abnormalities NCAM expression, on
the other hand, was reduced. In conclusion, the interaction
between neurogenesis and vasculogenesis is disturbed in the
trisomy 16 mouse model, and might be a common denominator
in the spectrum of anomalies associated with increased nuchal
translucency. (Pediatr Res 58: 1222–1227, 2005)

Abbreviations
JLS, jugular lymphatic sac
NCAM, Neural Cell Adhesion Molecule
NT, nuchal translucency
PAA, pharyngeal arch artery
RUNX1, Runt-related gene-1

Ultrasonographic measurement of nuchal translucency (NT)
in the human fetus at gestational age between 10 to 14 wk is a
common screening method to detect trisomy 21. Increased NT
is associated with a spectrum of anomalies, including aneu-
ploidy, isolated cardiac defects, and changed flow velocities
through the ductus venosus (1,2).
The developmental background of increased NT and asso-

ciated findings is still insufficiently understood. Recently, a
disturbed lymphangiogenesis has been suggested as a basis
for the nuchal edema because of the concomitant abnormal
enlargement and persistence of the jugular lymphatic sacs
(JLS) in both human fetuses and mouse embryos with

nuchal edema (3,4). This theory explains both the regional
accumulation of the fluid in the neck region and the tempo-
rary character of the NT enlargement. Other suggested
theories, like temporary cardiac failure (5,6) and the alter-
ation of extracellular matrix components (7) might be part
of the causal pathway, but fail to completely elucidate this
phenomenon.
A study (3) of trisomy 16 embryos showed that the endo-

thelium of the enlarged JLS was abnormally thickened. Also,
there was a very close correlation of nerves with the JLS and
other vascular structures. A mutual influence of nerves and
endothelium could play a role in the development of nuchal
translucency, since vessels and nerves are known to share
many developmental genes (8).
The hypothesis for this study was that a disturbance in the

interaction between neurogenesis and vasculogenesis is a com-
mon denominator in the spectrum of associated (lymphatic)
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vascular and cardiovascular abnormalities in fetuses with in-
creased NT.
Innervation and vascular morphology in neck, heart, and

ductus venosus region of wild type and trisomy 16 mouse
embryos were investigated. Trisomy 16 mice embryos have
nuchal edema, enlarged JLS and cardiac defects. Also, the
trisomy 16 mouse is proposed as an animal model for human
trisomy 21 as the mouse chromosome 16 contains the syntenic
region for the human chromosome band 21q22 (9).
In this model we studied the expression of Neural Cell

Adhesion Molecule (NCAM) because it is expressed both in
nerves and the cardiovascular system (10). NCAM is of special
interest, as this protein is regulated by Runt-related gene-1
(RUNX1), which is described as triplicated gene in the trisomy
16 mouse and human trisomy 21 (11,12).

METHODS

Embryos. Wild type and trisomy 16 mouse embryos from gestational age
day 10 (E10) to E18 d (Table 1) were collected (13). The study was approved
by the Animal Care and Use Committee of St. George Hospital, London. The
embryos were fixed in 4% paraformaldehyde at 4°C overnight. After dehy-
drating the embryos with xylene, they were embedded in paraffin and serially
sectioned (5 �m). The sections were alternately mounted on 5 subsequent
slides, so that 5 different staining procedures could be performed.

Immunohistochemistry. Consecutive sections were stained with an NCAM
antibody. Using an antibody against NCAM (provided by S. Hoffman, Charles-
ton, S.C., U.S.A.) in an immunohistochemical staining all cells derived from
neural tissue are stained.

First, the slides were deparaffinated. Between all steps the slides were rinsed
twice with phospate-buffered saline (PBS) and once with PBS/0.05%Tween
unless indicated otherwise. Before staining, the slides were microwave-
processed by heating them 3 times for 4 min to 99°C in a citric acid buffer
(0.01 M in distilled water, pH � 6.0). Then the slides were rinsed twice with
PBS and incubated for 15 min in a 0.3% H2O2 solution to block the endoge-
nous peroxidase activity. Subsequently, the slides were incubated overnight
with the specific antibody against NCAM. After that, the sections were
incubated for 90 min with the second antibody, GAR-Ig. The third antibody
used was R-PAP, with which the slides were incubated for 90 min. Afterward,
the slides were rinsed twice with PBS and once with Tris/Maleate (pH 7.6). As
chromogen, DAB (3-3=diaminobenzidin tetrahydrochloride) was used. A
counter staining was performed by dipping the slides for 10 s in Mayer’s
haematoxylin. The slides were rinsed for 10 min in tap water, dehydrated to
xylene and coated before attaching a coverslip.

