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ABSTRACT Although bisdiamine has been shown to affect the development of
mammals, its effect on the nervous system has gone largely unrecognized. In the
present study, rats were given bisdiamine by gavage on days 9 and 10 of preg-
nancy. They were sacrificed at intervals and the fetuses were prepared for study of
serial sections stained with hematoxylin and eosin, or by immunohistochemical
reaction with HNK-1 monoclonal antibody. HNK-1 reacted strongly with the ner-
vous system, allowing precise analysis of the components and their relationships.
Controls receiving no bisdiamine were prepared and studied in parallel with the
experimental fetuses. Administration of bisdiamine inhibited development of the
petrosal and nodose ganglia, altered associations of the glossopharyngeal, vagus,
and hypoglossal nerves, and inhibited contributions of vagal nerve fibers to the
developing enteric system. The proximal ganglia of the glossopharyngeal and va-
gus nerves developed normally. It is concluded that bisdiamine affects, directly or
indirectly, the differentiation of nervous components derived from the epibranchial
placodes. It seems likely that these placode-derived components serve as pioneer
neurons in establishing the pathway for the posteriorly extending trunks of the
glossopharyngeal and vagus nerves. The early changes in congenital conditions
such as the DiGeorge syndrome may not be limited to alterations in neural crest
derivatives. It may be worthwhile to investigate more closely whether there are

alterations in the nervous system associated with these syndromes.
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There have been several studies in which bisdiamine
has been administered during the early stages of preg-
nancy (Taleporos et al., 1978; Oster et al., 1983; Chon
et al., 1984; Ikeda et al., 1984; Binder, 1985), because
this treatment produces a cluster of defects similar to
those encountered in congenital conditions in humans,
including the DiGeorge syndrome, the fetal alcohol
syndrome, and retinoic acid embryopathy (Amman et
al., 1982; Lammer et al., 1985). It has been suggested
that the defects in experimental animals as well as in
the human syndromes are caused by the effect of
agents or genetic factors on inhibited contributions by
derivatives of the neural crest (Couly et al., 1983;
Kirby and Bockman, 1984).

Usually these studies have concentrated on defects
in the cardiovascular system, thymus, parathyroids,
and facies. The peripheral nervous system has been
largely ignored, or defects have not been observed and
reported.

The present study, utilizing fetuses of rats given bis-
diamine on the 9th and 10th days of gestation, concen-
trated on the developing nervous system. Profound
changes in the peripheral nervous system in the pha-
ryngeal region were discovered. The nodose and petro-
sal ganglia, derivatives of epibranchial placodes, were
affected, as were the extensions of the vagus and glos-
sopharyngeal nerves. Thus, the early vagal contribu-
tions to the heart and enteric system were affected. It
appears that the effects of bisdiamine in the pharyn-
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geal region are not limited to those on neural crest.
Furthermore, the results suggest that the nervous sys-
tem should be evaluated more carefully in both exper-
imentally induced anomalies and in the human syn-
dromes.

MATERIALS AND METHODS

The Sprague-Dawley rats used in this study were
kept in a controlled environment with food and water
constantly available. The day sperm was found was
taken as day 0 of pregnancy. Bisdiamine (Fertilysin™,
Aldrich Chemical Co., Milwaukee, Wisconsin; N,N'-
bis-(dichloroacetyl)-1,8-octamethylenediamine;  Win
18,446) was administered by gastric tube under ether
anesthesia on gestation days 9 and 10. Bisdiamine was
suspended in 1% aqueous gum tragacanth. One ml was
administered on each of the two days. The dosage for
each administration was 100 mg (n = 28) or 50 mg (n
= 6). Controls (n = 20) received 1 ml of 1% gum traga-
canth on each of the two days.

