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Abstract 

After injection of horseradish peroxidase into single blastomeres in Xenopus embryos at 2- to 
512-cell stages, all of the descendants could be traced and counted at tailbud stages. Progenitors of 
Rohon-Beard neurons and ofsprimary spinal motoneurons were identified, and all neurons of each 
type that originated from individual progenitors were counted. From these data were derived the 
geometric mean of the number (N) of Rohon-Beard neurons (or primary motoneurons) that 
descended from a single progenitor at each generation from the first to ninth, the mean number of 
progenitors of each generation, and the probability that, following mitosis, daughter cells continue 
in the Rohon-Beard (or primary motoneuron) lineages (the continuation probability). On a log-log 
plot a straight line fitted to the N values intercepts the abscissa at the 13th generation for Rohon- 
Beard progenitors and the 16th generation for primary motoneuron progenitors. This indicates the 
number of generations before the entire set of each type of neuron is finally produced. The Rohon- 
Beard neurons and primary motoneurons each originated from a separate group of progenitors at 
the 9th generation (512-cell stage), but those progenitors gave rise to mesodermal, endodermal, and 
ectodermal cells in addition to neurons. Nevertheless, the continuation probability significantly 
greater than 0.5 shows that there is a bias toward recruitment of progenitors into lineages leading 
to production of those two types of neurons. This bias is considered to be a form of commitment. 

The main purposes of this paper are to report the 
results of a new method of lineage analysis in the CNS 
of a vertebrate embryo and to discuss the significance of 
the findings in relation to the determination of nerve cell 
fates and the time of neuron origin. 

Lines of descent of various types of nerve cells from 
ancestral cells in the early embryos of vertebrates are 
completely unknown. The suggestion that the lineages 
of neurons and glial cells have separated in the neuro- 
epithelium of the developing vertebrate brain (His, 1889) 
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has recently been confirmed (Levitt et al., 1981), but it 
is not known when this separation occurs. That it starts 
at early embryonic stages in the frog’s brain is indicated 
by the finding that several types of neurons, including 
primary spinal motoneurons and Rohon-Beard neurons, 
originate as postmitotic cells during gastrulation in 
Xenopus (Lamborghini, 1980). Their lineages have prob- 
ably separated at even earlier stages. In theory there are 
several possible patterns by which lineages may branch, 
but it is not known how this actually occurs in a verte- 
brate embryo. 

Tracing cell lineages in embryos of vertebrates was 
greatly facilitated by the introduction of horseradish 
peroxidase (HRP) as a tracer of cell lineages (Jacobson 
and Hirose, 1978; Weisblat et al., 1978; Hirose and Ja- 
cobson, 1979). The advantages of this method are that 
the HRP can be injected selectively into individual cells 
of frog embryos at 2-cell to 512-cell cleavage stages and 
can be detected in all of the descendants at later stages 
when many types of differentiated nerve cells can be 
recognized (Hirose and Jacobson, 1979; Jacobson and 
Hirose, 1981; Jacobson, 1981a, 1983). The HRP does not 
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appear to alter normal cell proliferation, migration, or 
differentiation. Although it should be possible to trace 
the lineage of any identifiable type of cell by this method, 
there are advantages in looking first at Rohon-Beard 
neurons and primary motoneurons. The entire popula- 
tion of each of these cell types originates and differen- 
tiates early in development, the size of the population is 
small, and the cells are large and easily recognizable. 
They start functioning in the tailbud embryo: Rohon- 
Beard neurons are the first-order sensory neurons which 
receive input from the epidermis (Hughes, 1957), while 
the primary spinal motoneurons, which innervate axial 
somitic muscles, mediate the earliest escape and swim- 
ming movements (Hughes, 1959; Blight, 1978; Stehouwer 
and Farel, 1980; Roberts et al. 1981). 

The accuracy with which Rohon-Beard neurons can 
be identified and counted in Xenopus made it possible to 
determine the numbers of Rohon-Beard neurons that 
descended from individual blastomeres of the 16-cell 
embryo (Jacobson, 1981a). By starting labeling of cells 
at successively later ancestral cell generations it was 
found that the Rohon-Beard neurons and primary spinal 
motoneurons originated from groups of ancestral cells at 
the 32-, 64-, 128-, 256-, and 512-cell stages (Jacobson 
and Hirose, 1981; Jacobson, 1983). 

