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Neurogenesis and Differentiation of Sympathetic B and C Cells in the 
Bullfrog Tadpole 

William D. Stofer and John P. Horn 

Department of Physiology, University of Pittsburgh, School of Medicine, Pittsburgh, Pennsylvania 15261 

The relation between birthdates of sympathetic neurons and 
their subsequent differentiation into cutaneous B cells and 
vasomotor C cells was examined in paravertebral ganglia 9 
and 10 of the bullfrog tadpole. Neurons undergoing terminal 
cell division were identified by injecting tadpoles repeatedly 
with 5’-bromodeoxyuridine (BRDU) for one to six develop- 
mental stages between Ill and XXI. After allowing the tad- 
poles to enter late metamorphic stages (XX-XXV), the gan- 
glia were double immunostained for BRDU and neuropeptide 
Y (NPY). NPY is a marker for mature C-type neurons (Horn 
et al., 1987). Double-labeled neurons were readily discerned 
through use of distinct black and brown HRP reaction prod- 
ucts and also because immunoreactivity for BRDU was lo- 
calized in nuclei while that for NPY was localized in peri- 
nuclear cytoplasm. Counts of labeled cells showed that 
neurogenesis occurs throughout limb bud and paddle stages, 
and that it ceases during early foot stages (XII-XIV), a time 
coinciding with the onset of NPY expression. By contrast, 
the labeling of non-neuronal satellite cells with BRDU was 
most common weeks later during metamorphic stages. Ir- 
respective of their birthdates, about half of the BRDU-labeled 
neurons were also positive for NPY immunoreactivity. This 
proportion of NPY-positive cells is indistinguishable from 
that in the entire adult ganglia (Horn et al., 1987). In addition 
to establishing that neurogenesis and gliogenesis occurs 
during tadpole stages, the results indicate that the onset of 
NPY expression by vasomotor C neurons is unrelated to their 
time of origin. In other words, the last wave of neurogenesis 
in sympathetic ganglia does not give rise to a specific sub- 
class of sympathetic neurons. 

[Key words: neurogenesis, neuropeptide Y, B-cell, C-cell, 
sympathetic ganglia, phenotype, bullfrog, S-bromodeoxy- 
uridine] 

Sympathetic neurons like most cells of the PNS develop from 
the neural crest (Le Douarin, 1982; Hall, 1988). Many of the 
distinctive features that typify functional subsets of mature au- 
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tonomic and sensory neurons are thought to be first induced by 
environmental factors and by specific cellular interactions. These 
interactions begin during migration of the neural crest and con- 
tinue after gangliogenesis. For example, when premigratory crest 
cells are transplanted to a new position along the rostrocaudal 
axis, they migrate along paths that are appropriate for the new 
segment (Le Douarin, 1982). Upon forming a ganglion, neural 
crest cells then differentiate without regard to their segmental 
origins into cells whose phenotypes are appropriate to their final 
position (Le Douarin, 1982). The pluripotency of individual 
neural crest cells up until their initial migration into somites is 
supported by clonal analysis (Sieber-Blum and Cohen, 1980; 
Baroffio et al., 1988; Dupin et al., 1990) and by experiments 
with lineage tracers (Bronner-Fraser and Fraser, 1989; Fraser 
and Bronner-Fraser, 199 1). At the time when ganglia form, 
neuronal precursor cells continue to be plastic in some respects, 
but their properties have begun to diverge. Thus, for example, 
parasympathetic and sensory neuroblasts withdraw from the cell 
cycle prior to differentiation, but sympathetic neuroblasts ex- 
press neuronal markers while still dividing (Rohrer and Thoe- 
nen, 1987). In addition, recent retroviral lineage studies of cells 
from embryonic sympathetic ganglia suggest that neuronal and 
non-neuronal precursors diverge shortly after gangliogenesis (Hall 
and Landis, 199 1). Based on the expression ofcell-specific mark- 
ers in other experiments, it has been proposed that a common 
sympathoadrenal lineage gives rise to all subclasses of sympa- 
thetic neurons, to ganglionic SIF cells, and to adrenal chromaffin 
cells (Landis and Patterson, 1981; Anderson and Axel, 1986; 
Patterson, 1990; Anderson et al., 199 1; Carnahan and Patterson, 
1991). 

