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Catecholamine biosynthetic enzymes are expressed in replicating
cells of the peripheral but not the central nervous system
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ABSTRACT We sought to determine whether the precursors
of catecholamine-containing neurons in the developing pe-
ripheral and central nervous systems of chickens and rats ex-
press the biosynthetic enzymes tyrosine hydroxylase [THase;
tyrosine 3-monooxygenase; L-tyrosine, tetrahydropteridine:
oxygen oxidoreductase (3-hydroxylating), EC 1.14.16.2] or do-
pamine ,-hydroxylase [DBHase; 3,4-dihydroxyphenylethyla-
mine, ascorbate:oxygen oxidoreductase (hydroxylating), EC
1.14.17.11, prior to the time they withdraw from the cell cycle.
Chicken embryos (stages 26-27) were injected with [3Hlthymi-
dine and 4 hr later were prepared for the simultaneous dem-
onstration of radioautographically labeled nuclei in immuno-
reactive THase cells. The brains and sympathetic chains of rat
fetuses (days E12-E14), exposed for 2 hr to [3H]thymidine, were
treated similarly except that peripheral tissues were stained with
a specific antibody to DBHase as well as anti-THase. In the
peripheral nervous system of both chicken and rat, nuclei of
THase-containing cells were radioautographically labeled.
DBHase-containin cells in the peripheral nervous system of
rats were also labeled and thus are noradrenergic. THase was
localized in cells of the brain of the same rat fetuses beginning
on day E12 (no THase was detected on day Eli or E11.5) in the
mantle layer of the ventral mesencephalic and rostrolateral
rhombocephalic cellular groups; however, THase-containing
cells in the central nervous system did not incorporate [3Hlthy-
midine. We conclude that, during development, the adrenergic
neuronal precursors of the peripheral nervous system but not
of the central, have the capacity to synthesize catecholamines
before they withdraw from the cell cycle. Differences in the
maturation of peripheral and central neurons may be related
to differences in their embryological origin.

Until recently it was believed that none of the properties that
characterize mature neurons are expressed by developing
precursor cells until after they cease to divide (1-4); however,
studies of the developing peripheral nervous system of chickens
have indicated that some properties of mature adrenergic
neurons may be expressed by the precursor cells while these
cells are still replicating (5, 6). Thus, precursor cells in primary
and secondary sympathetic ganglia (and the adrenal medulla)
continue to incorporate [3H]thymidine after they acquire
several of the phenotypic characteristics expressed by adult
sympathetic cells. These cells contain characteristic subcellular
catecholamine (CA) storage vesicles (6), a specific uptake
mechanism for norepinephrine (6, 7), and a store of CA (5, 6,
8) while still remaining in the cell cycle.

Several questions still persist with respect to the relationship
between the phenotypic expression of adrenergic characteristics
and the ability of precursor neurons to replicate. First, the
presence of uptake and storage mechanisms in peripheral
CA-containing cells does not necessarily prove that these cells
have the capacity to synthesize the neurotransmitter while they
are dividing. Conceivably, CA could be synthesized elsewhere
and only stored in developing adrenergic cells. The demon-
stration that replicating CA-containing cells can express the
specific proteins responsible for transmitter biosynthesis-i.e.,
the CA biosynthetic enzymes tyrosine hydroxylase [THase;
tyrosine 3-monoxygenase; L-tyrosine tetrahydropteridine:
oxygen oxidoreductase (3-hydroxylating), EC 1.14.16.2] and
dopamine ,B-hydroxylase [DBHase; dopamine f3-monooxyge-
nase; 3,4-dihydroxyphenylethylamine, ascorbate:oxygen oxi-
doreductase (,B-hydroxylating), EC 1.14.17.1]-would provide
more direct evidence that the CA found in developing sym-
pathicoblasts is synthesized in situ. Second, it is not known
whether developing CA-containing neurons in the central
nervous system also continue to divide after acquiring adren-
ergic neurotransmitter related characteristics. The fact that CA
can be detected in those regions of the mantle layer that give
rise to adult CA cells (9, 10) at a time when some cells in the
neural tube are still dividing (11) raises the possibility that CA
neurons of the central nervous system, like those of the pe-
ripheral, may acquire phenotypic characteristics before with-
drawing from the cell cycle.