Morphometric analysis. The volume of the vagal nerve was measured in
three wild type and three trisomy 16 mouse embryos of E14. Morphometry of
the vagal nerve was performed because of its important role and localization in
nuchal, heart and ductus venosus region.

From each embryo, in 25 slides with an equal interval of 75 �m the surface
of the vagal nerve was measured systematically, as proposed by Bouman et al.
(14). Also, in each slide the area of NCAM positivity in the vagal nerve was
measured. The first slide was at the level of caudal end of the eye. The last slide
was at the level of the ductus arteriosus. The exact position of the last slide
differed slightly, according to the overall size of each embryo. The combined
volume of the vagal nerve and the NCAM expressing area were calculated by

the method described by Cavalieri (15). The student’s t test was used to
compare the volumes. Significance was set on p � 0.05.

RESULTS

Neck Region

Wild type. At E10, no positive cells could be observed in
NCAM stained sections. From E12 on, there was a grouping of
the JLS, the jugular vein, the carotid artery and three cranial
nerves (CN): CN IX (glossopharyngeal nerve), CN X (vagal
nerve) and CN XI (accessory nerve). The carotid artery was
positioned medially and ventrally to the jugular vein. The JLS
was located lateral and dorsally. The cranial nerves lay
grouped together between the jugular vein, carotid artery and
JLS (Fig. 1A). The JLS was crossed by cervical nerves III, IV
and V.
Trisomy 16. At E10-11, there was no difference in NCAM

staining or morphology compared with wild type embryos. At
E12, the JLS was enlarged and in the nuchal edema was
observed. From E12 on, a consistent grouping of JLS, carotid
artery, jugular vein and cranial nerves was not present, in

Table 1. Number of mouse embryos examined per embryonic day

Embryonic day Wild type (no.) Trisomy 16 (no.)

10 3 2
11 2 1
12 3 2
13 2 1
14 4 3
15 2 3
16 1 2
17 2 1
18 1 1

Figure 1. Transverse sections of the neck region of wild type (WT) and
trisomy 16 (T16) mice at E14; stained for NCAM. (A) Grouping of cranial
nerves IX, � and XI between carotid artery (A), jugular vein (V) and jugular
lymphatic sac (JLS) in a WT mouse. (B) Different position of cranial nerves
between carotid artery, jugular vein and enlarged jugular lymphatic sac in a
T16 mouse. (C) Detail of A: NX. (D) Detail of B: NX. The NX is smaller and
has an increased NCAM staining. Note the similar distribution of NCAM
positivity and negativity. (E) Volume of the NX (left) and the ratio of the
volume of NCAM positivity/negativity (right) between WT and T16 mice. The
vagal was significantly smaller ( p � 0.05) in T16 mice. Abbreviations: NX
vagal nerve; NIX glossopharyngeal nerve; NXI accessory nerve. Bars � (A,C)
250 �m; (B,D) 25 �m.
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contrast to the wild type embryos. The cranial nerves were
smaller and not in close proximity to one another (Fig. 1B).
Morphometric analysis of the vagal nerve revealed that the

volume of the vagal nerve was significantly smaller in trisomy
16 mouse embryos (p � 0.028). The mean volume of the vagal
nerve was 0.67 � 0.10 mm3 in wild type and 0.35 � 0.08 mm3

in trisomy 16 mouse embryos (Fig. 1E). Furthermore, no
difference in the volume of NCAM positive tissue (neural
cells) compared with the volume of the NCAM negative tissue
(nuclei and fibroblasts) in the vagal nerve, was found between
wild type and trisomy 16 mice embryos. This indicates that we
are dealing with an overall smaller nerve (Fig. 1E). In addition,
the immunostaining with NCAM did not allow identification of
the precise anatomical components of the nerve as both neu-
ronal cells, e.g., axons, and glial cells are NCAM positive.
The smaller nerves in the trisomy 16 embryos seemed to be

more positive for NCAM, compared with normal littermates
(Fig. 1C and 1D), but we could not substantiate this morpho-
metrically. In the trisomy 16 embryos cervical nerves I to V
passed through the enlarged JLS.