Mechanisms that generate diverse subclasses of sympathetic 
neurons are not fully understood. The best example of this pro- 
cess is the terminal differentiation of cholinergic sympathetic 
neurons that innervate eccrine sweat glands on foot pads. The 
conversion of this small subpopulation of neurons from an ad- 
renergic phenotype occurs relatively late in development (Lan- 
dis and Keefe, 1983; Leblanc and Landis, 1986; Landis et al., 
1988). It depends upon specific interactions with the end-organ 
(Schotzinger and Landis, 1990) and appears to be controlled by 
a factor released by the target (Rao and Landis, 1990). Com- 
paratively little is known about mechanisms that regulate the 
expression of different properties by other subclasses that con- 
stitute the majority of sympathetic neurons. We have begun to 
examine this process in paravertebral ganglia of the bullfrog. 

Bullfrog sympathetic neurons in the lumbar paravertebral 
ganglia are organized into well-characterized B and C pheno- 
types (Nishi et al., 1965; Dodd and Horn, 1983). These sub- 
classes all synthesize epinephrine as their primary transmitter 
(von Euler, 1971). B and C neurons are defined and distin- 
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guished by their electrophysiological properties, their synaptic 
connections, and their functional modalities. Important ele- 
ments of this basic functional organization appear to be con- 
served in higher vertebrates including man (Janig and Szulczyk, 
198 1; Janig et al., 1983). In the bullfrog, sympathetic fast and 
slow B neurons project selectively to nonvascular cutaneous 
targets that probably include mucous and toxin glands (Horn et 
al., 1988). C cells are vasoconstrictor neurons that control blood 
flow in the skin and in skeletal muscle (Stofer et al., 1990). C 
neurons, which constitute - 55% of the total, are further distin- 
guished by their selective expression of neuropeptide Y (NPY) 
(Horn et al., 1987). In addition to its putative function as a 
cotransmitter, NPY therefore serves as an accurate anatomical 
marker for distinguishing C cells from B cells. 

expression, the sympathetic ganglia were double immuno- 
stained for NPY and BRDU. We predicted that if the onset of 
NPY expression is caused by a late wave of C cell histogenesis, 
then a high proportion (i.e., > 55%) of late-born neurons would 

During development, the onset of NPY expression begins in 
tadpoles at stage XI (Stofer and Horn, 1990). The proportion 
of NPY-positive neurons increases monotonically for about 2 
months and reaches a plateau, at adult levels, by stage XX. 
Since dividing neurons were not found in these earlier experi- 
ments, the observations of NPY were interpreted as evidence 
for the gradual maturation of postmitotic sympathetic C neu- 
rons. However, an alternative explanation is suggested by two 
recent findings in the bullfrog. First, the number of sympathetic 
neurons continues to increase in developing young frogs (Fare1 
and Baek, 1989; St. Wecker and Farel, 199 1). This suggests that 
either mitotic activity or cell migration continues throughout 
development. Second, the birth of sensory neurons in brachial 
dorsal root ganglia spans many of the early tadpoles stages (Men- 
delson and Frank, 1990). This implies that their sympathetic 
brethren may observe similar behavior. Together, both sets of 
findings suggest that the onset of NPY expression could reflect 
a late wave of histogenesis in which C cells are preferentially 
added to sympathetic ganglia. The present experiments were 
designed to test this possibility. In order to determine the birth- 
dates of cells, we have injected tadpoles at various stages of 
development with 5’-bromodeoxyuridine (BRDU). BRDU is a 
thymidine analog that is incorporated into the DNA of dividing 
cells. It remains undiluted in cells undergoing terminal mitosis 
at the time of exposure, and can later be detected with a mono- 
clonal antibody (Gratzner, 1982). After waiting for the tadpoles 
to mature beyond stages associated with the plateau of NPY 

mounting of frozen 10 wrn sections have all been described elsewhere 
(Stofer and Horn, 1990). Blocks of tissue containing the dorsal body 
wall and the paravertebral chain ganglia were serially sectioned in the 
frontal plane, transverse to the neuraxis. Ganglia 9 and 10 were con- 
tained in about 250 sections per animal. 