In the present study we have sought to determine whether
replicating cells in the peripheral and central nervous systems
express the enzymes THase and DBHase before withdrawing
from the cell cycle. This was examined by combined use of
immunocytochemical staining of the developing nervous sys-
tems of chickens and rats, with specific antisera to THase and
DBHase and [3H1thymidine radioautography. We shall dem-
onstrate that cells of the peripheral nervous system, but not the
central, continue to divide after the enzymes are expressed.

METHODS AND MATERUILS
Preparation of Animals. Chickens. Fertilized eggs of White

Leghorn chickens (purchased from Shamrock Poultry and
Breeding Farms, North Brunswick, NJ) were maintained in a
humidified, forced-draft, egg incubator at 38 b 10C for 4.5-5.5
days. For administration of [3H]thymidine (6), a small hole was

Abbreviations: CA, catecholamine; THase, tyrosine hydroxylase;
DBHase, dopamine fl-hydroxylase.
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FIG. 1. Immunocytochemical localization of THase in cells of
primary sympathetic ganglia (arrows) from chicken embryo (4.5-5
days of incubation; stage 26). Surrounding tissues are not reactive.
At the left an extension of immunoreactive cells lies between the
primary ganglion and the site where secondary ganglia will form. n,

Notochord; da, dorsal aorta. Bar = 50 Mm.

made in the narrow end of an egg with a sterile needle. After
withdrawal of 0.8 ml of albumen, 0.2 ml of sterile saline con-
taining [3H]thymidine (20 or 30 ,uCi per egg; specific activity,
50-65 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels; New England
Nuclear) was injected directly into the yolk sac. Embryos were
killed 4 hr later. It has been shown (6) that the replicating
neuronal precursors do not complete G2, mitosis, and cell di-
vision in this time period. Four embryos were tested with
[3H]thymidine and, as controls, four embryos received only
vehicle. The embryos were staged (12), decapitated, and fixed
for 2 hr at room temperature with 4.0% formaldehyde (gen-
erated from paraformaldehyde) in 0.1 M phosphate buffer (pH
7.2). They were then infiltrated overnight at 40C with 30%
sucrose and frozen. Transverse or sagittal sections 10-16 .m
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FIG. 2. Immunoreactive THase in chicken embryo (stage 27) cells
fixed while migrating ventrally to the aorta. The nuclei of some im-
munoreactive cells are labeled by [3H]thymidine (arrows). Cells in
the mesenchyme (m) are also labeled by [3Hlthymidine (arrowhead)
but these do not contain THase immunoreactivity. Bar = 30Am.
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FIG. 3. (A) sympathetic ganglion cells of a developing chicken

(5-5.5 days; stage 27), demonstrating THase imniunoreactivity and

labeling by [3H~thymidine (arrows). Bar = 20Mjm. (B) Higher mag-

nification of cells in the primary sympathetic ganglia. Arrow indicates

cell showing both THase immunoreactivity and nuclear labeling by

[3H]thymidine. Bar =20.m.

thick were cut in a cryostat (13, 14), cooled to -250C, and
mounted on glass slides that had previously been coated with
an adhesive chrome alum/gelatin solution.

Rat. Pregnant Sprague-Dawley rats were obtained from
Hilltop Lab Animals (Scotsdale, PA). The date of conception
was established by the presence of a vaginal plug and was

designated as day 1 of gestation (El). Pregnant rats were housed
in individual cages and allowed food and water ad lib. Rats
pregnant for 12.0, 13.5, and 14.0 days were injected intra-
peritoneally with [3H]thymidine (7 AsCi/g; specific activity, 50.3
Ci/mmol, New England Nuclear). Two hours later they were
anesthetized (Equithesin; 3 ml/kg intraperitoneally; Jensen.
Salsbury Laboratories, Kansas City, MO) and the fetuses were
exposed. The fetuses of these animals and of rats pregnant for
11 and 11.5 days but not exposed to [3H]thymidine were mea-
sured for crown-rump length and then perfused for 3 min (15)
through the heart with 4.0% formaldehyde (generated from
paraformaldehyde) in 0.1 M phosphate buffer (pH 7.2-7.4).
Fetuses were subsequently immersed in the same fixative for
an additional 20 min, infiltrated overnight at 40C with 30%
sucrose, and frozen. Five fetuses at day E12, three at day E13.5,
and two at day E14 were prepared for the simultaneous dem-
onstration of incorporation of [3H]thymidine and THase as

described below.
Immunocytochemical Localization of THase and

DBHase. Procedures for the purification of THase and DBHase
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FIG. 4. Immunocytochemical localization of THase in the de-
veloping sympathetic chain of rat fetus at day E14. Pregnant mothers
were injected with [3Hlthymidine (7 gCi/g) and killed 2 hr later. Silver
grains are seen over the nuclei of doubly labeled cells (arrows). Some
of these doubly labeled cells exhibit THase containing processes (n).
Bar = 20 um.