Those findings suggested the research strategy that 
was used in the experiments reported here. Labeling 
individual ancestral cells with HRP made it possible to 
rnlmt all descendants nf any recognnizable &DP. The 
number of labeled descendants as a function of the stage 
at which the label was first injected could be obtained by 
starting labeling at progressively later cell generations 
from the first (2 cells) to the ninth (512 cells) generation. 
Knowing the mean number of cells of a specific type that 
originated from blastomeres at each generation and 
knowing the total number of cells of that type that finally 
developed made it possible to calculate the mean number 
of ancestral cells at each stage that gave rise to that cell 
type (assuming that all counts were made before any cell 
death occurred). Finally, knowing the mean number of 
Rohon-Beard or primary motoneuron ancestral cells at 
each generation made it possible to calculate the proba- 
bility that, after each cleavage, the daughter cells re- 
mained in the lineages leading to Rohon-Beard neurons 
or primary motoneurons. 

Materials and Methods 
The specimens used for counting labeled neurons in 

this study were the same as those prepared for previous 
studies (n = 507; Jacobson and Hirose, 1978,1981; Hirose 
and Jacobson, 1979; Jacobson, 1981a, 1983), supple- 
mented by 78 specimens (see below: “Tissue analysis”). 
Methods of producing embryos, of HRP injection, his- 
tochemistry, and the controls were the same as reported 
earlier and will be summarized below. 

Embryo selection and tissue processing. Embryos of 
Xenopus laevis, obtained from matings induced by hu- 
man chorionic gonadotropin, were selected with well 
marked pigment gradients and with regular and sym- 
metrical patterns of cleavage. An intracellular injection 
of HRP solution (type IX, Sigma, about 5% in distilled 
water, 1 to 2 nl) was given by pressure lasting a few 

seconds into a selected blastomere by means of a glass 
micropipette with a tip diameter of about 1 to 5 pm. In 
order to avoid the passage of HRP from the injected cell 
to its sister cell, the injection was made only after cleav- 
age had been fully completed and shortly before the onset 
of the next cleavage. 

Embryos were raised singly in Petri dishes at 20°C in 
Steinberg solution (100% diluted gradually to 20%). At 
stages 30 to 39 of Nieuwkoop and Faber (1967), embryos 
were fixed (0.5% paraformaldehyde, 2.5% glutaralde- 
hyde, in phosphate buffer, pH 7.4, for 3 to 6 hr at 4°C). 
Frozen serial sections were cut coronally at 24 pm and 
were reacted histochemically for peroxidase activity as 
described previously (Hirose and Jacobson, 1979). 

Control experiments. These were the same as those 
reported by Hirose and Jacobson (1979) and showed that 
injections did not interfere with normal development in 
the majority of cases, that no label appeared in animals 
injected with Steinberg solution alone, and that, in ani- 
mals receiving HRP injections, the label was confined 
exclusively to the descendants of the injected blastomere 
(Hirose and Jacobson, 1979). 

Tissue analysis. All specimens (n = 585) were exam- 
ined for the presence of Rohon-Beard neurons and pri- 
mary motoneurons. Embryos were selected for cell count- 
ing procedures if their development was normal, if the 
tissue processing resulted in few lost sections, and if the 
histochemical processing resulted in heavily labeled neu- 
rons and low background precipitate. In seven animals 
Rohon-Beard neurons or primary motoneurons consti- 
tuted less than 1% of the total number of labeled neurons 
of other types, and these cases were considered aberrant 
and excluded from statistical analysis. Counts were made 
of Rohon-Beard neurons in 98 specimens and of primary 
motoneurons in 142 specimens. Criteria for identification 
of those neurons will be given below. Cells were counted 
at X 200, using the criteria of Konigsmark (1970) for 
somatic cell counts, in all sections from the caudal border 
of the otocyst to the section at which the curvature of 
the tail and the undifferentiated state of the spinal cord 
made neuron identification unreliable (usually at the 
level of the proctodeum). The diameters of the somata 
of all labeled Rohon-Beard neurons and all primary 
motoneurons were measured by means of an eyepiece 
fitted with a filar micrometer in four specimens cut 
coronally and two specimens cut horizontally at stage 
32. It had been shown previously that there are no 
significant differences in the sizes of Rohon-Beard neu- 
rons stemming from different ancestral blastomeres (Ja- 
cobson, 1981a, b). The mean soma diameter was used to 
calculate the correction factor for split cell counting 
errors (Abercrombie, 1946). All cell counts reported here 
have been corrected. 

Neuron identification. Rohon-Beard neurons were eas- 
ily recognizable at stages 30 to 39, labeled or unlabeled, 
as the largest neurons situated at the dorsal or dorsolat- 
era1 margin of the spinal cord (Hughes, 1957; Lamborgh- 
ini, 1980). They were ovoid or pear shaped in coronal 
section, and in many cases the label extended into the 
distal neurite which could be traced to the epidermis. 
Identification of Rohon-Beard neurons was unambigu- 
ous in almost all cases. In the few cases in which it was 
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difficult to distinguish Rohon-Beard cells from other 
large neurons in the dorsal spinal cord, a positive iden- 
tification was not made. Wide spacing between Rohon- 
Beard neurons and their distinctive appearance made it 
easy to count them, even in specimens injected at the 2- 
cell stage in which all of the cells in the dorsal part of 
the spinal cord were labeled. 

