
TECHNICAL COMMENTS 

The Dispersion of Neuronal Clones 
Across the Cerebral Cortex 

C. Walsh and C. L. Cepko (I)  recently three out of lo5 draws resulted in 21 or 
reported that clonallv related neurons are more taes showing no recoverv. Walsh and - - 
found in widely dispersed areas of rat cere- Cepko's data are therefore inconsistent 
bra1 cortex. They used a "cocktail" of 100 with equal representation of all tags in the 
identifiable retroviruses as genetic tags to mixture, so the original mixture was appar- 
label cells in brains that were infected ently nonuniform. 
durine neuroeenesis in the embrvo. Brains We then estimated how much variabil- " " 
were removed three or more days after ity in the original cocktail was consistent 
birth. and clonal analvsis was uerformed bv with the data uresented in (1 ). We assumed . , 
amplifying the genetic tags with polymerase (arbitrarily) a log normal distribution for 
chain reaction. Several widelv disuersed the concentration of each tag. with a mean , . " 
repetitions of individual tags were found, of 1%. We then varied the standard devia- 
and on the basis of low estimates for the tion (SD) until the exuected number of tags 
probabilities of multiple infections with the showing ' no recover; was about 2 1, as 
same tag, Walsh and Cepko concluded that Walsh and Cepko observed. A value for SD 
these were most likely to be clones of cells (in natural logarithm units) of 0.7 resulted 
that had become widely separated during in an average of 20.9 tags showing no 
neurogenesis. The statistical method used recovery in lo6 random draws of 235 
by Walsh and Cepko to interpret their clones. With this distribution, there was 
results is based on the assumution that all extensive variation in the concentrations of 
100 tags were equally represented in the individual tags, such that a third of the tags 
material used for the injections. This as- had either less than half or more than twice 
sumption appears to be unjustified, and the the nominal 1% distribution assumed by 
probability calculations are therefore ques- Walsh and Cepko. 
tionable. Introducing this distribution in the 

Equal titer of all 100 tags would be Monte Carlo approach used by Walsh and 
difficult to achieve for several reasons. Ti- Ceuko. we calculated the urobabilities of 
tration experiments produce variable re- 
sults, and the titers of many different viruses 
must be compared. Furthermore, 100 virus- 
es (I)  were raised in pairs from 50 producer 
lines, so independent titration of viruses 
within pairs was not possible. As evidence 
for the titers being equal, Walsh and Cepko 
present figure 5, which shows the number of 
times each of the 100 taes was recovered in 

. . 
independently drawing the same tag twice 
or more within a brain. Ten thousand 
simulations were run for each of three 
values of k, the number of clones per brain 
(Table 1). The probabilities of double and 
triple occurrences of the same tag were 
higher if the nonuniform distribution of 
tags was taken into account. Similar results 
were obtained when we assumed other - 

a total of 235 clones and which comprises forms of distribution, such as a normal 
pooled data from 16 experiments. Twenty- distribution, for the tag concentrations in 
one tags showed no recoveries. the original mixture. 

We simulated the drawing of 235 clones We also calculated the probabilities of 
from an equal mixture of 100 tags. Only drawing two different tags three times in the 

same brain in order to assess the result 
described in figure 2 of (1). With the use of u \ ,  

Table 1. Probabilities (frequencies) of observ- Walsh and Ce~kO's  of a uniform 

i n g  double and triple occurrences of the same distribution, we confirmed their probability 
tag in a brain on the basis of 10000 Monte Carlo of 0.0006 (our simulations ~roduced a figure 
trials. k indicates the number of clones found of 0.0007). With the use of our method, we 
per brain. ER indicates results using the meth- obtained probability of 0.005. We there- 
od and assumption of equal representation of fore found that the probability in a single 
tags in (1).  NU indicates results using a non- 
uniform distribution of tag concentrations. experiment of obtaining by chance the 

result shown in figure 2 of (I)  is 0.5% (1 in 

Occurrences of Total Probability ZOO), nearly tenfold more than the 0.06% 
drawing the clones (1 in 1670) stated in (I) .  As the number of 
sametag k ER NU experiments in the series increases so would 

Double 10 0.37 0.52 
Double 15 0.67 0.82 
Double 20 0.86 0.96 

Triple 10 0.01 0.04 
Triple 15 0.04 0.13 
Triple 20 0.10 0.27 

the probability of finding such a striking 
result. 