Irnmunocytochemistry. Sections containing ganglia 9 and 10 were 
double-stained for NPY immunoreactivity (NPY-IR) and BRDU im- 
munoreactivity (BRDU-IR) using sequential two-color horseradish per- 
oxidase (HRP) immunocytochemistry, and then lightly counterstained 
with thionin. The double-labelina nrocedure was modified from the 
method of Soriano and Del Rio (i95 1). 

Sections on slides were processed first for NPY-IR. They were initially 
rinsed in 0.1 M PBS (pH 7.4) and then in 3% goat serum in PBS (20 
min). They were subsequently incubated in primary antiserum overnight 
at 4°C in Coplin jars. The rabbit anti-NPY serum (gift of Dr. Marvin 
Brown. Univeristv of California at San Dieao) was diluted with PBS (1: 
2O,OOd), 1% goat &mm, and 0.1% Triton X--l do. The slides were washed 
three times in PBS, and areas surrounding the sections were wiped dry 
with tissue paper. Drying the slides in this fashion left a low-volume 
droplet of liquid over the tissue. The droplet of PBS was then quickly 
removed and carefully replaced with 80 pl of goat anti-rabbit serum 
coupled to HRP (TAGO). The secondary antiserum was diluted with 
PBS ( 1:400) and 1% goat serum. Sections were incubated in secondary 
antiserum in a moist chamber for 2 hr at room temperature. HRP 
histochemistry to produce a brown reaction product began with three 
5 min rinses in PBS, which were followed by 10 min preincubation in 
0.05% diaminobenzidine (DAB), and 5 min incubation in 0.05% DAB 
and 0.01% H,O. The reaction was stopped with three 5 min rinses in 
PBS. 

Sections were processed second for BRDU-IR. In order to denature 
DNA so that it could bind the BRDU antibody, the slides were first 
placed in Coplin jars and given two 15 min washes in 2N HCl in PBS 
with 0.5% Triton. After a 20 min wash with 3% goat serum in PBS, 
each slide was incubated in a low volume (80 ~1) of mouse anti-BRDU 
(Boehringer) diluted in PBS (1:20), 1% goat serum, and 0.1% Triton. 
The slides were coverslipped and then incubated overnight in a moist 
chamber at 4°C. The next day, coverslips were removed by soaking the 
slides in PBS. Followina three additional rinses in PBS. HRP-counled 
goat anti-mouse serum”(Cappe1) diluted in PBS (1:50), and 1% goat 
serum was applied to each slide in a low volume. The slides were 
incubated in secondary antibody for 2 hr in a moist chamber at room 
temperature and then processed with a nickel-enhanced DAB reaction 
that yields a black product. This involved three 5 min rinses in 0.1 M 

Tris Buffer (pH 7.6), 10 min preincubation in 0.2% NiNH,SO, in Tris 
buffer, 10 min preincubation in 0.05% DAB and 0.2% NiNH,SO, in 
Tris buffer, and 10 min incubation in 0.05% DAB, 0.2% NiNH,SO,, 
and 0.01% H,O, in Tris buffer. The reaction was stopped by washing 
in PBS. 

Permount. 
Cell counts. In 10 animals (animals A-I and K in Table l), every 

fourth section (range, 48-64 sections) was examined at 400x for the 
presence of labeled principal ganglionic neurons in both sympathetic 
chains. Analvsis of nonadiacent sections in this manner eliminates dou- 

After immunostaining, all sections were counterstained with thionin, 
dehydrated in graded alcohols, defatted in xylene, and coverslipped with 

express NPY. 

Materials and Methods 
Animals. The 45 tadpoles (Rana catesbiana) used in the present exper- 
iments were obtained from Charles D. Sullivan Co. (Nashville, TN). 
They were staged by the criteria of Taylor and Kollros (1946) and 
maintained in aquaria (Stofer and Horn, 1990). 

