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DEVELOPMENTAL BIOLOGY 191, 259-269 (1997)
ARTICLE NO. DB978717

Heterogeneous Expression of Multiple Putative
Patterning Genes by Single Cells
from the Chick Hindbrain

Keiko Kato,** Diane K. O’Dowd,t Scott E. Fraser,*
and Martin A. Smitht

*Division of Biology, California Institute of Technology, Pasadena, California 91125; and
TDepartment of Development and Cell Biology and Department of Anatomy and
Neurobiology, University of California at Irvine, Irvine, California 92697-1280

The metameric organization of the vertebrate hindbrain into rhombomeres appears to result from the patterned expression
of several transcription factors and putative signaling molecules. We have applied a refined single-cell reverse transcription-
polymerase chain reaction strategy to examine the molecular logic proposed to pattern the hindbrain at the single-cell
level. This technique allows analysis of the concurrent expression of several genes within an individual cell at higher
sensitivity than by in situ hybridization. Our results demonstrate that cells in rhombomere (r) 4 and r5 are heterogeneous
in their expression of Hoxa-3, Hoxb-2, Sek-1, and Krox-20, suggesting that single cells are dynamically regulating their
rhombomere-specific gene-expression profiles. Furthermore, the strong correlation between Sek-1 and Krox-20 expression
at stage 12 was greatly diminished by stage 16, suggesting that the proposed interdependence of these two genes is present

only at early stages of hindbrain development.

© 1997 Academic Press

INTRODUCTION

Rhombomeres (r) are a series of morphologically distinct
bulges that appear transiently in the vertebrate hindbrain
(Lumsden and Keynes, 1989), which in chickens and mice
separate the hindbrain into eight domains. With the forma-
tion of each rhrombomere boundary, a polyclonal cell migra-
tion domain is established within which cells can intermix
dramatically, but between which few cells pass (Birgbauer
and Fraser, 1994; Fraser et al., 1990). There is a strong corre-
lation between this segmentation and the patterned expres-
sion of Hox-class homeobox genes (Hunt et al., 1991; Mur-
phy et al., 1989; Murphy and Hill, 1991; Sundin and Eichele,
1990; Wilkinson et al., 1989b), tyrosine Kinase receptors
such as Sek-1 (Gilardi-Hebenstreit et al., 1992; Nieto et al.,
1992), and transcription factors such as Krox-20 (Chavrier
et al., 1988; Wilkinson et al., 1989a) and kreisler (Cordes
and Barsh, 1994). Such observations have led to the sugges-
tion that some or all of these molecules play important
roles in early patterning of the hindbrain.

! Present address: Nara Institute of Science and Technology,
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Direct evidence for the roles of Hoxa-1, Hoxa-3, Krox-
20, and others in the development of rhombencephalic and
craniofacial structures has come from analyses of germ-line
mutations in mice (Krumlauf, 1994; Schneider-Maunoury
et al., 1993). For example, disruption of Hoxa-1 (Lufkin et
al., 1991; Mark et al., 1993) results in a hindbrain with only
five distinct rhombomeres instead of the normal eight; in
addition, motor neurons of the facial (VII) and abducens
(V1) nerves are missing. Disruption of Hoxa-3 (Chisaka and
Capecchi, 1991) displaces pharyngeal arch 4. Disruption of
Krox-20 by germ-line mutation permits r3 and r5 to form,
but results in the elimination or severe reduction of these
rhombomeres at a later stage of the segmentation process,
the severe reduction of motor nucleus of the trigeminal
nerve (Vmn), and the disappearance of the abducens (VI)
nerve, which normally differentiate from r2-r3 and r5-r®6,
respectively (Schneider-Maunoury et al., 1993; Swiatek and
Gridley, 1993).