On gestation day 11, 12, 13, 14, 15, or 20, the animals
were anesthetized with ether and the fetuses were re-
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moved for study. Fetuses were prepared routinely for
study of paraffin sections. Both cross-sections and lon-
gitudinal sections were prepared and studied. Those
fixed in Bouin’s fixative were stained with H&E. Those
fixed in Carnoy’s fixative were stained with the mono-
clonal antibody HNK-1 in order to allow precise iden-
tification and tracing of neural elements. This antibody
recognizes the carbohydrate epitope on a number of cell
adhesion molecules (Chou et al., 1986; Shashoua et al.,
1986). In the rat fetuses, it reacted with the central
nervous system and strongly with the peripheral ner-
vous system.

For HNK-1 immunostaining, the sections were de-
paraffinized, incubated in 1% aqueous periodic acid for
10 minutes, washed in phosphate-buffered saline con-
taining 0.3% Triton X-100 (PBST), and incubated with
HNK-1 diluted 1:20 in PBST containing 0.2% bovine
serum albumin (PBST-BSA) for 2 hours at room tem-
perature. After washing in PBST, the sections were
incubated with the secondary antibody, goat anti-
mouse IgM conjugated with horseradish peroxidase, di-
luted 1:20 in PBST-BSA, for 30 minutes at room tem-
perature. After washing again in PBST, the peroxidase
reaction was performed in a solution made by adding 2
mg of 3,3'-diaminobenzidine and 50 ul of 30% hydrogen
peroxide to 500 ml of Tris-HCI buffer. The reaction was
allowed to continue at room temperature for 45 min-
utes. Some of the sections were counterstained with
hematoxylin. Sections from 15 fetuses from mothers
subjected to the 100 mg dose of bisdiamine were ana-
lyzed by HNK-1 antibody; two each on gestation days
11, 12, 14, and 15, and seven on gestation day 13. One
control was analyzed by HNK-1 antibody on each of
days 11 through 14.

RESULTS

By comparing serial sections of experimental fetuses
from mothers receiving bisdiamine with controls from
mothers receiving the vehicle only, it was evident that
the peripheral nervous system in the pharyngeal re-
gion had been altered. Preparations stained with he-
matoxylin and eosin revealed an absence of certain
ganglia and an alteration of nerves in the region. Those
reacted with HNK-1, however, most clearly revealed
not only the missing ganglia and altered nerves, but
also the absence of fine branches that normally distrib-
uted to developing organs in controls. The alterations

Fig. 1. Transverse sections of a gestation day 13 control embryo
immunohistochemically stained with HNK-1. a: Section at the level
of the nodose ganglion. b: Enlargement of the left box in a. The nodose
ganglion (ND) is an accumulation of cells and HNK-1+ neurites.
SYM, sympathetic trunk; VCA, anterior cardinal vein. c: Enlarge-
ment of the right box in a. The hypoglossal nerve (XII) lies ventral to
the nodose ganglion (ND). d: Section at the level of the truncus arte-
riosus. e: Enlargement of the box in d. Bilateral sympathetic trunks
(SYM) and vagus nerves (X), occupying opposite sides of the dorsal
aortae (DA), are HNK-1*. ES, esophagus; TR, trachea. f: Section at
the level of the sinus venosus. g: Enlargement of the box in f. The
sympathetic trunks (SYM) have maintained their positions relative to
the dorsal aortae (DA). The vagus nerves (X) lie in the interval be-
tween esophagus (ES) and trachea (TR). CD, duct of Cuvier. Bar = 0.5
mm for a, d, and f; 0.2 mm for b, ¢, e, and g.
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observed through the developmental stages studied
were consistent with an early inhibition that was
maintained. There was no indication that development
was temporarily delayed, then restored.