There is another potential source of 
error not considered by Walsh and Cepko 
or examined by us in any detail because of 
lack of data. The data in figure 5 of (I)  are 
an aggregate of results from several experi- 

ments. Any inequality between experi- 
ments that results from the use of different 
stocks or serial dilutions would have been 
averaged out by such aggregation. There- 
fore. the urobabilities we have calculated 
may have been underestimated. 

In summarv. we calculate that the inci- , , 
dence of multiple infection will be greater 
than estimated in (1); most brains will have 
double hits, and even more extreme results 
will occur regularly by chance. Unless the 
extent of the inequality of viral titers is 
known, however, the true incidence of 
multiule infections cannot be calculated. 
Independent evidence is required in a study 
such as (1) to establish precisely the viral 
titers of the injected material or to show 
that multiple hits do not occur. 

Thomas B. L. Kirkwood 
Jack Price 

Elizabeth A. Grove 
National Institute for Medical Research, 

The Ridgeway, Mill Hill, 
London NW7 1 AA, United Kingdom 

REFERENCES 

1. C. Walsh and C. L. Cepko, Science 255, 434 
(1 992). 

20 April 1992, accepted 31 August 1992 

Response: We welcome the opportunity to 
discuss statistical considerations at more 
length than could be accommodated in our 
original study of cell lineage in the cerebral 
cortex (1). 

In om study, cell lineage in  the curtex 
was determined by marking clones of corti- 
cal cells with a retroviral librarv. The li- 
brary was constructed to contain approxi- 
mately 100 members that each carried a 
DNA insert as a genetic "tag." Cells be- 
longing to a given clone wiii contain the 
same tag regardless of where the cells mi- 
grate. However, two or more different 
clones that coincidentally carry the same 
tag will produce a false appearance of one 
widespread clone. For each injected cortical 
hemisphere ("experiment"), the probabili- 
ties of coincidental double, triple, quadru- 
ple, and so forth, infections were calculat- 
ed, and compared to the frequency of the 
widespread appearances of a single tag. A 
computer simulation calculated the proba- 
bility of coincidental infections by picking t 
elements from a mixture of 100 equally 
represented tags (where t equals the num- 
bers of distinct tags seen in the experiment 
ulus the number of widesuread subunits of 
the clone under consideration minus one). 
Thus, in an experiment with five tags, if 
one tag were in three widespread cells, the 
simulation calculated the probability that 
one tag would be chosen three times when 
seven (five plus three minus one) elements 
are picked, with replacement, from 100 
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tags. This simulation was repeated 10,000 
times, and the frequency of coincidental 
infections by the same tag was determined 
and used as a probability. In the most 
heavily infected brains, widespread ap- 
pearances of the same viral tag in two k ells 
had a high probability of being the result 
of coincidental double infections. Howev- 
er, widespread patterns were frequent even 
in lightly infected brains, and some wide- 
spread patterns included three, four, five, 
or even seven widely dispersed cells. Sta- 
tistical analysis of widespread patterns 
containing more than two cells suggested 
that at least some represented widespread 
dispersion of cells derived from a common 
progenitor. 

Kirkwood e t  al. analvzed our em~irical 
data on the recovery of the tags in the 
library, shown in our figure 5 ( I ) ,  and 
recognized that the number of different tags 
recovered in our experiments provides a 
measure of the complexity of the library 
sampled. As only 79 of 100 tags were 
recovered in 235 clones, their analysis dem- 
onstrated that it was unlikely that the 100 
tags were equally represented in the viral 
mixture. Our own mbsequent calculations 
verified this conclusion. We disagree, how- 
ever, with their assertion that the content 
of the library implied by this data has a 
significant impact on the probability that 
widespread clones occur. The frequency of 
widespread clones is high enough that the 
phenomenon could not be due to chance 
occurrence, regardless of whether the li- 
brary contained 79 or 100 members and 
whether tags were distributed equally or 
nonuniformly . 