Understanding the molecular hierarchies that result in
hindbrain segmentation requires knowledge of the interac-
tions between the Hox genes, Sek-1 and Krox-20. Several
lines of evidence suggest that Krox-20 is an upstream regula-
tor of a number of genes important for the establishment,
consolidation, or maintenance of rhombomeres. For exam-
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ple, the overlapping expression patterns of Krox-20 with
Sek-1, Hoxa-2, and Hoxb-2 in r3 and r5, and with Sek-1,
Hoxa-3, and Hoxb-3 in r5 (Krumlauf, 1993; Nieto et al.,
1992), led to the suggestion that these three genes are targets
for Krox-20. In addition, analyses of the cis-regulatory do-
main of Hoxb-2 reveal binding sites for Krox-20 within an
evolutionarily conserved r3/r5 enhancer that can drive re-
gional expression of reporter genes in transgenic mice, dem-
onstrate that the region-specific expression is lost if Krox-
20 binding sites are mutated, and establish that ectopic
expression of Krox-20 in transgenic mice can ectopically
activate the r3/r5 enhancer (Sham et al., 1993; Nonchev et
al., 1996, Vesque et al., 1996). Such data, in combination
with that from Hox gene expression studies in Krox-20 null
mice (Schneider-Maunoury et al., 1993), have been taken
as evidence that Krox-20 is a direct activator that is both
sufficient and necessary for the regional expression of some
genes in the hindbrain. Slight differences in the time
courses of expression for some of the genes in r3 and r5
might suggest that their relationship might vary with stage
or position. However, the combination of genes expressed
in individual cells during the formation of rhombomeres
can only be inferred from comparing the results of in situ
hybridization between different specimens. Because most
of these gene products act exclusively within the cells that
express them, this critical gap in our knowledge leaves ques-
tions of the molecular regulation of hindbrain segmentation
unanswered. Here, we report the use of an approach capable
of examining the coexpression of several mMRNAs (Ruano
et al., 1995) to detect transcripts of four Hox genes, Sek-1,
and Krox-20 within single cells of the chick hindbrain. The
patterns of transcripts within single cells offers evidence
for both changes and heterogeneity in gene expression at
different developmental stages.

MATERIALS AND METHODS

In Situ Hybridization

White Leghorn chick embryos were incubated at 38°C and staged
according to the criteria of Hamburger and Hamilton (1951). In situ
hybridization was performed on whole mounts of stage 12 (15 to 18
somites) and 16 (26 to 28 somites) embryos as previously described
(Wilkinson, 1992). After staining, embryos were examined under a
microscope and digital images captured using a Roche ProgRes
camera and Image Manager software (Roche Image Analysis Sys-
tems, Inc.). Digoxigenin-labeled antisense riboprobes were prepared
according to the manufacturer’s instructions (Boehringer Mann-
heim) by reverse transcription of DNA templates subcloned into
pBluescript (Stratagene) or pGEM-4 (Promega). The probe for Hoxb-
4 was synthesized from a 1176-bp full-length cDNA (Sasaki and
Kuroiwa, 1990), Hoxa-3 was from a 930-bp genomic clone (Saldivar
et al., 1996), and Hoxb-2 was from a 700-bp genomic clone (C.
Vesque et al., submitted). Krox-20 represented a 150-bp cDNA frag-
ment encoding the zinc finger domain (Nieto et al., 1991) and Sek-
1 was from a 417-bp cDNA fragment (Sajjadi and Pasquale, 1993).
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Isolation of Total RNA and PCR Analysis

Total RNA was isolated by the one-step procedure (Chomczyn-
ski and Sacchi, 1987) using RNAzol (Teltest, Inc.) from pools of r4,
r5, or r7/8/spinal cord tissue, harvested from 8-12 stage 16 chick
embryos and its concentration determined by measuring adsorption
at 260 nm (Sambrook et al., 1989). Total RNA (1 ug to 0.1 pg) was
reverse transcribed using 100 units MMLV reverse transcriptase
(GIBCO BRL), 200 ng random hexonucleotide primers (Promega),
0.5 mM dNTP (Pharmacia-LKB) in the buffer supplied by the manu-
facturer and reaction volume of 10 pul at 37°C for 1 h.