and the production of specific antibodies to these enzymes have
been described (16,17). THase and DBHase immunoreactivi-
ties were localized in sympathetic ganglia and THase immu-
noreactivity was localized in the brain by using the peroxi-
dase-antiperoxidase method of Sternberger (18) as modified
by Pickel et al. (19-21). Sections were washed in 0.1 M Tris/
saline buffer (pH 7.6) and incubated for 15 min with 0.25%
Triton X-100 detergent to facilitate penetration of the antise-
rum into the tissues. The sections were then incubated se-
quentially with rabbit antiserum to THase (or DBHase), goat
anti-rabbit IgG (30 min), and rabbit peroxidase-antiperoxidase
complex (30 min). All dilutions were made in Tris.HC1/saline
(0.1 M) buffer containing L.0% goat serum. THase and DBHase
antisera were diluted 1:500 and applied at 40C for 24 hr. Bound
peroxidase was demonstrated by incubation with 0.01% hy-
drogen peroxide and 0.013% 3,3-diaminobenzidine in 0.1 M
Tris.HC1 buffer (pH 7.6) for 6 min. Control sections were in-
cubated with preimmune rabbit serum.

Radioautography. Immediately after incubation with di-
aminobenzidine, stained sections were transferred to 0.1 M
phosphate buffer (pH 7.2-7.4). They then were washed twice
with distilled H20, dipped in Kodak NTB2 emulsion (diluted
1:1 with water), and maintained at 40C in a light-proof box
containing a drying agent (Drierite) for 8-22 days. They were
then developed with Kodak D19 developer and, for the si-
multaneous demonstration of silver grains and immunoreac-

B
FIG. 5. Immunocytochemical localization of DBHase in cells of

the sympathetic chain of the same rat fetuses as in Fig. 4. Doubly la-
beled cells are hard to discern at low magnification (A) but are ap-
parent at higher magnification (B). da, Dorsal aorta. Bar = 50 .m. (B)
Higher magnification, showing DBHase localized in a cell labeled by
[3H]thymidine (arrow) within the sympathetic chain of a rat fetus.
Bar = 20gm.

tivity, were viewed with Normarski interference or phase
contrast optics. Sections of ganglia from embryos that did not
receive [3Hjthymidine were sequentially stained and processed
for radioautography to rule out chemography.

RESULTS
Chicken. Developing ganglion cells in the primary sympa-

thetic chain of chicken embryos (4.5-5 days incubation; stage
26) contained THase (Fig. 1). Specific reaction product was seen
in cells in the primary ganglia as well as in individual cells fixed
while migrating dorsally toward their definitive positions in the
secondary paravertebral ganglia. In some embryos, immuno-
reactive cells were also seen ventral to the primary ganglia.
These presumably were fixed while migrating toward the
adrenal medulla and prevertebral aortic plexus (Fig. 2). The
cells containing THase were similar in appearance to the CA-
containing cells seen with formaldehyde-induced fluorescence
in embryos of the same developmental age (6, 22, 23). No cells
were labeled by antibody to DBHase, probably because of
limited species crossreactivity (unpublished data).

In embryos injected with 20 or 30 ,Ci of [3H]thymidine 4
hr prior to fixation, the nuclei of many immunoreactive
THase-containing cells were labeled. Cells containing THase
and nuclear labeling by [3H]thymidine were observed within
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FIG. 6. Sagittal section through the fourth ventricle of the brain
of the same rat fetus (day E14) as in Figs. 4 and 5. THase immuno-
reactivity can be seen in cells in the mantle layer in the ventral

mesencephalic cellular group (arrowheads). Radiolabeling of nuclei
in the ventricular and subventricular zones is frequent (arrows). v,
Ventricular cavity. Bar = 30,Mm.

primary sympathetic ganglia (Fig. 3) and also in single cells
outside of the ganglionic mass (Fig. 2). Cells containing THase
immunoreactivity were seen in sections from embryos that did
not receive [3H]thymidine (although no silver grains were ob-
served over the nuclei of these cells). Conversely, labeled nuclei
were seen in all sections from embryos that received [3H]thy-
midine and were incubated with preimmune rabbit serum.