The normal arrangement and relationships of the
nervous system in the pharyngeal region, as revealed
by HNK-1, may be seen in Figure 1, which is from a
control embryo at day 13 of gestation. Representative
sections from three different levels demonstrate how
the vagus nerves and sympathetic trunks are ar-
ranged. Figure 1a—c shows the size and location of the
nodose ganglia of the vagus nerves. As the vagus
nerves proceed posteriorly, they assume a position im-
mediately ventral to the dorsal aortae (Fig. 1d,e), then
come to lie in the lateral interval between the esopha-
gus and the trachea (Fig. 1f,g). The sympathetic trunks
are at first dorsomedial to the nodose ganglia (Fig.
la,b), then assume and maintain through the region a
position immediately dorsal to the dorsal aortae (Fig.
1d—g). The location and size of the hypoglossal nerve is
evident in Figure 1a,c.

Nodose (distal X) ganglia were missing in experi-
mental fetuses. In one case, there was a ganglion-like
nodule on one side of the pharynx, but it did not have
any connection with cervical sinus epithelium as was
characteristic of control nodose ganglia at this stage of
development. The petrosal (distal IX) ganglia were
variable. They were present in less than half of the
fetuses examined.

Figure 2 illustrates the lack of ganglia in an exper-
imental embryo of 13 days gestation. The sections were
selected to be comparable with the control embryo in
Figure 1. The alterations of nerve trunks caused by the
administration of bisdiamine also are evident. The
sympathetic trunks were present bilaterally, and
seemed comparable to controls except for being some-
what smaller in some of the more anterior sections. The
vagus nerve, on the other hand, was missing in the
pharyngeal region. The vagus nerve was absent from
the interval between trachea and esophagus (Fig. 2¢c—
f). Some small fibers were observed around the trachea
(Fig. 2f).

The glossopharyngeal nerve did not pass through the
pharyngeal region as a separate entity. The proximal
ganglia of the vagus nerve and the glossopharyngeal
nerve were normally developed in experimental fetuses
(Fig. 3a,b). Fibers from the proximal ganglia, and from
the petrosal ganglia when present, passed ventrally
and joined with the hypoglossal nerve to form a com-
pound nerve trunk (Fig. 2a,b; Fig. 3a,c) that passed
into the primordium of the tongue.

More posteriorly, the vagus nerve normally arborizes
to supply the developing enteric structures (Fig. 4a).
After administration of bisdiamine, these arborizations
were not present (Fig. 4b), indicating a situation that
would be expected to lead to a defective enteric nervous
system.

Inhibition of nervous elements by bisdiamine seemed
to involve predominantly postotic structures. Graphic
reconstruction of an HNK-1-stained specimen (Fig. 5)
revealed that the trigeminal, facial, and acoustic
nerves and ganglia developed normally, as did the
proximal ganglia of the glossopharyngeal and vagus
nerves. No differences were found in the dorsal root
ganglia.
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Fig. 3. a: Saggital section of a day 14 experimental embryo. The tongue primordium (T), heart (H), and
optic nerve (II) are obvious in this section. b: Enlargement of the upper box in a. The proximal ganglion
(PGL) of the glossopharyngeal and vagus nerves is comparable to controls. c: Enlargement of the lower
box in a shows the connection of the hypoglossal nerve (XII) and the common nerve trunk of the
glossopharyngeal and vagus nerves (X and IX). Bar = 0.5 mm for a; 0.2 mm for b and c.

DISCUSSION

This study has used a combination of immunohisto-
chemistry and graphic reconstruction to reveal pro-

Fig. 2. Transverse sections of a gestation day 13 experimental em-
bryo, immunohistochemically stained with HNK-1. The sections have
been cut at approximately the same levels as those in Figure 1. a: At
the level of the hypoglossal nerve. b: Enlargement of the box in a.
There is no nodose ganglion at this level. None was found at higher or
lower levels. The hypoglossal nerve (XII) appears thicker than in
controls because fibers of the vagus and glossopharyngeal nerve join
it. ES, esophagus ¢: Section slightly below the level of the truncus
arteriosus. d: Enlargement of the box in c¢. Note the absence of the
nodose ganglia or the vagus nerves (Compare with Fig. 1e). The sym-
pathetic trunks (SYM) are in the proper location; one seems smaller
than controls. DA, dorsal aortae; ES, esophagus; TR, trachea. e: Sec-
tion at the level of the sinus venosus. f: Enlargement of the box in e.
The vagus nerves are missing from the interval between esophagus
and trachea. HNK-1" fibers are associated with the trachea (arrow-
heads), and the sympathetic trunks seem normal. Compare with Fig.
1g. CD, duct of Cuvier. Bar = 0.5 mm for a, ¢, and e; 0.2 mm for b, d