Several target sequences were simultaneously amplified from a
single cDNA synthesis by multiplex PCR using nested primers and
two rounds of amplification. For the first round of amplification,
cDNA synthesized from total RNA was amplified for 35 cycles
[0.5-1 min, 94°C; 1-2 min, 55—65°C (depending on primer combi-
nation); 1.5-2 min, 72°C] in a 50-ul reaction containing up to four
pairs of outside primers (0.2 uM final concentration), MgCl, (1.5
mM), dNTPs (0.2 mM), and Taq polymerase (1.25 unit; Promega)
in the buffer supplied with the enzyme in a DNA thermal cycler
(Model 9600; Perkin—Elmer Cetus). Subsequently, first-round PCR
products were diluted 1000-fold and reamplified for 35 cycles in
separate reactions using the corresponding internal primer pairs for
each template. PCR products were labeled by inclusion of approxi-
mately 2 X 10° cpm of *2P-labeled forward primer in each reaction.
In some experiments gels were also stained with ethidium bromide
and scored for the presence of PCR product. The identities of the
PCR fragments from total RNA were confirmed by direct sequenc-
ing: sequence of Hoxb-4, Hoxa-3, Hoxb-2, Hoxb-1, and Sek-1 frag-
ments resulting from transcripts were identical with known se-
quences. The sequence of the Krox-20 fragment (Nieto et al., 1991)
showed a single point mutation that did not alter the open reading
frame.

Single-Cell PCR Analysis

Hindbrains were dissected from stage 12 and stage 16 chick
embryos and pinned out in a Sylgard 182 (Dow Corning Corp.)-
coated dish filled with Howard’s Ringer solution (0.81 mM
Na,HPO,, 123 mM NacCl, 1.56 mM CaCl,, 4.96 mM KCI, pH
7.4). Pieces of tissue from r4 or r5 were isolated from three or
four embryos by aspiration with a fire-polished pipette. Tissues
were incubated in papain (5 min at 37°C in 2 units; Worthington
Biochemical Corp.) in 15 pul of Hepes buffered saline (0.17 mM
Na,HPO,, 0.22 mM KH,PO,, 137 mM NacCl, 5.36 mM KCI, 9.85
mM Hepes, 33.3 mM glucose, 43.8 mM sucrose, pH 7.4), washed
twice in saline, dispersed by trituration through a fire-polished
glass micropipette, and plated into 100-ul drops of L15 medium
containing 10% heat-inactivated horse serum, on poly-p-lysine
(Collaborative Biomedical Products)-coated glass coverslips.
After the cells were allowed to adhere for 5-10 min at room
temperature, coverslips were flooded with additional medium
and stored at room temperature for up 3 h before use.

The procedure used for harvesting the contents of single cells
using whole-cell patch-clamp pipettes has been described pre-
viously (Smith and O’Dowd, 1994; O’Dowd et al., 1995). Briefly,
coverslips were transferred to a recording chamber and perfused
with an external medium containing 140 mM NacCl, 4 mM MgCl,,
3 mM KCI, 1 mM CaCl,, and 5 mM Hepes, pH 7.2, 290 mOsmol/
kg. High-resistance seals were formed with the cell membranes
of clearly separated individual cells using whole-cell patch-clamp
recording pipettes filled with 20 mM NacCl, 120 mM potassium

Copyright © 1997 by Academic Press. All rights of reproduction in any form reserved.



Single-Cell Analysis of Hindbrain Gene Expression

gluconate, 2 mM MgCl,, 0.1 mM CacCl,, and 10 mM Hepes, pH
7.2, 280-283 mOsmol/kg. Recording pipettes were unpolished
with open pipette resistances of 4-6 M(). Following formation of
a high-resistance seal, the patch of membrane under the electrode
tip was ruptured and the contents of the cell were aspirated into
the pipette and transferred to a microfuge tube containing the first-
strand cDNA synthesis premix (Smith and O’Dowd, 1994; O’Dowd
etal., 1995). First-strand cDNA synthesis was initiated by the addi-
tion of 100 units of MMLYV reverse transcriptase followed by incu-
bation for 1 h at 37°C. The reaction mixture was denatured at 95°C
for 5 min and target cDNA templates were amplified by multiplex
PCR as described above. The identity of each PCR product was
confirmed by restriction mapping with two different enzymes,
yielding the expected fragment sizes.