Therefore, the combined immunocytochemical and radioau-
tographic techniques did not interfere with one another and
the presence of doubly labeled cells in animals given [3H]thy-
midine was not due to chemography or other artifacts.

Rat. THase and DBHase were seen in neurons in the sym-
pathetic chain of rat fetuses at days ElI, -11.5, -12, -13.5, and
-14. The enzyme was localized to the cytoplasm of cell bodies
and neuritic processes. In animals injected with [3H]thymidine
[days E12, E13.5, and E14 (crown-rump length 9,10.5, and 13
mm, respectively)], many of the immunoreactive neurons also
had labeled nuclei (Figs. 4 and 5).

At days ElI and E11.5, no THase-containing cells could be
detected in the developing brain; they appeared for the first
time on day E12. These cells were located in the mantle layer
in the ventral mesencephalic and rostrolateral rhombocephalic
cellular groups that give rise to CA neurons of the substantia
nigra and locus ceruleus, respectively (15). In contrast to the

periphery, no cells displaying THase immunoreactivity were
labeled by [3H]thymidine (Figs. 6 and 7). Radiolabeled cells
were found only in the ventricular lining and subventricular
layers (Fig. 6), but no cells showing THase immunoreactivity
were present in these layers.

DISCUSSION
By combining immunocytochemical and J3H]thymidine ra-
diolabeling, the present study has sought to determine whether
the precursors of adrenergic neurons of both the peripheral and
central nervous systems express neurotransmitter-synthesizing
enzymes prior to the time they withdraw from the cell cycle.
We have observed that adrenergic neuronal precursors that
have not yet withdrawn from the cell cycle can express the
neurotransmitter synthetic enzyme THase in the mammalian
as well as the avian sympathetic peripheral nervous system. The
expression of biosynthetic enzymes indicates that the stores of
CA in these cells probably results from local synthesis. The
presence of immunoreactivity for both THase and DBHase in
peripheral ganglion cells of rats indicates, as others have shown
(13, 14, 24), that these neurons are noradrenergic.

In contrast to peripheral sympathetic neurons, the earliest
cells of the brain to display THase immunoreactivity failed to
label with [3H]thymidine. In fact, no cells in the developing
central nervous system of fetal rats whose peripheral neurons
contained THase and silver grains were labeled by [3H]thy-
midine. Either the catecholaminergic cells of the central ner-
vous system enter a prolonged pause in mitotic activity or they
are postmitotic. Thus, adrenergic neurons of the developing
central nervous system differ from those of the peripheral
nervous system with respect to the relationship between dif-
ferentiation and replication of precursor cells. The mechanism
responsible for the ability of peripheral CA neuroblasts to divide
after expressing biosynthetic enzymes, although those of the
central nervous system do not, is unknown. Conceivably, it
could relate to the different embryological origin of the two
types of cell. The peripheral catecholaminergic cells are derived
from neural crest (25-27) whereas those of the central nervous
system arise from the neural tube (28). Thus, there appear to
be significant differences, during development, between
neurons derived from the neural crest and those derived from
the neural tube, even if these neurons share a common neuro-
transmitter. The nature of this difference remains to be de-
termined. There may be an intrinsic, preprogrammed differ-
ence between the two cell types. Alternatively, the microen-
vironment within which differentiation occurs may be re-
sponsible for the persistent replication of peripheral catecho-
laminergic cells.
A remaining unanswered question is whether cell division

persists in CA cells of adult sympathetic ganglia or adrenal
medulla or whether the ability to proliferate disappears as the
animal matures. Although replication of mature adrenal me-
dullary pheochromocytes (8) has been found, the proportion
of replicating CA-containing cells decreases as ontogeny pro-
gresses (6, 8). Hendry has reported that, in rats, sympathetic
neurons ultimately do withdraw from the cell cycle (29). Thus,
replicating cells might represent an intermediate stage that
peripheral neuronal precursors pass through. If so, the char-
acteristic that marks the final passage from intermediate to
mature neuron has not yet been identified. Moreover, the factor
or factors responsible for the ultimate withdrawal of sympa-
thetic neurons from the cell cycle are as yet unknown.