In trying to arrive at a better mathemat- 
ical model to describe the empirically de- 
termined ratio of tags, Kirkwood et al. 
assumed that concentrations of the 100 tags 
were represented by a log normal distribu- 
tion. They varied the standard deviation of 
this dutribution such that 79 of 100 tags 
would be recovered in 235 clones. We 
compared the expected patterns of tag re- 
covery using the model of Kirkwood et al. to 
the expected pattern of recovery of 100 tags 
present in equal ratios (Table 1). The 
bottom row of Table 1 indicates how closelv 
the predicted values match the number of 
times each tag was recovered (rather than 
only analyzing tags that were not recovered, 
as Kirkwood et al. did), for each model. The 
model of Kirkwood et al. gives a better fit 
than our original assumption of 100 equally 
represented tags. Other models, however, 
can be derived that are still more accurate. 

A likely possibility is that many of the 
100 tags are represented fairly equally, 
while others of the 100 tags were not 
recovered for a variety of technical reasons. 
For example, the DNA used to prepare the 
retroviral supernatants may have been of 

Table 1. Comparison of statistical models of tag distribution and empirically determined tag 
distributions. Five models of tag distribut~ons are analyzed and compared with the observed 
appearances of viral tags illustrated in figure 5 of (1). For each model, the total error [sum 
(I observed-calculated I) and the sum of the squared errors (sum (I O-C 12) are shown in the 
bottom rows. Smaller numbers indicate closer fits to the observed data. The column designated 
Kirkwood et a/. assumes 100 tags distributed in log normal fashion with an SD of 0.7 natural 
logarithm units. The next three columns show expected patterns assuming 100, 85, or 81 tags 
distributed uniformly (SD = 0). The last column shows expected patterns of a combined model, 
derived to minimize the total error. This distribution was arrived at as described (3 )  and consists of 
86 tags, with log normal distributions, SD = 0.36 natural logarithm units. 

Number of tags 

Clones 
(No.) Ob- 100 85 81 Com- 

Kirk- 
wood served eta/. tags tags tags bined 

0 2 1 20 9 20 24 22 
1 18 25 23 15 13 16 
2 17 19 27 20 19 19 
3 15 13 2 1 19 18 16 
4 14 8 12 13 13 11 
5 8 5 5 7 8 7 
6 7 3 2 3 4 4 
>6  0 7 1 2 2 4 

Sum (1 observed- 29 42 19 19 17 
calculated I ) 

Sum (I O-C I 2, 168 344 57 61 45 

poor quality or insufficient quantity, so that 
little or no retrovirus carrying that tag was 
uroduced ( 2 ) .  Alternativelv. some DNA ~, , . 
sequences might have been lost when they 
were put into retroviral vectors. We there- 
fore deliberately designed the library to 
greatly exceed the complexity needed for 
statistical significance to ensure that, if 
some tags were lost, the data would still be 
easily interpretable. The expected patterns 
of tag recovery for mixtures of 81 or 85 
equally represented tags (Table 1) match 
the data of our original figure 5 better than 
the distribution used in Kirkwood et al.'s 
model. 

Finally, we used a model combining the 
log normal distribution of Kirkwood e t  al. 
with the idea that some tags were not 
represented at all in order to achieve the 
best possible fit to the empirical data with 
the use of loe normal tae distributions. A - " 

computer simulation (3) varied the number 
of tags and the standard deviation of their 
log normal distribution so as to minimize 
the total error between the expected tag 
distribution and the empirically observed 
tag distribution. Results with this "com- 
bined" model, shown in the last column of 
Table 1, provide a slightly closer match to 
the empirical data. 

All the different models give largely 
similar results when used for statistical anal- 
ysis. In order to illustrate the differences in 
models, one of us (G.M.C.) wrote comput- 
er programs that generate analyses using 
each of the models described above. We 
then re-analyzed data from ten experiments 
reported in our article ( I ) ,  using four mod- 

els: (i) Kirkwood e t  a l . ' ~  simulation, (ii) 
assuming that 80 tags are equally represent- 
ed, (iii) the original assumption that 100 
tags are equally represented, and (iv) the 
combined model described above. When 
Kirkwood e t  al.'s model was used, seven of 
these ten experiments showed widespread 
patterns for which the probability (P) is less 
than or equal to 0.04 that the patterns are 
coincidences. The likelihood that an event 
with such a probability will occur by chance 
in seven or more of ten trials (P7/10) can be 
calculated using a binomial equation with P 
= 0.04 