and f. ’

found alterations in the developing nervous system
that were produced as a result of administration of bis-
diamine. HNK-1 immunoreactivity of the nerves made
it possible to compare, with precision, their normal de-
velopment in the primitive pharyngeal region as com-
pared with the impaired development found in experi-
mental fetuses. These bisdiamine-induced defects in
nervous system development have been revealed for
the first time by this study.

The major alterations produced included consistent
absence of the nodose (distal X) ganglia, partial ab-
sence of the petrosal (distal IX) ganglia, absence of dis-
tal branches of the vagus and glossopharyngeal nerves,
and fusion of the fibers of the vagus and glossopharyn-
geal trunks with the hypoglossal nerve. These alter-
ations occurred in fetuses with normally formed prox-
imal ganglia of the vagus and glossopharyngeal
nerves. They also had normal trigeminal, facial, and
acoustic nerves. Thus it appears that postotic struc-
tures were affected. The otocyst developed normally.
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Fig. 4. Sections of day 13 fetuses at the level of the lung buds (L) and transverse septum. a: Control
embryo. The HNK-1" vagus nerves flank the esophagus (ES). One arborizes distally (arrowheads) to
supply the stomach (MG). b: In an experimental embryo, at a comparable level, no vagus nerves are

present. Bar = 0.2 mm for both a and b.

Because the observations were all made on fetuses, it is
not possible to state with certainty that the alterations
were permanent. It would be necessary to study post-
natal specimens in order to establish that. It is difficult
to believe, however, that the distinct alterations in
ganglia and nerves that were observed consistently
through succeeding stages could be restored to a nor-
mal state by later development of a nodose ganglion,
extension of nerve processes, and restoring of cranial
nerve branches.

The distal cranial sensory ganglia are derived from
ectodermal thickenings, the epibranchial placodes
(D’Amico-Martel and Noden, 1983). These ganglia ap-
pear in the branchiomeric series of cranial nerves and
are quite different from the neural crest-derived gan-
glia in their developmental pattern. They do not mi-
grate as extensively as crest-derived cells. They behave
differently in the presence of nerve growth factor.
Their neuronal and cytological phenotypes during de-
velopment are different from those of crest-derived

neurons (reviewed by Lindsay, 1988). In the present
study, the placode-derived neurons seemed to be more
affected by bisdiamine than those derived from neural
crest. The sympathetic trunks, the proximal ganglia of
the cranial nerves, and the dorsal root ganglia were
affected less or not at all. All of the latter neurons have
been shown, in the chick, to derive from neural crest
(Le Douarin, 1982; D’Amico-Martel and Noden, 1983).
Most of the studies that have delineated the contribu-
tions from placode versus neural crest have been con-
ducted in the chick. It is possible that the derivation of
the relevant nervous components in mammals does not
correspond directly to the chick. It seems reasonable,
however, to assume that the situations are similar un-
til there is evidence to the contrary. If this proves not to
be the case, an alternate explanation would need to be
sought for the observation that the affected ganglia
correspond to the placode-derived ganglia in the chick.