Consistent identification of primary motoneurons re- 
lied upon cell morphology and location. Primary moto- 
neurons, which are the first spinal motoneurons to in- 
nervate the adjacent somites (Coghill, 1913; Youngstrom, 
1940; Hughes, 1959; Muntz, 1975), were identified ini- 
tially by retrograde labeling after HRP application to 
myotomes (Moody and Jacobson, 1983). Their round 
somas were large (10 to 15 pm) and were not attached to 
the central canal. Their large dendritic trees extended 
laterally to the pial surface, and their axons, which 
frequently branched from a ventromedial dendrite, 
coursed 50 to 100 pm caudally before entering the my- 
otome (Hughes, 1959; Blight, 1978; Roberts et al., 1981; 
Moody and Jacobson, 1983). However, since mature den- 
dritic arbors and peripheral axons growing from the cell 
body were not always apparent in our preparations, any 
large round soma that was located within the ventral 
part of the spinal cord and had lost its connection with 
the central canal was included in the count. 

Statistical analysis. The geometric mean of the cor- 
rected cell counts of the Rohon-Beard neurons and pri- 
mary motoneurons for each injection age was calculated. 
The geometric means were used to generate a least 
squares line with a 95% confidence interval on log-log 
scales. This regression line allowed us to estimate, from 
the intercept of the ordinate, the expected total popula- 
tion of Rohon-Beard neurons (or primary motoneurons) 
on one side in the tailbud embryo; to determine, from 
the intercept of the abscissa, the cell generation of the 
final progenitors of Rohon-Beard neurons (or primary 
motoneurons); and to estimate the number of progenitor 
cells at each generation. 

Results 
The number of Rohon-Beard neurons descended from 

individual blastomeres at the 2-cell and 16- through 512- 
cell stages are reported in Table I, and the number of 
primary motoneurons descended from individual blasto- 
meres at the 16- through 512-cell stages are reported in 
Table II. These numbers are localized on their blasto- 
meres of origin at the 128-, 256-, and 512-cell stages in 
Figures 1 to 3. The progenitors of both Rohon-Beard 
neurons and primary motoneurons at these stages were 
confined to the dorsal-ventral equatorial region; Rohon- 
Beard progenitors were found ventrally and the primary 
motoneuron progenitors were found dorsally. 

From these cell counts the geometric mean number 
(N) of each type of neuron that originates from a single 
progenitor was calculated at each stage (Tables III and 
IV). A least squares line was generated from the geomet- 
ric means at each stage and plotted on log-log scales 
(Figs. 4 and 5). The points of this regression line are 
reported in Tables III and IV, as are the points for the 
upper and lower limits of the 95% confidence interval. 
The intercept of the ordinate represents the total number 

TABLE I 
The frequency of descendants from single progenitors: Rohon-Beard 

Neurons 

No. of Rohon-Beard Stage of Progenitor 
Neurons Originating from ~- 

One Progenitor 2-cell 16-cell32-cell64-cell 128.cell 256.cell 512~cell 

1 

2 
3 
4 
5 

6 
7 

8 

10 

11 

12 

13 
14 
15 
16 
17 
18 
20 
26 
27 
34 
35 
37 
46 
48 
51 
53 1 

54 1 

55 1 

56 1 

58 
62 1 

63 1 

64 1 

65 2 
61 3 
68 2 
69 2 
70 1 

71 1 

72 1 

90 1 

1 

2 

1 

2 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 3 
1 4 1 

1 2 
1 3 3 2 
1 2 1 1 

2 1 2 
2 1 1 2 

1 1 

1 1 

1 

1 1 

1 1 

1 1 

of neurons present on one side of the embryo (T). The 
intercept of the abscissa represents the cell generation 
of the lineage at which each individual progenitor gives 
rise to one neuron (Figs. 4 and 5). 