Aortic Arch and Heart Region

Wild type. From E12 on there was prominent NCAM ex-
pression in both 4th and 6th (left) pharyngeal arch arteries
(PAA). In both 4th PAA NCAM was expressed in the adven-
titia with extension toward the outer media in close proximity
to the vagal and the recurrent nerve (Fig. 2E,I and Fig. 3D,G).
The 6th PAA stained positive in a small and specific region in
the media on both sides of the vessel wall, also located in close
apposition to the vagal and the recurrent nerve (Fig. 4A,B).
The myocardium bordering the site of semilunar valve and

atrioventricular valve development was positive for NCAM on
E12-14 (Fig. 4C), becoming more negative in older embryos
(E15-E18). The aortico-pulmonary septum was positive (E12-
E18). The interventricular septum and remaining myocardium
were negative (data not shown).
Trisomy 16. All trisomy 16 embryos showed septal defects

ranging from complete atrioventricular septal to subaortic ven-
tricular septal defects. A number of the trisomy 16 mouse
embryos (9/16) showed a variable degree of 4th PAA defects
including hypoplasia, atresia and interruption. An interrupted
right 4th PAA was accompanied by a persistence of the right
dorsal aorta and an aberrant subclavian artery. A cervical aortic
arch was combined with interruption of the left fourth PAA.
The combination of an aberrant subclavian artery or cervical
aortic arch with interruption of the right or left 4th PAA
respectively, was observed in several embryos.
These 4th PAA malformations coincided with outflow tract

anomalies as double outlet right ventricle. The semilunar
valves were dysplastic in some of the embryos. Septal and
PAA defects were observed from E13 onwards.
A strong over expression of NCAM was observed in both 4th

and 6th PAA in trisomy 16 embryos with normal PAA. The
NCAM expressing region in the 4th PAA, in proximity to the
vagal and recurrent nerve, was similar as in wild type litter-
mates but a larger area and higher intensity of staining in the
tunica media was observed (Fig. 2F,J and Fig. 3E,H). The

ductus arteriosus (left 6th PAA) was extremely positive and the
expression area was broader compared with the wild type (Fig.
4D,E).
Trisomy 16 embryos with 4th PAA defects showed a differ-

ent NCAM expression pattern. Those with a hypoplastic 4th

PAA showed a small number of NCAM expressing cells in the
adventitia (Fig. 2G,K). In a case with an absent 4th arch artery
no NCAM expression was observed (Fig. 2H,L and Fig. 3F,I).
The aortico-pulmonary septum and commissures of the aor-

tic and pulmonary valves, stained more intense with NCAM
compared with the wild type embryos and over a larger area
(Fig. 4F). In embryos demonstrating dysplastic valves the
commissures and wall of the valves became even more posi-
tive. The atrioventricular valves and myocardial connection
sites, as well as the interventricular septum, did not differ from
the wild type embryos (data not shown).

Ductus Venosus Region

Wild type. From E12 onwards the (sub) endothelial layer of
the ductus venosus was slightly NCAM positive (Fig. 5A). This
positivity persisted until the connection of the ductus venosus
with the inferior caval vein was made. The proximal part of the

Figure 2. Transverse sections of the aortic arch (AoA) region wild type (WT)
and trisomy 16 (T16) mice at E14; stained for NCAM or HE. (A–D) Schematic
outline of normal PAA configuration; (A-B) hypoplastic left (C) and inter-
rupted left 4th PAA (D). Colors refer to distinct embryonic origins. (E,I) Left
4th PAA of a WT mouse with NCAM expression in the adventitia with
extension into the media in close proximity to the vagal nerve (NX) and
recurrent nerve (RN) (F,J) Left 4th PAA of a T16 mouse with a more intense
and widespread vascular NCAM expression into the media. (G,K) Diminished
NCAM expression in the vessel wall of a hypoplastic 4th PAA with an atretic
end in a T16 mouse. The asterisk (K) indicates the part of the vessel reflecting
the 4th PAA. The trans section is made just on the border between the ductus
arteriosus and the atretic end. (H,L) Solely NCAM expression in the NX in a
T16 mouse with an interrupted 4th PAA. The asterisk is indicating, where the
4th PAA should have been positioned. Abbreviations: RSA/ LSA right/left
subclavian artery; RCA/LCA right/ left carotid artery; DAo dorsal aorta; �
�-segment. Bars � (E–H) 250 �m and (I–P) 50 �m.
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ductus venosus, the smooth muscle cell sphincter part of the
vessel, was also NCAM positive. The inferior caval vein was
negative for NCAM.
Trisomy 16. The vessel wall of the ductus venosus showed

a different expression pattern of NCAM as well as altered
morphology. The ductus venosus wall was thickened and there
was greater NCAM expression in the (sub) endothelium (Fig.
5B). Similar as in wild type, this positivity persisted until the
connection of the ductus venosus with the inferior caval vein
was made. The sphincter part of the ducts venosus also showed
high NCAM expression. The inferior caval vein was negative
for NCAM.

DISCUSSION

In the present study, trisomy 16 mice embryos were inves-
tigated as animal model for the human fetus with increased NT.
The hypothesis was tested that a disturbance in neuronal and
vascular development is a common denominator in the abnor-
malities related to increased NT.