PCR Primers

Nested primers used for the PCR analyses were selected based on
the known chick cDNA or genomic sequences and are given here.
The outside primer pair is listed first in each case; the size of the
final amplification product is shown in parentheses: Hoxb-4 (Sasaki
and Kuroiwa, 1990), 5'-CATGAGCTCGTTTTTGATCA-3'/3'-AGA-
AGTCCCCTTTATTATTA-5 and 5'-TCCAACATGAAGCGATG-
TAC-3'/3-TGTTCAATGGGTTGTGGTTC-5" (509 bp); Hoxa-3
(Saldivar et al., 1996), 5-CATGATGACCTCTTCAGGAG-3'/3'-ACC-
CTTAGGTGTATATGTCC-5' and 5-ACCTAAACTCTATGCAT-
TCT-3'/3'-GACTTATGCTATGAGTAGGA-5' (191 bp); Hoxb-2
(Vesque et al., 1996), 5'-TTTAACACACGCAGGGGTTG-3'/3'-
TTGTGTCATGTTTCTTGGGG-5' and 5-CTGGAGCTGGAG-
AAGGAATT-3'/3'-TTTCACACCAAGGTCTTGGC-5' (116 bp);
[B-actin (Kost et al., 1983), 5'-TGGATGATGATATTGCTGCG-3'/
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3'-ACTATACCTCTTCTAGACCG-5' and 5'-CTGTGTTCCCAT-
CTATCGTG-3'/3-CTTGTGCCATAACAGTGGTT-5' (148 bp);
Hoxb-1 (Sundin et al., 1990), 5'-TAAATGAGGACAAAGACCCC-
3'"/3'-TGTCTTCTTCTCCCTTTTCC-5 and 5-GATGAAAGT-
GAAGAGGAACC-3'/3'-GAGTTGCTTTGGGTTCAGTT-5" (201
bp); Sek-1 (Sajjadi and Pasquale, 1993), 5'-AACGCAATGGTG-
AATGCCAA-3'/3'-GCTTCCAAAGGTAGTGACTG-5 and 5'-
ATACTACAAGGCGCTCTCAA-3'/3'-GTCACCACATGTAAAGT-
CGG-5’ (326 bp); and Krox-20 (Nieto et al., 1991), 5'-TGCGAC-
AGACGCTTCTCTCG-3'/3'-CCTGTGTGTGGCCGCTCTTC-5'
and 5'-GAACTGACCCGACACACCCGAAT-3'/3'-TCGCTGGT-
GAACTGGTGAGTGTA-5’ (101 bp).

RESULTS

To test the feasibility of a single-cell RT-PCR analysis,
we compared the regional expression of three Hox genes,
determined by in situ hybridization, RT-PCR from total
RNA isolated from whole rhombomeres, and single-cell RT-
PCR. In the rodent hindbrain, in situ hybridization studies
have demonstrated that Hoxa-3, Hoxb-2 and Hoxb-4 have
unique but overlapping patterns of expression (Hunt et al.,
1991; Krumlauf, 1993; Wilkinson et al., 1989b). We ob-
served similar patterns of expression by in situ hybridiza-
tion in the chick (Fig. 1). High levels of Hoxb-4 expression
are present in spinal cord and in caudal hindbrain (r7 and
r8) (Fig. 1A); the rostral boundary of Hoxa-3 is at the r4/
r5 border (Fig. 1B). However, in contrast to the pattern of

r3 @rd @r5 @r6

®7 @8 sc

FIG. 1.

Hox gene expression in chick hindbrain and spinal cord. Dorsal view of whole-mount stage 16 chick embryos hybridized with

antisense digoxigenin-labeled riboprobes for (A) Hoxb-4 (26-somite stage; 26ss), (B) Hoxa-3 (28ss), and (C) Hoxb-2 (25ss). High levels of
Hoxb-4 are observed in r7, r8, and spinal cord (A); Hoxa-3 expression is seen in r5 and more caudal regions (B). High levels of Hoxb-2
expression are present in r4 and r7 to r8. The positions of the rhombomeres are indicated by the color coding on the right side of each

embryo. Scale bar, 200 ym.
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expression in mouse, where Hoxb-2 mRNA expression is
high in r3, r4, and r5 (Wilkinson et al., 1989b), high levels
of Hoxb-2 expression in chick were observed only in r4;
expression in r3 was much lower (Fig. 1C).