Knowing the mean total number of each type of neuron 
(T) and the geometric mean number of each cleavage 
stage (N), we can calculate the mean number of progen- 

itors (Gn) at each cleavage stage (Gn = $; Tables III 

and IV). The mean number of progenitors (Gn) is plotted 
on a log-log scale in Figure 6. The probability that the 
daughter cells will continue in the lineage leading to the 
production of Rohon-Beard neurons or primary moto- 
neurons can be calculated (Tables III and IV). Because 
all of the progenitor cells up to and including the 512- 
cell stage give rise to many types of cells in the CNS, 
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TABLE II 
The frequency of descendants from single progenitors: primary 

motoneurons 

No. of Primary 
Motoneurons 

from One 
Progenitor 

2 
3 

4 
5 
6 

7 
8 
9 

10 
11 

12 
13 
15 

16 
17 
18 

19 
20 
21 
22 

23 
24 
25 

26 
27 
28 
29 
31 

32 
33 
34 

36 
40 
42 

43 
44 
45 
47 

48 
50 
51 

53 
58 
62 
63 
69 

71 
78 
81 
82 

83 
84 
91 

92 

Stage of Progenitor 

2-cell 16-cell 32-cell 64-cell 128-cell 256-cell 512~cell 

1 

1 

1 
1 

1 

1 

1 
1 

1 
1 

1 

1 

1 
1 
1 

1 

1 
1 

1 

3 

4 

1 

2 
3 
2 

2 

1 

1 
1 

2 

2 

1 

1 
1 

1 

1 
1 
1 

2 
1 

1 

2 
3 
1 

2 
1 

1 
2 

5 
3 

2 
1 

2 
1 

1 

1 
2 

1 
1 

1 

1 
5 
2 

1 
2 
2 

1 
3 
4 

2 
1 

1 

2 
1 

1 
1 

1 

1 

1 

3 
2 
1 

4 
1 
4 

1 
3 

3 
2 
3 
1 

1 
1 

1 

1 

mesoderm, endoderm, and epidermis, partitioning of lin- 
eages of those various cell types will occur at some stages. 
Knowing the number of progenitor cells at each genera- 
tion (Gl, G2, G3, . . . Gn) and the number of descendants 
of each tvne that originates from a single progenitor, we 

128 CELL STAGE 

DORSAL 

MOTONEURON 
PROGENITORS 

ROHON-BEARD 

PROGENITORS 

VENTRAL 

Figure 1. Map of the positions of blastomeres at the X%-cell 
stage (right lateral view) that gave rise to Rohon-Beard neurons 
(thick outlines) and primary motoneurons (thin outlines). The 
corrected number of neurons of the particular phenotype that 
were counted in the embryonic spinal cord after that particular 
blastomere was injected with HRP is shown within the outlines 
of each blastomere. The poles of the embryo, as determined by 
pigmentation gradients at the time of injection, are noted on 
the circumferenc,e of the embryo: AN., animal pole; VEG., 
vegetal pole. The diameter of the embryo is approximately 1.3 
mm. 

can derive the probability with which a single progenitor 
at any generation will give rise to each type of descendant 
in the final population of descendants. For example, 
knowing the mean number of Rohon-Beard progenitors 
at one generation (G), we can calculate the number of 
progenitors that would be formed at the next generation 
(Gn + 1) if all of the daughter cells continued in the 
lineage leading to Rohon-Beard neurons, i.e., (2Gn), and 
we can compare that number with the number of Rohon- 

Gn + 1 
Beard progenitors at Gn + 1. The ratio 2~n is called 

the continuation probability, The mean continuation 
probability was found to be close to 0.7 for the lineages 
of both Rohon-Beard neurons and primary motoneurons 
(Tables III and IV). 

Discussion 

These results demonstrate the power of the prospective 
method of tracing cell lineages by injecting a heritable 
tracer into progenitor cells at successive cell generations 
in the early embryo and later identifying and counting 
specified types of labeled cells that had originated from 
single progenitors. This method has made it possible to 
perform a quantitative lineage analysis for the first time 
in a vertebrate. After the identification had been made 
of all of the ancestral cells at each stage that gave rise to 
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\ ROHON-BEARD ; 

\ NEURON I 
\ PROGENITORS 

512 CELL STAGE 
DORSAL 

VENTRAL VENTRAL 

Figure 2. Map of the positions of blastomeres at the 256-cell Figure 3. Map of the positions of blastomeres at the 512-cell 
stage (right lateral view) that give rise to Rohon-Beard neurons stage (right lateral view) that give rise to Rohon-Beard neurons 
and primary motoneurons. The conventions are the same as and primary motoneurons. The conventions are the same as 
those described in Figure 1. those described in Figure 1. 