Therefore, the results of Kirkwood e t  

al.'s statistical analysis strongly confirm our 
own analysis, rather than calling it into 
question. Our original assumption of 100 
equally represented tags, or any of the 
simulations except Kirkwood et al.'s, con- 
firms that eight of ten experiments showed 
events with a probability less than or equal 
to 0.04. The probability of this occurring by 
chance is less than 0.0000000003. We have 
tried other statistical models as well (4, 
and these also produced statistically signif- 
icant results. As can be seen from Table 2, 
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Table 2. Stat~stical analysis of widespread clones with the use of four indicated as A, B, C, D, E, and F. For each widespread pattern, the 
statistical models. All widespread patterns were analyzed for ten experi- probability that it is due to coincidental infections by one tag is listed. Each 
rnents reported previously (1). Each row in the table shows one clone, widespread pattern has subunits, so the probability of multiple infections 
defined by tags amplified by polymerase chain reaction, brains with more is calculated by one tag in "t" hypothetical clones (defined in the text) 
than one nonclustered clone have each clone on a separate row and are ( I  I ) ;  ns, not significant (P > 0.05). 

Experiment 
(No. of tags) Clone Clusters 

(No.) 
t * Kirkwood 

et a/. 80 100 Combined 

El 5-1 2, left (4 tags) 

E15-2, right (6 tags) 

E15-4, left (8 tags) 
E15-13, right (9 tags) 

E15-4, right (1 1 tags) 

El 5-9, left (1 5 tags) 

El 5-8, right (1 7 tags) 

El 7-4, left (2 tags) 
E17-5, left (3 tags) 
El 7-3, right (1 3 tags) 

*Total hits in the brain assuming that the widespread clone results from coincidental hits by one tag, t = (number of tags) + (number of clusters - 1) t P  = 0.005 that 
both events occur in the same experiment. 

and as we emphasized in the text and in 
figure 6 of our article, we illustrated typical 
data, not the most extreme patterns. Sev- 
eral other patterns, some illustrated in fig- 
ure 6 of our article, were statistically far less 
likely to have represented coincidences 
than the patterns illustrated in our figure 2. 

Thus, with any statistical model we have 
tried. all of the conclusions stand: most 
important, (i) some cortical clones disperse 
verv widelv. crossing functional boundaries , . - 
and cytoarchitectonic areas; and (ii) clonal 
analysis with a single retroviral marker 
causes unpredictable errors because of wide- 
spread clonal dispersion (5). The precise 
number and types of errors caused by using 
a single viral marker depend on the assump- 
tions made and the statistics used. Howev- 
er, these errors are always a problem with 
single marker studies. Inattention to these - 
errors obscures the biology of the system. 

Kirkwood et al. suggest that another -- 
potential source of sampling error could 
come from the dilution of viral stocks. As 
each stock was diluted at most a single 
time, and each aliquot contained a high 
number of viral particles, stock prepara- 
tion did not add significant nonuniformi- 
ties that would affect the probability cal- 
culations (6). 

There are additional reasons that make 
it unlikely that widespread clones are spu- 
rious. Coincidental double infections 

should be more common in experiments in 
which larger numbers of clones were la- 
beled, but this was not the case. Wide- 
spread clones also occurred in some repro- 
ducible patterns, suggesting that they re- 
flect biological phenomena and not random 
coincidences. 

We have subsequently done more exper- 
iments, using the same viral library, with 
less than five clones per brain, where the 
probability of double infections by the same 
tag is low (Table 2), and confirmed our 
previous finding (7). 

Widespread dispersion of fluorescently 
labeled cells in the ventricular zone of the 
developing cortex has been recently ob- 
served (a), as has migration of some cells 
beneath the cortex in the transverse plane 
( 9 ) ,  which would also be expected to pro- 
duce widespread clonal dispersion. Results 
from these nonretroviral studies provide 
independent confirmation of retrovirally 
derived results and suggest mechanisms to 
explain them. 

With several converging lines of evi- 
dence supporting the same conclusion, 
and with the statistical analysis of Kirk- 
wood et al. providing firm support, we 
hope that this discussion lays to rest any 
doubts about our study. We encourage 
anyone who is interested in using retrovi- 
ral libraries to contact us for samples, 
technical advice, or both (10). 
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1. C. Walsh and C. L. Cepko, Science 255, 434 
(1 992). 

2. We have found one example of an unrecovered 
tag that was apparently lost because the DNA 
used to prepare the retroviral supernatant was of 
insufficient quantity. 