Multiplex RT-PCR yields a pattern of gene expression
that confirms and extends the in situ hybridization data.
Multiple primers were used to simultaneously amplify spe-
cific target sequences in cDNA synthesized from total RNA
isolated from different regions of the hindbrain. PCR prod-
ucts generated from r4, r5, and spinal cord RNA were of
sizes predicted for each target sequence (Hoxa-3, Hoxb-2,
Hoxb-4, and B-actin; Fig. 2A); their identities were con-
firmed by sequencing. 8-Actin primers, included as a posi-
tive control, were effective in amplifying RNA isolated from
all three regions. Consistent with the in situ analysis, Hoxb-
4 mRNA was present in RNA isolated from spinal cord, but
not in RNA isolated from more rostral rhombomeres (r4
and r5). However, based on the results of the in situ hybrid-
ization experiments, Hoxa-3 RNA, which was expected to
be present only in the samples from r5 and spinal cord, was
also found in RNA isolated from r4. Hoxb-2 expression,
which was expected in r4 and spinal cord, was also present
in r5. To determine whether these differences might result
from the higher sensitivity of the PCR technique, we exam-
ined the quantitative differences between the levels of ex-
pression in r4 and r5. To obtain a measure of the relative
amounts of transcript for a given gene, we determined the
frequency of positive polymerase chain reactions as a func-
tion of the amount of input RNA isolated from r4 and r5
used for the first-strand cDNA synthesis (Figs. 2B, 2C, and
2D). Each of these data sets was well fit by the equation for
an absorption isotherm, and these fits were used to deter-
mine the effective concentration of total RNA necessary
for a positive PCR in 50% of the cases (ECs,). As expected
for a highly expressed, ubiquitous marker such as §-actin,
a low ECs, of 0.002 ng total RNA was obtained for both r4
and r5 (Fig. 2B). In contrast, the ECs, for Hoxa-3 was 6.2 ng
total RNA for r4, compared with 0.76 ng for r5, suggesting
that the concentration of Hoxa-3 template is approximately
eightfold lower in r4 than in r5 (Fig. 2C). The EC5, of Hoxb-
2 was four to five times lower for r5 than for r4 (Fig. 2D).
Thus, the higher sensitivity of the RT-PCR extends the in
situ analysis by showing that the apparent boundaries in
gene expression between adjacent rhombomeres are quanti-
tative rather than qualitative.

Finally, we compared the patterns of expression of these
same Hox genes using single-cell RT-PCR. Pieces of tissue
were dissected from r4 and r5 (Fig. 3A), dissociated by brief
enzymatic treatment, and dispersed onto glass coverslips,
yielding single cells 5-15 ym in diameter (Fig. 3B). Clearly
separated cells were identified visually; glass micropipets were
used to form gigaohm seals on the cells and to then aspirate
their contents. Electrophysiological recording obtained from
some cells prior to harvesting the cytoplasm revealed the pres-
ence of voltage-gated outward currents (data not shown). The
results of a typical multiplex RT-PCR experiment, examining
the coexpression of Hoxa-3, Hoxb-2, Hoxb-4, and S-actin in
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single cells, are shown in Fig. 3C (lanes 1-28). Consistent
with the RT-PCR analysis of RNA isolated from each rhom-
bomere, the amplified product for 8-actin was present in all
cells from both r4 and r5, but was absent in samples of culture
medium bathing the cells (sampled four times over the course
of the experiment; Fig. 3C, lanes labeled M). Moreover, no
Hoxb-4 PCR product was detected in any of these cells, sug-
gesting that the level of contamination by cells from rhombo-
meres outside of r4 and r5 was minimal. Rhombomere-spe-
cific differences, however, were apparent in the frequency of
cells expressing Hoxa-3 and Hoxb-2 (Fig. 3C and Table 1). In
agreement with the finding from total RNA RT-PCR analysis,
the frequency of expression of Hoxa-3 is five times higher in
r5 than in r4 (P < 0.001, by a z test of proportions), whereas
the frequency of Hoxb-2-positive cells was only slightly higher
in r4 than in r5. Some cells in both r4 and r5 expressed both
Hoxa-3 and Hoxb-2.