TABLE III 
Number of Droeenitors of Rohon-Beard neurons (RB) at each generation and the continuation probability calculated from the geometric mean, 

, *  Y 

repression line. and 95% confidence interval (uDDer and lo-wer limits) 

Cell 
Generation 

Mean” RB 
Progenitors Probability 

65.3 I 62.4 1 

23.2 2.81 
1.02 

11.4 5.74 

0.52 
10.9 6.01 

0.79 

6.9 9.48 
0.58 

5.9 11.03 

0.73 
4.0 16.13 

1 
T 

Regression RB 
Line Progenitors Probability 

21.9 2.85 
0.71 

15.5 4.04 
0.71 

10.9 5.73 
0.71 

7.7 8.12 
0.71 

5.4 11.51 
0.71 

3.8 16.31 

1 Upper RB Lower RB 
Limit Progenitors Probability Limit Progenitors Probability 

80 1 48.7 1 

25.4 3.15 18.9 2.58 
0.72 0.70 

17.7 4.53 13.5 3.60 
0.71 0.71 

12.5 6.41 9.5 5.11 

0.70 0.72 

9.0 8.93 6.6 7.38 
0.69 0.73 

6.5 12.29 4.5 10.77 

0.68 0.73 

4.8 16.81 3.1 15.83 

n Geometric mean of the numbers of Rohon-Beard neurons that originated from single progenitors. 

Rohon-Beard cells or primary motoneurons, it remained 64-cell stages (Hirose and Jacobson, 1979, Jacobson and 
only to label individual ancestral cells at different stages Hirose, 1981) and from the majority of blastomeres that 
and to count the number of labeled neurons at later are visible at the surface of the 128-, 256-, and 512-cell 
stages of development after all neurons of that type had embryos (Jacobson, 1983). Those results showed that 
been formed. Because of the observed variability in the Rohon-Beard neurons originated from two or three blas- 
number of Rohon-Beard neurons that arise from individ- tomeres on each side of the 16-cell embryo and that, at 
ual ancestral cells at any one stage of development (Ja- the 512-cell stage, all of the primary motoneurons and 
cobson, 1981a, 1983), it was necessary to count the all Rohon-Beard neurons originated from separate 
descendants of a sufficiently large number of ancestral groups of about 15 blastomeres on each side (Fig. 3). At 
cells and to sample from a sufficiently wide region of the the 512-cell stage the lineages of Rohon-Beard neurons 
embryo to obtain statistically significant results. We and primary motoneurons had separated completely, 
have labeled many cases of every blastomere of the 2- to whereas the lineages were shared in some cases at the 
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Number of progenitors of primary spinal motoneurons (PM) at each generation ana’ the continuation probability calculated from the geometric 

Cell 
Generation Mean” 

PM 
Progenitors Probabilit: 

mean. r6 

34.7 2.34 

0.91 
19.1 4.26 

0.67 
14.1 5.75 

0.58 
12.2 6.65 

0.71 
8.6 9.44 

0.48 
8.9 9.11 

nression line. and 95% confidence interval CuDDer and lower limits) 

Regression PM Upper PM 
Line Progenitors Probability Limit Progenitors Probability 

66.3 

27.9 2.37 34.0 2.88 23.0 1.96 
0.67 0.70 0.63 

21.0 3.17 24.2 4.04 18.1 2.48 
0.67 0.69 0.65 

15.7 4.22 17.6 5.55 14.0 3.21 
0.67 0.66 0.67 

11.8 5.63 13.4 7.31 10.4 4.33 
0.67 0.64 0.70 

8.8 7.51 10.5 9.34 7.4 6.04 
0.67 0.63 0.71 

6.6 10.02 a.3 11.76 5.3 8.54 

T 

Lower PM 
Limit Progenitors Probability 

44.9 

a Geometric mean of the numbers of primary motoneurons that originated from single progenitors. 
b This number is based on unilateral cell counts of normal embryos and not on counts of embryos injected with HRP at the 2-cell stage. 
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2 4 6 8 IO 12 14 16 

CELL GENERATION 

Figure 4. The numbers of Rohon-Beard neurons expected to descend from a single progenitor labeled during the first 15 cell 
generations are represented by a regression line (thick central line) plotted on log-log scales. The geometric means of the numbers 
of Rohon-Beard neurons derived from a single labeled progenitor at various cell generations (1, 4 to 9) are illustrated by solid 

circles. The regression line and 95% confidence intervals (thin upper and lower lines) were generated from the data presented in 
Table I. The intercept of the ordinate represents the total number of Rohon-Beard neurons present on one side of the embryo 
and the intercept of the abscissa represents the cell generation of the lineage at which each individual progenitor gives rise to 
one Rohon-Beard cell. 

128 and 256~cell stages as shown in Figures 1 and 2 
(Jacobson, 1983). 

The main findings are, first, that the lineages of Ro- 
hon-Beard neurons and primary motoneurons of Xeno- 

pus diverge progressively from the 16-cell stage (Jacob- 
son, 1981a), and those lineages have separated com- 
pletely in the 512-cell blastula. Second, the results con- 
firm that these types of neurons each originate from a 
separate group of ancestral cells (Figs. 1 to 3): the pri- 
mary motoneurons originate from the posterior-medial 
ancestral cell group and the Rohon-Beard neurons orig- 
inate from the posterior-lateral ancestral cell group (Ja- 
cobson, 1983). Each blastomere gives rise to a small 
percentage of the total population, and there is an un- 
certainty in the number of neurons of a specified type 
that descend from a single progenitor (Jacobson, 1983). 
Tables I and II show the frequency of origin of Rohon- 

Beard neurons and primary motoneurons from single 
progenitors belonging to successive generations up to the 
ninth generation; the range in these numbers indicates 
a lack of determinancy in the specific number of a 
particular type of neuron derived from a single progeni- 
tor. 