BRDU injections. Tadpoles were anesthetized by immersion in ice 
water for 10 min prior to each injection. After nine preliminary exper- 
iments to establish an optimal regimen, all of the tadpoles that were 
used for cell counting received seven injections containing 1 mg of 
BRDU (Boehringer) in 0.1 ml of Ringer’s over 15 d. The injections 
were made deep into the rostra1 tail musculature and were administered 
on days 1,3,6,8, 11, 13, and 15. Tadpoles were then allowed to mature 
until stages XX-XXV before preparation for histology. 

Preparation of tissue. The procedures for perfusion-of tadpoles with 
fixative containing 4% paraformaldehyde, for blocking and embedding 
of torsos containing sympathetic ganglia 9 and 10, and for cutting and 

ble counting-of split cells-Based on comparison with systematic counts 
of serial sections, this method provides an accurate estimate of the 
proportion of NPY-positive neurons in ganglia 9 and 10 (Horn and 
Stofer, 1988; Stofer and Horn, 1990). In four animals that received late 
injections of BRDU (J, L, M, and N in Table 1) only one-eighth of the 
sections on half of the slides were analyzed because no labeled cells were 
found in the initial 2 l-24 sections that were examined. 

The reliability of counts from different animals was compared by 
estimating the associated counting errors. For this purpose it was as- 
sumed that the processes of cell birth and initial NPY expression follow 
Poisson distributions. This assumption implies that the rates of cell 
birth and differentiation are low and that the processes are random. The 
former assumption is supported by the low rate of cell division obtained 
in the results and the latter is supported by the pluripotency ofthe neural 
crest. The standard deviation of a count is therefore equal to the square 
root of the count, and the coefficient of variation (CV) is equal to the 
standard deviation divided by the count (Colquhoun, 197 1). Counting 
errors in the percentage of double-labeled neurons were calculated by 
combining CV values according to the equation CV(x/y) = [CV(x) + 
CV(y)]” 5. 
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Table 1. Sample counts of neurons containing immunoreactive BRDU and NPY 

Animal 
First Last 
injection injection 

End 
stage 

BRDU- 
positive 
cells 

NPY and 
BRDU 
double- 
positive 
cells 

% Cells 
doubled labeled 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 

III 
IV 
IV 
X 
X 
X 
X 
XII 
XII 
XII 
XIV 
XIV 
XVII 
XVIII 

IV 
V 
VII 
XIV 
XIV 
XIV 
XIV 
XVII 
XVIII 
XVIII 
XVIII 
XVIII 
xx 
XXI 

xxv 91 31 
xxv 163 95 
xxv 211 102 
xxv 91 49 
xxv 37 21 
xxv 29 12 
xxv 32 16 
xxv 8 4 
XXIII 0 0 
XXII 0 0 
XXIII 4 3 
xx 0 0 
xx 0 0 
XXI 0 0 

34 
58 
48 
51 
57 
41 
50 
50 
- 
- 
75 
- 
- 
- 

Total 672 333 52 + 12 (&SD) 

Results 

The development of bullfrog tadpoles takes 3-6 months under 
the controlled laboratory conditions that were employed. This 
presents a problem in performing a birthdating analysis because 
it suggests that at any instant only a very small number of 
neuroblasts may be dividing, even during active times in de- 
velopment. Indeed, initial attempts to label tadpoles with single 
injections of BRDU proved futile. Preliminary experiments were 

therefore performed to establish the optimal dose and regimen 
for administering BRDU. Since the cryostat sections used in 
these experiments include the entire dorsal body wall, it was 
possible to examine BRDU incorporation not only into sym- 
pathetic neurons but also into skin, muscle, cartilage, and the 
spinal cord. At lower doses of BRDU (lo-100 pg), labeled cell 
nuclei were seen only in more mitotically active tissues like skin. 
At higher doses (> 1 mg), the tadpoles ceased to develop, their 