Increased NT in the human fetus is associated with trisomy
21 and other aneuploidies, structural defects, mainly cardio-
vascular defects, enlarged JLS and alterations in the ductus
venosus flow velocity (4). Trisomy 16 mice were studied as
they have nuchal edema, enlarged JLS and cardiac defects (3)
Also, the mouse chromosome 16 contains the syntenic region
for the human chromosome band 21q22 (9).
Our study demonstrates an increased NCAM expression in

trisomy 16 mouse embryos, which was linked to both neuro-
genesis and vasculogenesis (Fig. 6). NCAM is a cell adhesion
molecule, which affects neural crest cell migration, neuronal
fasciculation, neuronal differentiation, and axon guidance
(16,17) Interestingly, NCAM is up-regulated by RUNX1,
which is expressed on the critical triplicated region of human
chromosome 21 and mouse chromosome 16 (11,12). This

Figure 3. Transverse sections of the aortic arch (AoA) region of wild type
(WT) and trisomy 16 (T16) mice at E14; stained for NCAM. (A–C) Schematic
outline of normal (A–B) PAA configuration and interrupted right 4th PAA (C).
Colors refer to distinct embryonic origins. (D,G) Right 4th PAA with NCAM
expression in the adventitia with extension to the media in close proximity to
the vagal (NX) and recurrent nerve (RN). (E,H) Right 4th PAA of a T16 mouse
with a more intense and widespread vascular NCAM expression into the
media. (F,I) Aberrant subclavian artery (ASA) and persistent right dorsal aorta
in T16 mouse; the right 4th is interrupted an no NCAM can be found in the
remaining vascular structures. Abbreviations: RSA/ LSA right/left subclavian
artery; RCA/LCA right/ left carotid artery; Bars � (D–F) 250 �m and (G–I)
50 �m.

Figure 4. Transverse sections of the outflow tract of wild type (WT) and
trisomy 16 (T16) mice at E14 showing 6th PAA (VI), pulmonary trunk (PT)
and aorta (Ao). (A–B) WT mouse with vascular NCAM expression in the
vessel wall of the 6th PAA in close proximity of vagal (NX) and recurrent
nerve (RN). (C): The pulmonary valve (PV) is slightly NCAM positive, with
more positivity in underlying myocardial cuff (M). The trans section is made
just above aortico-pulmonary septum. (D–E) T16 mouse with increased vas-
cular NCAM expression in the vessel wall of 6th PAA compared with WT. (F)
Dysplastic PV with high NCAM staining in valve leaflets and underlying
myocardial cuff. Bars � (A,D) 250 �m and (B–C, E–F) 50 �m.

Figure 5. Tranverse sections of the ductus venosus (DV) of wild type (WT)
and trisomy 16 (T16) mice. (A) NCAM positivity in (sub)endothelial (arrow)
layer of the ductus venosus. (B) Increased NCAM positivity in the (sub)en-
dothelium (arrow) of the ductus venosus, compared with WT. Bars � (A,B)
100 �m.
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could explain the NCAM overexpression seen in the trisomy
16 embryos.
Furthermore, the fact that the NCAM over expression was

clearly present in both neck, heart and ductus venosus region
was remarkable, because all of these regions are described to
be of importance in the pathophysiology of increased NT in the
human fetus (4,18). No morphologic alterations linking these
regions have been reported before.
The cranial nerves X, IX and XI were smaller in trisomy 16

embryos and the NCAM positivity in the nerve was increased.
This indicates that the development of the nerves is disturbed.
We postulate that an altered neurogenesis in the cranial nerves
could influence the differentiation of the endothelium of the
JLS and jugular vein, and cause enlargement of the JLS. Genes
of interest involved in such an interaction between nerves and
endothelial differentiation are Neuropilin-1 (NP-1) and NP-2.
These genes are known to mediate axonal guidance in the
developing nervous system, but recently they are also found to
play a role in angiogenesis (19).
The abnormal arrangement of the cranial nerves in the neck

region of trisomy 16 embryos seems to be caused by the
mechanics of the enlarged jugular sac, since abnormal expan-
sion of the JLS displaces the surrounding structures. As a
consequence, the abnormal grouping of these nerves might
influence the function of the structures, which they innervate.
Furthermore, the vessel wall of the 4th and 6th PAA of the

trisomy 16 embryos clearly showed up-regulation of NCAM.
In the vessel wall NCAM is most likely involved in vasculo-
genesis, by the homing of neural crest cells, as has been
described before (20,21) NCAM is reported to diminish after
neural crest cells have ceased migration (17). Migration of
cardiac neural crest cells is needed for normal cardiovascular
development. Also, the role of a disturbed migration of neural
crest cells in the development of PAA and outflow tract
anomalies is generally accepted (22–24). However, as all aortic
arch segments contain smooth muscle cells derived from the
neural crest there may be a different explanation for the specific
increased expression of NCAM in the fourth and sixth arch
segment. We postulate a role as homing molecule for the vagal
nerve derived neuronal fibers that are specifically present in
these vessel segments.
Opposite to the NCAM up-regulation observed in the normal