Analysis of the results reveals that on a log-log plot 
there is a linear relationship between the geometric 
means of the numbers of neurons of each specified type 
that originate from single progenitors at successive gen- 
erations (Figs. 4 and 5). Where the linear regression 
intercepts the abscissa indicates the cell generation of 
the lineage at which each individual progenitor gives rise 
to one Rohon-Beard neuron or primary motoneuron. In 
other words, the intercept at the abscissa shows the 
average generation at which all members of these neuron 
types became postmitotic. The intercepts at the abscissa 
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CELL GENERATION 

Figure 5. The numbers of primary motoneurons expected to descend from a single 
progenitor labeled during the first l&cell generations are represented by a regression 
line (thick central line) plotted on log-log scales. The geometric means (solid circles), 
regression line, and 95% confidence intervals (thin upper and lower lines) were 
generated from the data presented in Table II. 

CELL GENERATION 

Figure 6. The mean numbers of ancestral cells for Rohon-Beard neurons 
(solid circles) and primary motoneurons (open circles) and the 95% confidence 
intervals (bars) increase linearly, on a log-log scale, with increasing cell 
generation. These data are presented in Tables III and IV. 

of the 95% confidence limits indicate that 95% of these 
types of neurons originate within those limits, one or at 
most two cell generations on each side of the mean. 

These results show the generation of the lineage at 
which each type of neuron originates but, because the 
generation times are not known, these results are not 
plotted in time. However, studies of neuronal birth dates, 
using tritiated thymidine as a label, have shown that 
more than 80% of the progenitors of the large neurons 
of the spinal cord have passed through the DNA synthe- 
sis phase of their terminal cell cycle at late gastrula 
stages 111/2 to 12 (Lamborghini, 1980). This occurs at 16 
to 18 hr after fertilization in our embryos (M. Jacobson, 
manuscript in preparation). From this it may be con- 

cluded that embryonic stages 11S to 12 coincide with 
the 14th to 15th generation of the lineages of Rohon- 
Beard neurons and primary motoneurons. Note that this 
does not correspond to the same number of generations 
for the embryo as a whole. All cells in the Xenopus 
embryo divide almost synchronously and rapidly until 
the 12th generation, after which asynchrony and length- 
ening of the generation time occur (Newport and Kir- 
schner, 1982a, b; M. Jacobson, manuscript in prepara- 
tion). Throughout this discussion the numbers of cells 
are given in relation to the number of generations from 
the first cleavage; therefore, those numbers are inde- 
pendent of changes of cell generation time. This is nec- 
essary because of progressive lengthening of the duration 
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of the cell cycle during development and the gradual 
asynchrony of cleavages that occur after the 12th cell 
generation. 

From these data we can calculate the mean number of 
each type of neuron (N) that originates from a single 
progenitor at each cleavage stage (Figs. 4 and 5) and the 
mean number of progenitors (Gn) at each cleavage stage 
(Fig. 6). However, we know that more than 80% of 
Rohon-Beard neurons and primary motoneurons com- 
plete their final DNA synthesis at late gastrula stages 
(Lamborghini, 1980). Therefore, the number of progeni- 
tors on each side cannot exceed the final total number 
of Rohon-Beard neurons or primary motoneurons on 
each side (mean, 65.75 and 81.75, respectively). Thus, 
for the majority of those types of neurons the lineage is 
terminated at the stage when the mean number of pro- 
genitors equals the final mean number of descendants, 
i.e., at the 13th cell generation in the case of Rohon- 
Beard neurons and at the 16th generation in the case of 
the primary motoneuron. The lineage analysis is likely 
to be more complicated after generation of the first 
neurons because after that time the lineages will no 
longer be regular and symmetrical. 