Absence of the distal ganglia apparently altered the
pathway and connections made by the vagus and glos-
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Fig. 5. Graphic reconstruction of a day 14 experimental embryo.
Lateral view. The trigeminal (V) and acousticofacialis (VII and VIII)
nerves are comparable to controls, while the glossoparyngeal and va-
gus nerves lack their distal ganglia and form a single nerve trunk
(small arrows) that joins with the hypoglossal nerve (XII) at the large
arrow. The combined trunks pass into the tongue. The proximal gan-
glion (PGL) of these nerves is comparable to controls. CT, chorda
tympani of the facial nerve; HY, hyoid branch of the facial nerve;
MND, mandibular branch of the trigeminal nerve; OT otocyst; 1, first
pharyngeal slit; open arrows, outgrowths from posterior pharyngeal
region.

sopharyngeal nerves (Kuratani, 1990; Kuratani and
Tanaka, 1990). Distal neurites from the proximal gan-
glia joined and ran with those of the hypoglossal nerve
into the tongue primordium. This abnormal incursion
of neurites may well have produced nonfunctional neu-
ron-target connections. The failure of distal neurites
from both nerves to follow the normal course of the
vagus and glossopharyngeal nerves also implies that
the epibranchial placode-derived neurons may play a
role like the “pioneer neurons” described by Keshish-
ian (1980). The fibers from the proximal ganglia may
be unable to grow along their normal pathway without
the guidance of the placode-derived neurons. Ham-
burger (1961) has shown, with respect to the trigemi-
nal nerve, that ablation of the placode leads to the lack
or abnormal development of the sensory branches in
the face. Noden (1980a,b) had concluded that, in the
trigeminal nerve, the placode-derived neurons are nec-
essary for sensory branch formation, in which neurons
derived from neural crest and from placodes are in-
volved. In a previous study, we have shown that even
after removal of the cardiac neural crest, the placodes
seem to produce the usual branches in the pharyngeal
region (Kuratani et al., 1991). Interestingly, in the ab-
sence of crest-derived cells, the neurites from the prox-
imal ganglia of the vagus and glossopharyngeal nerves
tend to join with the hypoglossal nerve (Kuratani et al.,
1991).

It is possible that the vagal innervation of the heart
" and the gut must be initiated by placode-derived neu-
rons. With the absence of placode-derived nerves, the
vagal branches supplying the anterior of the primitive
gut were missing. This would seem to have the possi-
bility of affecting the development of the enteric ner-
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vous system. The interactions of fibers from the vagus
nerve with intrinsic neurons of the enteric nervous sys-
tem necessary for proper development are not known.
It would seem worthwhile to determine what they are.
There is evidence that precursor cells for the enteric
nervous system originate in the neural crest and mi-
grate along the pathway that will later be followed by
the vagus nerve (Baetge et al., 1990a,b). The migrating
crest-derived cells appear eventually to be overtaken
by the fibers of the nerve. The possibility of alterations
being caused by interfering with interactions between
these elements remains to be determined.

Absence of vagal fibers to the developing heart also
has the potential of affecting the cardiac nervous sys-
tem and control of cardiac contraction. This effect could
be through an imbalance of autonomic nervous control,
or possibly through an indirect effect on cardiac mus-
cle. Microsurgical removal of the nodose placode has
been shown to be capable of altering cardiac contrac-
tion, characterized by prolongation of the QT interval
(Christiansen and Kirby, 1990; Mulroy et al., 1990).

The nervous elements associated with the otic pla-
codes, and anterior to them, seemed unaffected by bis-
diamine administration as carried out in the present
investigation. The trigeminal nerve possessed sensory
branches of the face as well as the mandibular branch.
The facial nerve possessed the chorda tympani and the
hyoid branch. The development of the chorda tympani
strongly suggests the normal development of the gen-
iculate placode (epibranchial placode of the first pha-
ryngeal pouch), from which the ganglion develops (Yn-
tema, 1944; D’Amico-Martel and Noden, 1983). The
normal development of the trigeminal branches also is
dependent on the contribution of the placode-derived
neurons (Hamburger, 1961; Noden, 1980a,b). Inhibi-
tion of postotic structures, with regular development of
preotic structures, may be the result of the timing of
administration of bisdiamine, since the pharyngeal
system develops rostrocaudally. The appearance of the
petrosal ganglion in some of the experimental animals
could indicate that it was differentiated beyond the in-
hibitory capabilities of the bisdiamine by the time it
was administered. This question can be answered by
experiments altering the timing of administration. It is
also possible that preotic structures have a different
susceptibility to bisdiamine than postotic structures.