This work was supported by a Basil O'Connor Grant from the Na-
tional Foundation- March of Dimes, National Science Foundation
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and NS15547.
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FIG. 7. Higher magnification of the cells in the mantle layer of the fetal rat brain, showing THase immunoreactivity. The nuclei of these
neurons are not labeled by [3H]thymidine. Bar = 20,um.

1. Sidman, R. L., Miale, I. L. & Feder, N. (1959) Exp. Neurol. 1,
322-3.

2. Fugita, S. (1964) J. Comp. Neurol. 122,311-327.
3. Altman, J. (1969) J. Comp. Neurol. 136,269-294.
4. Eccles, J. C. (1970) Proc. Nati. Acad. Sci. USA 68,294-301.
5. Cohen, A. M. (1974) in Wenner-Gren Center International

Symposium Series, Dynamics of Degeneration and Growth in
Neurons, eds. Fuxe, K, Olson, L. & Zotterman, Y. (Pergamon,
Oxford), pp. 359-370.

6. Rothman, T. P., Gershon, M. D. & Holtzer, H. (1978) Dev. Biol.
65,322-341.

7. Gershon, M. D., Rothman, T. P. & Holtzer, H. (1978) in Neuronal
Information Transfer, eds. Karlin, A., Tennyson, V. M. & Vogel,
H. J., (Academic, New York), pp. 359-372.

8. Jurecka, W., Lassmann, H. & HMrander, H. (1978) Cell Tissue
Res. 189,305-312.

9. Olson, L. & Seiger, A. (1972). Z. Anat. Entwisklungsgesch. 137,
301-316.

10. Seiger, A. & Olson, L. (1973) Z. Anat. Entwicklungsgesch. 140,
281-318.

11. Lauder, J. M. & Bloom, F. E. (1974) J. Comp. Neurol. 155,
469-481.

12. Hamburger, V. & Hamilton, H. L. (1951) J. Morphol. 88,49-92
13. Teitelman, G., Joh, T. H. & Reis, D. J. (1978) Brain Res. 158,

229-234.
14. Teitelman, G., Baker, H., Joh, T. H. & Reis, D. J. (1979) Proc.

Natl. Acad. Sci. USA 76,509-513.

15. Specht, L. A., Pickel, V. M., Joh, T. H. & Reis, D. J. (1978) Brain
Res. 156, 315-321.

16. Joh, T. H., Gegham, G. & Reis, D. J. (1973) Proc. Natl. Acad. Sci.
USA 70,2767-2771.

17. Ross, R. A., Joh, T. H. & Reis, D. J. (1975) Brain Res. 92,57-72.
18. Sternberger, L. A. (1974) Immunocytochemistry (Prentice-Hall,

Englewood Cliffs, NJ).
19. Pickel, V. M., Joh, T. H., Field, P. M., Becker, C. G. & Reis, D.

J. (1975) J. Histochem. Cytochem. 23, 1-12.
20. Pickel, V. M., Joh, T. H. & Reis, D. J. (1975) Brain Res. 85,

295-300.
21. Pickel, V. M., Joh, T. H. & Reis, D. J. (1976) J. Histochem. Cy-

tochem. 24, 792-806,
22. Enemar, A., Falk, B. & Hikanson, R. (1965) Dev. Biol. 11,

268-283.
23. Kirby, M. L. & Gilmore, S. A. (1976) Anat. Rec. 186,437-450.
24. Cochard, P., Goldstein, M. & Black, I. B. (1979) Dev. Biol. 71,

100-114.
25. Yntema, C. L. & Hammond, W. S. (1947) Blol. Rev. 22, 344-

359.
26. Weston, J. A. (1963) Dev. Biol. 6, 279-310.
27. LeDouarin, N. (1977) in Cell Interactions in Differentiation,

eds. Karkinen-Jasskelainen, M., Saxen, L. & Weiss, L. (Academic,
London), pp. 171-191.

28. Hanaway, J., McConnell, J. & Netsky, M. (1971) J. Comp. Neurol.
142,59-74.

29. Hendry, I. A. (1977) J. Neurocytol. 6,299-4309.

Neurobiology: Rothman et al.

aI

.,:
" " 1,.;. !.-

1. :.

'A

'r
t

.# ....
I

", f