3. The program calculated expected patterns of tag 
recovery and calculated the sum of errors be- 
tween the calculated and observed tag ratios. The 
program first tested equal representations of 79 to 
87 tags. Then it tested expected patterns of 
recovery for 81, 83, 85, and 100 tags, respective- 
ly, with the assumption that these tags were 
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distributed in lognormal patterns with an SD that 
was varied systematically in intervals of 0 05 from 
0 to 0.9. Then it tested recovery patterns for 83, 
84, 85, 86, 87, and 88 tags, respectively, testlng 
SDs every 0 01 from 0.31 to 0 43. The smallest 
total error was obta~ned with 86 tags d~stributed 
wlth an SD equal to 0.36 natural logarithm units. 

4. For example, we have also used the empir~cal 
concentration of each tag to calculate probab~ll- 
ties that the tag might be coincidentally present in 
multiple clones. This analys~s shows, with similar 
statistical sign~f~cance, that some clones are 
widely dispersed. 

5 Clonal analys~s with a slngle marker in some 
cases also falsely interprets cells that are part of 
two d~fferent clones as a single clone. These 
"lumping errors" are not affected by the choice of 
statistical model 

6. We used a series of viral stocks, each of wh~ch had 
been diluted once from a single concentrated 
stock. Each tube of virus that was used to infect 
one or more l~tters of an~mals was made by addlng 
at least 3 x l o 5  colony-forming units (CFU) to 
varying volumes of d~luent to give final d~lutions of 
1.5, 1 10, and 1.20. Three such tubes of dlluted 
virus were used In all, and one an~mal was infected 
with undiluted virus stock directly p~petted from the 

concentrated stock. The titer of the concentrated 
virus stock was 3 x 1 O7 CFU per mill~l~ter, and thus 
the d~lutions contained from 1.5 x l o 3  to 6 x l o 3  
CFU per microliter From each tube of diluted vlrus, 
a plpette was filled w~th 3 to 5 kl, and each 
injection was approx~matey 1 kI. Because of the 
large number of viral particles sampled in 1 ~l of 
any dilution, nonuniformit~es introduced by Sam- 
p l~ng should have been minor. No new, addltive 
error would have been introduced. 

7. C Walsh and C. L. Cepko, Soc. Neurosci. Abstr 18, 
925 (1992) These experiments also provided an 1 
addit~onal "control" when clones were labeled by 
infection at embryonic day 15 (E15) (as in our 
original study), but analyzed earlier, at E18, no 
wldespread dlspers~on was seen in 12 clones This 
would be expected ~f later w~despread dispersion 
was caused by migration that had not yet had time 
to occur, but would not make sense if w~despread 
dispers~on resulted only from colncidenta infections 
of different clones by the same tag We have also 
made a new library with at least 150 tags (using 
alkaline phosphatase as a histochemical marker) 
and again observed many w~dely dispersed clones 
(C Walsh and C. L Cepko, unpublished results). 

8. G Fishell, C. A. Mason, M. E. Hatten, Soc. Neu- 
roso Abstr. 18, 926 (1 992) 

9. N. O'Rourke, M. E. Dailey, S. Sm~th, S. K McCon- 
nell, Science 258, 299 (1992). 

10 The computer program for simulat~ng statist~cal 
models (MONTAG), written by George Church 
(Department of Genetics, Harvard Medical 
School), is ava~lable through anonymous internet 
ftp from rascal med harvard.edu. It will run on 
most v~rtual memory operating system machines 
without recompiling Type "run montag" and an- 
swer the querles If there are problems, contact 
church@gnome.med.harvard edu 

1. For example, in the experiment illustrated in figure 
2A ( I ) ,  three tags were present. One tag was 
present In a nonclustered clone with two subunits 
Therefore, we calculated the probability that In 
three plus one equals four hypothetical clones, 
one tag is present coincidentally in two d~fferent 
clones. For the experiment shown In figure 2C ( I ) ,  
the two w~despread clones (tags 47 and 52) were 
each simulated by calcuat~ng the probability of 
getting three hits by one tag out of 11 + 2 = 13 
total hypothetical clones. These assumptions are 
conservative, because analyzing each clone sep- 
arately understates how unlikely it 1s that multiple 
coincidences occur w~thin one experiment. 
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"Several of the lab rats died last night. You haven't been 
feeding them your leftover lunch, have you?" 
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