B 

* 

* 

20 pm 

Figure 1. Double-immunostaining of sympathetic neurons for BRDU and NPY. The four possible combinations of double labeling are illustrated. 
A contains examples of two neurons with black nuclear staining for BRDU (arrows), of neurons with brown cytoplasmic staining for NPY, and of 
pale unlabeled neurons (stars). It comes from a frog that received BRDU injections between stages 111 and IV (animal A). B contains a neuron that 
is double labeled (arrow). Other neurons in this field are either unlabeled (stars) or single labeled for NPY. B comes from a frog that received 
BRDU injections between stages IV and VII (animal C). 
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Figure 2. BRDU-IR (black) in small non-neuronal cells is most prev- 
alent in animals labeled duiing metamorphic stages. This example comes 
from animal M, which received BRDU injections between stages XVII 
and XX. Many of the labeled non-neuronal cells were in close apposition 
to neurons and are therefore presumed to be Schwann cells. In this 
representative section, the highest number oflabeled cells is in an axonal 
fiber tract c fi) runnine: through the center ofthe ganglion. Several BRDU- 
labeled ceiis’at the p&met& of the fiber tractare marked with circles. 
In addition, there are small labeled cells adjacent to neuronai cell bodies. 
Several examples of these labeled cells that are scattered throughout the 
entire ganglion are marked with squares. 

tails often appeared crinkled, and many died. The data presented 
below come from 14 animals labeled with seven 1 mg doses 
over 2 weeks. This protocol labeled neurons in the spinal cord 
and in sensory and sympathetic ganglia. It yielded maximal 
labeling of sympathetic neurons in paravertebral ganglia 9 and 
10, and minimized the developmental arrest and morbidity seen 
with higher doses or longer injection schedules. 

As expected, BRDU-IR and NPY-IR differed in their cellular 
localization (Fig. 1). In sympathetic neurons, BRDU-IR char- 
acteristically appeared as clumps of black HRP reaction product 
within the nucleus. BRDU-IR was also present in some of the 
glia that ensheath neuronal cell bodies and axons (Fig. 2), in 
non-neuronal cells that comprise the connective tissue capsule 
surrounding the ganglia, and in some cell fragments that were 
too small to identify. The BRDU-IR in satellite cells was gen- 
erally more diffuse and granular than that in neurons. In contrast 
to the appearance of BRDU-IR, the reaction product for NPY- 
IR was brown, granular, and localized in the perinuclear cyto- 
plasm of sympathetic neurons. NPY-IR was also prcscnt in 
some axons. Neurons that were immunoreactive for both BRDU 
and NPY could easily be discerned due to the differences in 
color and location of the two reaction products. Figure 1 shows 
that all of the four possible combinations of unlabeled, single- 

labeled, and double-labeled neurons were present in sympa- 
thetic ganglia. 

The time course of neurogenesis was evaluated from system- 
atic counts of neurons in 14 tadpoles that had been treated with 
BRDU (Table 1). Cell fragments with BRDU-IR were excluded 
from the counts if they could not be identified unambiguously 
as neurons. Every BRDU-positive neuron was also scored for 
the presence of NPY. The largest numbers of BRDU-positive 
neurons were found in animals that received their last injection 
prior to stage VII. Specifically, in three animals (animals A-C) 
that received initial BRDU injections between stages III and 
IV, an average of 155 f 60 (*SD) neurons were labeled. The 
extent of BRDU labeling was much lower at later stages. Only 
49 * 32 neurons were labeled in the four animals (D-G) re- 
ceiving initial BRDU injections between stages X and XIV. In 
seven animals (H-N) that were injected at stage XII or later, a 
combined total of only 12 labeled neurons were found. 

The raw counts of BRDU-positive neurons could have been 
biased, in principle, by the fact that each animal generated a 
different number of sections. In order to test this possibility, the 
data were normalized to express numbers of BRDU-positive 
neurons per section that was counted. When the resulting mitotic 
index was plotted against the period of BRDU exposure (Fig. 
3), it revealed the same trends as observed in the raw counts. 
The incidence of sympathetic neurons undergoing terminal mi- 
tosis in tadpoles is highest during the limb bud stages (I-V), 
declines during the paddle stages (VI-X), and ceases during the 
foot stages (XI-XVII). In order to compare the time course of 
neurogenesis with the onset of NPY, data describing the latter 
are reproduced (Stofer and Horn, 1990) in Figure 3. The com- 
parison suggests little, if any, temporal overlap between these 
developmental events. 