A number of congenital anomalies, such as the Di-
George syndrome, the fetal alcohol syndrome, and
retinoic acid embryopathy, have a spectrum of defects
of the cardiovascular system, thymus, and parathy-
roids (Amman et al., 1982; Lammer et al., 1985). It has
been suggested that these syndromes result from insuf-
ficient contributions from neural crest (Couly et al.,
1983; Kirby and Bockman, 1984). Sulik et al. (1986,
1988) have suggested that the effects of ethanol, reti-
noic acid, and other environmental agents may cause
increased cell death and affect the epibranchial plac-
odes if administered at the appropriate time. The range
of defects present in these syndromes is similar to those
produced by the administration of bisdiamine in exper-
imental animals. In the reports of studies of patients
with these anomalies, there does not appear to have
been a careful evaluation of the components of the pe-
ripheral nervous system that were found to be deficient
in the present study. It is suggested that in future
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cases, it would be worthwhile to investigate the pres-
ence and extent of the nodose and petrosal ganglia, the
size and course of associated nerve trunks, the contri-
butions to cardiac nerves, and the association of the
vagus nerve with the enteric nervous system.

ACKNOWLEDGMENTS

This study was supported by grant 2332, The Council
for Tobacco Research, USA, Inc.

LITERATURE CITED

Amman, AJ., D.W. Wara, M.J. Cowan, D.J. Barret, and E.R. Stihm
1982 The DiGeorge syndrome and the fetal alcohol syndrome.
Am. J. Dis. Child., 136:906-908.

Baetge, G., J.E. Pintar, and M.D. Gershon 1990a Transiently cate-
cholaminergic (TC) cells in the bowel of the fetal rat; Precursors
of noncatecholaminergic enteric neurons. Dev. Biol., 141:353—
380.

Baetge, G., K.A. Schneider, and M.D. Gershon 1990b Development
and persistence of catecholaminergic neurons in cultured ex-
plants of fetal murine vagus nerves and bowel. Development,
110:689-701.

Binder, M. 1985 The teratogenic effects of a bis(dichloroacetyl)di-
amine on hamster fetuses. Aortic arch anomalies and the patho-
genesis of the DiGeorge syndrome. Am. J. Pathol., 118:179-193.

Chon, Y., M. Ando, and A. Takao 1984 Conotruncal anomalies pro-
duced by nimustine hydrochloride or bis diamine in chick. In:
Congenital Heart Disease. J.J. Nora and A. Takao, eds. Futura,
Mount Kisco, New York, pp. 237-247.

Chou, D.K.H., A.A. Ilyas, J.E. Evans, C. Costello, R.H. Quarles, and
F.B. Jungawala 1986 Structure of sulfated glucuronyl glycolipids
in the nervous system reacting with HNK-1 antibody and some
IgM paraproteins in neuropathy. J. Biol. Chem., 261:11,717—
11,725.

Christiansen, J.L., and M.L. Kirby 1990 Experimentally induced long
QT syndrome in the chick embryo. Ann. N.Y. Acad. Sci., 588:
314-322.

Couly, G., A. Lagrue, and C. Griscelli 1983 Le syndrome de DiGeorge,
neurocristopathie rhombencephalique exemplaire. Rev. Stoma-
tol. Chir. Maxillofac., 84:103-108.

D’Amico-Martel, A., and D.M. Noden 1983 Contributions of placodal
and neural crest cells to avian cranial peripheral ganglia. Am. J.
Anat., 166:445—-468.

Hamburger, V. 1961 Experimental analysis of the dual origin of the
trigeminal ganglion in the chick embryo. J. Exp. Zool., 148:91—
124.