The number of ancestral cells at each stage cannot be 
measured directly at present. The method used here is 
indirect and subject to limitations. We have calculated 
the mean number of ancestral cells at each stage by 
dividing the total number of differentiated neurons of 
each type by the mean number of neurons of that type 
which originates from a single ancestral cell. There are 
two reasons for believing that this procedure is justified. 
First, the fact that the number of ancestral cells in- 
creased linearly on a log-log plot (Fig. 6) indicates that 
the lineages were regular and symmetrical. Second, the 
increase of labeled cells in clones initially labeled at 16-, 
32-, and 64-cell stages and counted at progressively later 
stages shows that all labeled cells continued dividing and 
no cell death occurred during the time before the 13th 
generation (M. Jacobson, manuscript in preparation). 
However, these findings do not exclude the possibility 
that a small percentage of unlabeled cells entered the 
lineages of Rohon-Beard neurons or primary motoneu- 
rons. However, that would have resulted in a reduction 
of the mean continuation probability closer to 0.5 when, 
in fact, the mean continuation probability was close to 
0.7. There were variations in the continuation probabil- 
ities calculated at different generations (Table III and 
IV), but they varied randomly, presumably as a result of 
counting errors. The continuation probabilities did not 
show a progressive reduction closer to 0.5 with increasing 
cell generations as would be predicted on the hypothesis 
that some unlabeled cells entered the lineage. 

The probability that the daughter cells will continue 
in the lineage leading to production of Rohon-Beard 
neurons or primary motoneurons is close to a mean of 
0.7 for both lineages (Tables III and IV), indicating a 
biased commitment toward development of these speci- 
ficied cell types. How the number of cells of a specific 
type is controlled and how the time of phenotypic com- 
mitment is controlled are two different, albeit related, 
questions. Cell determination or commitment (the terms 
are equivalent) has been defined in terms of the trans- 

plantation and explantation experiments that have been 
used to test the state of cellular commitment: if the cell’s 
potency outside its normal environment is the same as 
the fate in the intact embryo it is said to be committed, 
but if potency exceeds cell fate it is not committed 
(Weiss, 1939). Not wishing to enter into a detailed cri- 
tique of this definition of commitment, it is sufficient to 
point out that this definition is arbitrarily limited by the 
results of a certain type of experiment. When grafting 
experiments have shown that embryonic stem cells are 
multipotential, it has generally been assumed that there 
are equal probabilities of the several different phenotypes 
arising from the same progenitor. When different num- 
bers of the various phenotypes are generated, this is 
believed to occur as a result of divergence of their lineages 
at different times and different rates of proliferation and 
possibly differential cell death in different lineages. 

In those terms, commitment is an all-or-none event 
occurring at a specific time for a specified type of cell. 
However, it has been suggested that cell determination 
is gradual or progressive and that there may be a period 
of labile determination during which cells are gradually 
biased into one or another pathway of differentiation 
(Rossant, 1977). We may thus define cell commitment 
in terms of the experimental strategy used in these 
experiments: if the probability of a progenitor cell giving 
rise to a specified type of descendant is greater than 
chance, the progenitor is biased toward, and may be said 
to be committed to, the production of that specified cell 
type. In those terms commitment is not all-or-none and 
may be labile and reversible. This type of commitment 
would not necessarily be detected by grafting or explant- 
ing cells. Although such experiments have the advantage 
of being able to test the effects of the environment on 
cell fates, they are limited by the fact that the grafts 
contain many cells of unknown heterogeneity. In our 
experiments the possibility remains that the observed 
bias occurred because the cells shared the same environ- 
ment. To study this further we are transplanting single 
labeled cells of known lineage from a labeled embryo to 
a different position in an unlabeled embryo. 

This bias toward development of a specified type of 
cell within a lineage that also produces other types of 
cells has not previously been reported. The HRP method 
of lineage tracing has made it possible to measure the 
bias precisely in these experiments. It remains to be 
shown whether there is also a reciprocal bias against 
production of other types of cells. Presumably, if there 
is a higher probability of production of Rohon-Beard 
neurons, there may be a lower probability of production 
of other types of nerve cells and of non-neuronal cells 
that are all produced in the same clone. Or the biases in 
favor of the Rohon-Beard neurons and primary moto- 
neurons may result in rapid production of all of those 
neurons early in development, after which the bias may 
shift in favor of another class or classes of cells. 

This bias toward production of Rohon-Beard neurons 
or primary motoneurons appears to be necessary in order 
to produce those types of neurons at sufficiently early 
stages of development. We conceive of such early-form- 
ing neurons as preferred neurons in the sense that they 
could only be produced early in development if certain 
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progenitors were exclusively devoted to their production 
(which has not been observed) or if certain progenitors 
had a marked preference for production of such neurons 
although also producing other types of cells. Once those 
preferred neurons have been generated, the lineage may 
continue to produce other types of cells, possibly again 
showing a preference for the production of one type of 
cell. When all or most cells of that type have been 
generated, the bias may be directed toward production 
of yet another type of cell. 

References 

Abercrombie, M. (1946) Estimation of nuclear populations from 
microtome sections. Anat. Rec. 94: 239-247. 

Blight, A. R. (1978) Golgi-staining of “primary” and “second- 
ary” motoneurons in the developing spinal cord of an am- 
phibian. J. Comp. Neurol. 180: 679-690. 