Is there a relation between the birthdate and phenotypic fate 
of sympathetic neurons? There were double-positive neurons 
containing BRDU-IR and NPY-IR in all nine tadpoles that were 
successfully labeled with BRDU (Table 1). Summing all the 
counts, 50% (333 of 672) of the BRDU-positive neurons were 
also NPY positive. On a case-by-case basis, the percentage of 
double-positive neurons ranged between 34% and 75%, with a 
mean of 52 f 12% (*SD). A plot of birthdate against the per- 
centage of NPY-positive neurons (Fig. 4) shows that there is no 
correlation between the time of origin of sympathetic neurons 
and their expression of NPY (R = 0.5 1). 

Although no attempt was made to quantitate the birthdates 
of non-neuronal satellite cells (Fig. 2), they were very different 
from those of neurons. Unlike the case of neurons where mitosis 
peaks during early (i.e., limb bud) stages, BRDU-IR in non- 
neuronal cells was most prevalent in sympathetic ganglia from 
animals that had been injected during the foot and metamorphic 
stages. During this period, mitotic activity was especially ob- 
vious in fiber tracts within the ganglia (Fig. 2) and in intergan- 
glionic regions of the sympathetic chain. The specificity of this 
labeling for the sympathetic chain was supported by the com- 
plete absence of BRDU-IR in smooth muscle and connective 
tissue of the adjacent aorta (not shown). 

Discussion 

Previous workers have examined the development of many neu- 
ral crest derivatives (e.g., Landis and Patterson, 198 1; Le Douar- 
in, 1982; Hall, 1988; Patterson, 1990), but relatively little is 
known about the origins of those sympathetic neurons that se- 
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Onset of NPY E 

0 0 
I - - - - I - - ” I - - - = I ‘. - - I - . - - 1 
0 v X xv xx xxv 

Developmental Stage 

Figure 3. The developmental time course of neurogenesis (circles) and the onset of NPY expression (triangles) in sympathetic ganglia. Each point 
represents one tadpole. Mitotic indices are plotted at the midpoint of exposure to BRDU. Error bars indicate the entire period of BRDU exposure 
and thus the birthdate. Data illustrating the onset of NPY expression are replotted from Stofer and Horn (1990). A comparison of these two events 
shows that they follow different time courses. 

lectively innervate blood vessels. In this study we exploited the 
fact that, in the mature bullfrog, NPY is a faithful anatomical 
marker for vasomotor sympathetic neurons, also known as C 
cells (Horn et al., 1987; Horn and Stofer, 1988; Stofer et al., 
1990). The results provide the first direct evidence of mitotic 
activity in sympathetic ganglia of the bullfrog tadpole and dem- 
onstrate how the BRDU incorporation method can be used to 
study histogenesis in this system. Neurogenesis was maximal 
between stages III and VII and ceased prior to metamorphosis. 
By contrast, the labeling of presumptive glial cells with BRDU 
was most evident in metamorphic animals. There was no cor- 
relation between the time of origin of sympathetic neurons and 
their subsequent expression of NPY. Moreover, there was little 
temporal overlap between the period of neurogenesis and the 
onset of NPY expression as defined in an earlier study (Stofer 
and Horn, 1990). Thus, the onset ofNPY expression must reflect 
the differentiation of postmitotic vasomotor C neurons and not 
the selective addition of newborn C cells to the ganglia. It ap- 
pears that neuronal birthdates do not determine the fates of 
vasomotor C cells or cutaneous B cells this system. 