Ikeda, T., T. Matsuo, K. Kawamoto, K., Iwasaki, and T. Jubashi 1984
Bisdiamine-induced defects of the branchial apparatus in rats. In:
Congenital Heart Disease. J.J. Nora and A. Takao, eds. Futura,
Mount Kisco, New York, pp. 223-235.

S.C. KURATANI AND D.E. BOCKMAN

Kirby, M.L.., and D.E. Bockman 1984 Neural crest and normal devel-
opment: A new perspective. Anat. Rec., 209:1-6.

Keshishian, H. 1980 The origin and morphogenesis of pioneer neu-
rons in the grasshopper metathoracic leg. Dev. Biol., 80:388-397.

Kuratani, S. 1990 Development of glossopharyngeal nerve branches
in the early chick embryo with special reference to morphology of
the Jacobson’s anastomosis. Anat. Embryol., 181:253-269.

Kuratani, S.C., S. Miyagawa-Tomita, and M.L. Kirby 1991 Develop-
ment of cranial nerves in the chick embryo with special reference
to the alterations of cardiac branches after ablation of the cardiac
neural crest. Anat. Embryol, 183:501-514.

Kuratani, S., and S. Tanaka 1990 Peripheral development of the
avian vagus nerve with special reference to the morphological
innervation of heart and lung. Anat. Embryol., 182:435—-445,

Lammer E.J., D.T. Chen, R.M. Hoar, N.D. Agnish, P.J. Benke, J.T.
Braun, C.J. Curry, P.M. Fernhoff, A.W. Grix, L.T. Lott, J.M.
Richard, and S.C. Sun 1985 Retinoic acid embryopathy. New En-
gland J. Med., 313:837-841.

Le Douarin, N.M. 1982 The Neural Crest. Cambridge University
Press, London.

Lindsay, R.M. 1988 The role of neurotrophic growth factors in devel-
opment, maintenance, and regeneration of sensory neurons. In:
The Making of the Nervous System. J.G. Parnevelas, C.D. Stern,
and R.V. Stirling, eds. Oxford University Press, Oxford, pp. 148—
165.

Mulroy, M.J., H.B. Hotelling, and T.A. Harrison 1990 Long QT and
long QT with deafness syndrome. Ann. N.Y. Acad. Sci., 588:314—
322,

Noden, D.M. 1980a Somatotopic functional organization of the avian
trigeminal ganglion: An HRP analysis in the hatchling chick. J.
Comp. Neurol., 190:405-428.

Noden, D.M. 1980b Somatotopic organization of the embryonic chick
trigeminal ganglion. J. Comp. Neurol., 190:429—-444.

Oster, G., K.H. Kilburn, and F.P. Siegal 1983 Chemically induced
congenital dysgenesis in the rat: A model of the DiGeorge syn-
drome. Clin. Immunol. Immunopathol., 28:128-134.

Shashoua, V.E., P.R. Daniel, M.E. Moore, and F.B. Jungawala 1986
Demonstration of glucuronic acid on brain glycoproteins which
react with HNK-1 antibody. Biochem. Biophys. Res. Commun.,
138:902-909.

Sulik, K.K., C.S. Cook, and W.S. Webster 1988 Teratogens and cranio-
facial malformations: Relationships to cell death. Development,
103(Suppl.):213-231.

Sulik, K.K., M.C. Johnston, P.A. Daft, W.E. Russell, and D.B. Dehart
1986 Fetal alcohol syndrome and DiGeorge anomaly: Critical eth-
anol exposure periods for craniofacial malformations as illus-
trated in an animal model. Am. J. Med. Genet. Suppl., 2:97-112.

Taleporos, P., M.P. Salgo, and G. Oster 1978 Teratogenic action of a
bis(dichloroacetyl)diamine on rats: Patterns of malformations
produced in high incidence at time-limited periods of develop-
ment. Teratology, 18:5-15.

Yntema, C.L. 1944 Experiments on the origin of the sensory ganglia
of the facial nerve in the chick. J. Comp. Neurol., 81:147-1617.