PAA of the trisomy 16 embryos, the defected 4th PAA of the

trisomy 16 embryos showed a diminished or lack of NCAM
expression. This indicates a disturbed migration of neural crest
cells. A relation between a reduced NCAM expression and
defected neural crest cell migration has been reported before in
the Tgf�2 �/� mouse, which is a mouse model for 4th PAA
defects. The Tgf�2 �/� mouse model also showed a reduced
NCAM expression in the similar region in the vessel wall, as in
our trisomy 16 embryos (25). Interestingly, TGF�2 directly
up-regulates NCAM (26). In case of PAA defects, a diminished
expression of TGF�2 could therefore be involved in a down-
regulation of NCAM.
Thus, we hypothesize that an increased NCAM expression

in trisomy 16 embryos is related to up-regulation by RUNX1,
whereas a reduced NCAM expression coincided with PAA
defects. The mechanism that leads to a reduced NCAM ex-
pression in PAA defects in our model needs further investiga-
tion. Nonetheless, the diminished NCAM expression indicates
a disturbed neural crest development.
This involvement can also be deduced from the diminished

size of the cranial nerves, as the proximal ganglia of cranial
nerves IX and X are derived from cardiac neural crest (27,28).
A disturbed development and smaller cranial nerves are also
found in other models associated with an impaired neural crest
development (29,30) Furthermore, perturbation of the neural
crest cell development has been proposed in the pathomorpho-
genesis of several abnormalities associated with Down syn-
drome; such as cardiac defects and a number of facial and neck
abnormalities (27).
In the human fetus with increased NT a variable degree of

cardiac defects are seen. The most common defects are septal
defects and some fetuses also show minor or major outflow
tract and aortic arch anomalies (31). The PAA defects seen in
a number of the trisomy 16 mice therefore present the severe
end of the phenotype of cardiac defects associated with in-
creased NT in human fetuses.
The up-regulation of NCAM in the vessel wall of the ductus

venosus and thickening of this wall, could be related to the
changed ductus venosus flow velocities in human fetuses with
increased NT, which is present regardless of the existence of a
cardiac defect (18). The ductus venosus sphincter contains
neural crest derived adrenergic nerves, causing contraction and
relaxation, which could influence the blood flow (32). The
relation between changes of the ductus venosus flow velocity
and innervation of the smooth muscle cell layer of the sphincter
part has been suggested earlier (33). The NCAM up-regulation
in the ductus venosus was not linked to a specific cardiac
morphology in our mouse model. A similar up-regulation in
human fetuses could make a morphologic contribution to the
alterations in blood flow through the ductus venosus. This is in
agreement with former findings altered ductus venosus flow
cannot be attributed to altered intracardiac flow nor a specific
cardiac morphology in fetuses with increased NT (34).

CONCLUSIONS

In conclusion, this study shows that trisomy 16 embryos
have increased NCAM expression in the neck, heart and ductus
venosus region, which was linked to both neuronal and vascu-

Figure 6. Schematic model of NCAM expression and function in trisomy 16
mice embryos.

1226 BEKKER ET AL.



lar development. These findings indicate that a disturbed in-
teraction between neural crest development and endothelial
differentiation could be a common denominator in the different
anomalies seen in human fetuses with increased NT.
Overexpression of RUNX1 could explain NCAM overex-

pression in trisomy 16 mice and human fetuses with trisomy
21. Nevertheless, increased NT in the human fetus is also
associated with other aneuploidies, such as trisomy 13, trisomy
18 and Turner syndrome, and occurs in cases of normal
karyotype (1). It remains to be investigated whether these
fetuses also have a disturbed neuronal and vascular develop-
ment.
We postulate that disturbance of a common developmental

process, like neural crest and vascular endothelial develop-
ment, is responsible for increased NT and associated anoma-
lies. Several genetic origins and environmental influences can
lead to a disturbance of this process at different times in
development. This could also explain the variety and severity
of anomalies in fetuses with nuchal edema.
In the end, morphologic data in human fetuses with in-

creased NT should, therefore, be compared with our findings in
the trisomy 16 mouse model.
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