In order to evaluate the present results, it is important to 
know whether BRDU accurately labels the pool of neurons that 
are leaving the mitotic cycle. BRDU is highly toxic in addition 
to acting as a thymidine analog that is incorporated into DNA 
during cell division. By adjusting the dosage of BRDU, it has 
been used experimentally as a mutagen, teratogen, carcinogen, 
and inhibitor of cell differentiation (Goz, 1978). In develop- 
mental studies, BRDU has often been applied in single-pulse, 
tracer level doses (Wynford-Thomas and Williams, 1986; Bos- 
wald et al., 1990). However, we found in preliminary experi- 
ments that single injections of BRDU were inadequate for la- 
beling bullfrog sympathetic neurons. This may simply reflect 
the low rate of neurogenesis in this system. The larval stages of 

development in bullfrogs take at least 12-36 weeks, and at the 
end of metamorphosis the lumbar ganglia contain only about 
3400 sympathetic neurons (St. Wecker and Farel, 199 1). In 
order to label more neurons, we therefore used multiple injec- 
tions at relatively high doses. Higher dosages are thought to 
make BRDU available for longer periods of time (Boswald et 
al., 1990). 

150 

125 

Fate 100 

(% of BRDUqms’” 
neurons WI h 

NPY-IR) 5o 

25 

0 

-25 , . . . . , . . . , . . . . , . . . . , . . c 

0 V X xv xx xxv 

Birthdate (stage) 

Figure 4. The birthdates and fates of sympathetic neurons are not 
correlated. The percentage of neurons expressing NPY reflects the pro- 
portion of C neurons in the ganglia. The alternative fate of not expressing 
NPY is indicative of the B cell phenotype. Each point represents one 
tadpole. Error bars on the x-axis denote the period of BRDU exposure. 
Error bars on the y-axis denote the counting errors (see Materials and 
Methods). The counting errors were very large for the two animals at 
later stages because very few neurons (i.e., eight and four) were labeled 
in these cases. The broken line is a linear regression fit to the data. 
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Were the doses used in our study sufficient to label all dividing 
cells? The definitive answer to this question can only be pro- 
vided by accounting for the births of all neurons in the ganglia. 
Unfortunately, our data are not sufficient for this purpose. None- 
theless, there are two indirect arguments that BRDU labeling 
accurately charts the period of histogenesis in the lumbar sym- 
pathetic ganglia. First of all, BRDU did not alter the normal 
pattern of NPY expression. Although we did not undertake 
systematic counts, it was clear that the overall proportion of 
sympathetic neurons expressing NPY-IR after injection of BRDU 
resembled the normal value of SO-55% (Horn et al., 1987; Stofer 
and Horn, 1990). Second, the numbers of neurons labeled with 
BRDU were substantial and comparable to other results using 
tritiated thymidine as a tracer. Knowing that the lumbar ganglia 
contain -3400 sympathetic neurons at the end of metamor- 
phosis (St. Wecker and Farel, 199 l), one can estimate the pro- 
portion of neurons labeled with BRDU. Counts in Table 1 were 
divided by 2 to produce a unilateral count and multiplied by 4 
to compensate for counting every fourth section. In this manner, 
it is estimated that BRDU labeled - 5% of all neurons between 
stages III and IV (animal A), - 12% between stages IV and VII 
(C), and -3% between stages X and XIV (D-G). Summing the 
numbers, the data show that at least 2 1% of the sympathetic 
neurons in the lumbar ganglia are born between stages III and 
XIV. 

The birth of a substantial fraction of sympathetic neurons 
during tadpole stages is similar to recent evidence about the 
ontogeny of sensory neurons in the tadpole (Mendelson and 
Frank, 1990). Using tritiated thymidine rather than BRDU, 
Mendelson and Frank (1990) also found it necessary to employ 
repeated injections in order to label substantial numbers of sen- 
sory neurons. They estimated that - 50% of sensory neurons in 
a dorsal root ganglion were born at stages V or later, and that 
neurogenesis ended by stage XV. Although different labels and 
different dosage protocols were employed in these two studies, 
the results imply that roughly similar proportions of the sensory 
and sympathetic neuronal populations are generated during the 
same stages of tadpole development. 