Coghill, G. E. (1913) The primary ventral roots and somatic 
motor column of Amblystoma. J. Comp. Neurol. 23: 121-143. 

Hirose, G., and M. Jacobson (1979) Clonal organization of the 
central nervous system of the frog. I. Clones stemming from 
individual blastomeres of the 16-cell and earlier stages. Dev. 
Biol. 71: 191-202. 

His, W. (1889) Die Neuroblasten und deren Entstehung im 
embryonalen Mark. Abh. Kgl. Sach. Ges. Wiss. Math. Phys. 
Kl. 15: 313-372. 

Hughes, A. F. (1957) The development of the primary sensory 
system in Xenopus laevis (Daudin). J. Anat. 91: 323-338. 

Hughes, A. F. (1959) Studies in embryonic and larval develop- 
ment in amphibia. II. The spinal motor root. J. Embryol. 
Exp. Morphol. 7: 128-145. 

Jacobson, M. (1981a) Rohon-Beard neuron origin from blas- 
tomeres of the 16-cell frog embryo. J. Neurosci. 1: 918-922. 

Jacobson, M. (1981b) Rohon-Beard neurons arise from a sub- 
stitute ancestral cell after removal of the cell from which 
they normally arise in the 16-cell frog embryo. J. Neurosci. 
1: 923-927. 

Jacobson, M. (1983) Clonal organization of the central nervous 
system of the frog. III. Clones stemming from individual 
blastomeres of the 128-, 256-, and 512-cell stages. J. Neurosci. 
3: 1019-1038. 

Jacobson, M., and G. Hirose (1978) Origin of the retina from 
both sides of the embryonic brain: A contribution to the 
problem of crossing at the optic chiasma. Science 202: 637- 
739. 

Jacobson, M., and G. Hirose (1981) Clonal organization of the 

central nervous system of the frog. II. Clones stemming from 
individual blastomeres of the 32- and 64-cell stages. J. Neu- 
rosci. 1: 271-284. 

Konigsmark, B. W. (1970) Methods for the counting of neurons. 
In Contemporary Research Methods in Neuroanatomy, W. J. 
H. Nauta and S. 0. E. Ebbeson, eds., pp. 315-340, Springer- 
Verlag, New York. 

Lamborghini, J. E. (1980). Rohon-Beard cells and other large 
neurons in Xenopus embryos originate during gastrulation. 
J. Comp. Neurol. 189: 323-333. 

Levitt, P., M. L. Cooper, and P. Rakic (1981) Coexistence of 
neuronal and glial precursor cells in the cerebral ventricular 
zone of the fetal monkey: An ultrastructural immunoperoxi- 
dase analysis. J. Neurosci. 1: 27-39. 

Moody, S. A., and M. Jacobson (1983) Compartmental rela- 
tionships between anuran primary spinal motoneurons and 
somitic muscle fibers that they first innervate. J. Neurosci. 
3: 1670-1682. 

Muntz, L. (1975) Myogenesis in the trunk and leg during 
development of the tadpole of Xenopus Levis. J. Embryol. 
Exp. Morphol. 33: 757-774. 

Newport, J., and M. Kirschner (1982a) A major developmental 
transition in early Xenopus embryos. I. Characterization and 
timing of cellular changes at the midblastula stage. Cell 30: 
675-686. 

Newport, J., and M. Kirschner (1982b) A major developmental 
transition in early Xenopus embryos. II. Control of the onset 
of transcription. Cell 30: 687-696. 

Nieuwkoop, P. D., and J. Faber (1967) Normal Table of Xenopus 
laeuis (Daudin), Ed. 2, Elsevier-North Holland Publishing 
Co., Amsterdam. 

Roberts, A., J. A. Kahn, S. R. Soffe, and J. D. W. Clarke (1981) 
Neural control of swimming in a vertebrate. Science 213: 
1032-1034. 

Rossant, J. (1977) Cell commitment in early rodent develop- 
ment. In Development In Mammals, M. H. Johnson, ed., Vol. 
2, pp. 119-150, Elsevier-North Holland Publishing Co., Am- 
sterdam. 

Stehouwer, D. J., and P. B. Fare1 (1980) Central and peripheral 
controls of swimming in anuran larvae. Brain Res. 195: 323- 
335. 

Weisblat, D. A., R. T. Sawyer, and G. S. Stent (1978) Cell 
lineage analysis by intracellular injection of a tracer. Science 
202: 1295-1298. 

Weiss, P. (1939) Principles of Deuelopment, Henry Holt, New 
York. 

Youngstrom, K. A. (1940) A primary and secondary somatic 
motor innervation in Amblystoma. J. Comp. Neurol. 73: 139- 
151. 