Evidence for the birth of sympathetic (present results) and 
sensory (Mendelson and Frank, 1990) neurons in the bullfrog 
tadpole is interesting in view of reports that their numbers both 
increase after metamorphosis (Fare1 and Baek, 1989; St. Wecker 
and Farel, 1989, 1991). It suggests that the new neurons arise 
through differentiation of small postmitotic cells within the gan- 
glia or possibly through migration of postmitotic neurons into 
the ganglia. 

The present results clearly illustrate the temporal relationships 
between birthdates of sympathetic neurons and the acquisition 
oftransmitter phenotypes. The simple finding that neurons leave 
the cell cycle during tadpole stages demonstrates an important 
parallel with the sympathetic lineage in birds and mammals. 
Given that all cells in bullfrog sympathetic ganglia express im- 
munoreactivity for tyrosine hydroxylase by stage III (Stofer and 
Horn, 1990), it is now clear that amphibian neuroblasts begin 
to differentiate prior to withdrawal from the cell cycle. This 
principle is already well-established in higher vertebrates (Roth- 
man et al., 1978; Rohrer and Thoenen, 1987; DiCicco-Bloom 
and Black, 1988). By contrast, there appears to be a different 
temporal relation between neuronal birth and NPY expression. 
Since much fewer than half (i.e., 3%) of sympathetic neurons 
are born after the onset of NPY expression, it appears most 
likely that they begin expressing NPY after leaving the cell cycle. 

The relation between these events is less clear and more difficult 
to study in mammalian sympathetic ganglia because ofthe larger 
overlap between the period of neurogenesis and the onset of 
NPY expression (Hendry, 1977; Hall and Landis, 199 1; Tyrrell 
et al., 1991). 

In a recent study of murine enteric neurons, Pham et al. (199 1) 
looked at the birthdates of myenteric and submucosal neurons 
that express peptidergic (including NPY) and nonpeptidergic 
(5-HT, ACh) phenotypes. They found evidence for temporal 
segregation between the early origin of nonpeptidergic neurons 
and the later appearance of peptidergic neurons. This suggests 
that the sequential timing of environmental cues may determine, 
in some cases, the properties of autonomic neurons. This may 
prove relevant to our results because of recent evidence that 
enteric and sympathetic neurons arise from a common sym- 
pathoadrenal lineage (Camahan et al., 199 1). 

One obvious difference in birthdates within tadpole sympa- 
thetic ganglia is that between neurons and glia. BRDU incor- 
poration ended in neurons before glia. This finding is consistent 
with recent evidence in the rat superior cervical sympathetic 
ganglion where Hall and Landis (199 1) used retroviral marking 
to follow cell clones in cultures of embryonic ganglia. They found 
that clones giving rise to neurons disappeared at earlier stages 
than those producing glia. This was interpreted as evidence of 
divergence between two lineages. Although other interpretations 
are possible, our findings have similar implications. 

To summarize, the results of this study show a lack of cor- 
relation between neuronal birthdates and NPY expression. They 
also demonstrate that individual C neurons withdraw from the 
cell cycle prior to expressing NPY, and that gliogenesis persists 
after neurogenesis. However, the results do not indicate that 
neurogenesis precedes the initial commitment to the B and C 
phenotypes. Are the fates of B and C neurons determined prior 
or subsequent to their leaving the mitotic cycle? Using other 
criteria, namely, axonal conduction velocities and segmental 
innervation patterns, B and C cells can be distinguished as early 
as stage III (Horn, 1990). This means that B and C cells begin 
to differentiate long before many sympathetic neurons are born. 
Because of the overlap between these events, one cannot infer 
their temporal order at the single-cell level. A similar problem 
exists in the rat superior cervical ganglion, where the onsets of 
neurogenesis and synaptogenesis are virtually simultaneous 
(Hendry, 1977; Rubin, 1985; Hall and Landis, 199 1). It remains 
to be learned when and how the phenotypic fates of different 
adrenergic sympathetic neurons are specified and the relation 
of this process to selective synapse formation in the ganglia. 
These events may now prove to be experimentally accessible in 
the bullfrog tadpole. 
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