These initial experiments demonstrate that mRNA en-
coding at least two Hox genes can be amplified from single
cells. Furthermore, the ensemble average of the single-cell
data both confirms and extends previous total RNA and
in situ hybridization data. In particular, the quantitative
difference between Hoxa-3 expression in r4 vs r5 (Fig. 2B)
appears to result from a low percentage of Hoxa-3-positive
cells in r4.

Coexpression of Krox-20 and Sek-1 Is
Developmentally Regulated

Previous studies have suggested regulatory interaction be-
tween Krox-20 and several other genes, including Hoxb-2
(Sham et al., 1993; Nonchev et al., 1996; Vesque et al., 1996)
and Sek-1 (Nietoetal., 1992; D. G. Wilkinson, pers. comm.),
that are thought to be important in the metameric organiza-
tion of the early hindbrain. Consistent with this hypothesis,
in situ hybridization in chick at stage 12 shows high levels
of expression of both Krox-20 and Sek-1 in r3 and r5, but
much lower levels in the intervening r4 (Figs. 4A and 4C).
A similar overlapping pattern of expression of these two
genes is seen at stage 16 (Figs. 4B and 4D).

To examine the potential interactions between Krox-20
and Sek-1, as well as some of their potential targets, we
used multiplex RT-PCR of single cells from r5 to determine
the frequency of coexpression of Krox-20, Sek-1, Hoxb-1,
and Hoxb-2. To minimize the chances of contamination of
cells from other rhombomeres, our dissection of r5 cells
was confined to a 100-ym-diameter zone in the middle of
the intermediate region of r5. Although this region has the
disadvantage of lower Krox-20 expression, it eliminates the
possibility of contamination from neural crest cells, which
cross rhombomere boundaries in the more dorsal regions of
the hindbrain (Birgbauer et al., 1995). The results of a typical
experiment from cells at stage 16 are illustrated in Fig. 5.
PCR products representing one or more of the target
mMRNAs were successfully amplified from the majority of
the cells. Table 2 summarizes the results obtained from five
experiments on stage 12 or stage 16 embryos. Note that the

Copyright © 1997 by Academic Press. All rights of reproduction in any form reserved.
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primers hoxa3 hoxh2 p-actin

hoxb4
—

total RNA

rdr5 sc wrdr5scwW rdr5scwrdrsSscw

B 100

0.01 0.001 0.0001

100

0.
100 10 1 0.1 0.01

Positive Reactions (% Total Reactions)

D 100
75 -
50
25.
0 hoxl;-zI . >
100 10 1 01 o001
Input RNA (ng)

FIG. 2. Multiplex RT-PCR of total RNA. (A) The patterns of ex-
pression of Hoxb-4, Hoxa-3, Hoxb-2, and S-actin were examined in
1 pg total RNA isolated from r4, r5, and spinal cord from stage 16
chick embryos by multiplex PCR. PCR products representing
Hoxa-3 (190 bp), b2 (115 bp), and S-actin (147 bp) transcripts are
present in tissue obtained from all three areas, whereas Hoxb-4
(508 bp) is detected only in spinal cord. No products are amplified
when water (w) is used in place of total RNA during the cDNA
synthesis. Arrowheads mark the expected sizes of fragments de-
rived from Hoxb-4, Hoxa-3, S-actin, Hoxb-2, from top to bottom.
(B, C, and D) To determine the relative concentration of mMRNA
encoding S-actin, Hoxa-3, and Hoxb-2 in total RNA isolated from
r4 and r5, we determined the limiting dilution for each. Twelve
multiplex polymerase chain reactions were performed at a variety
of concentrations of RNA used for the initial cDNA synthesis,
and the fraction of reactions for which an amplified product was
obtained was determined. The curves were fit by a simple absorp-
tion isotherm equation (r? values > 0.99) and the ECs, values deter-
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frequency of successful amplification for each of the four
genes was similar at the two stages. The single cells appear
to have a molecular identity appropriate for their r5 origin,
as the patterns of gene expression are consistent with our
RT-PCR analysis of whole rhombomere RNA (data not
shown) and with in situ hybridization studies (Fig. 1; Sundin
and Eichele, 1990).

Multiplex PCR was used to examine the patterns of gene
coexpression at the single-cell level (cf. Fig. 5A). In two
independent experiments performed at stage 12, the expres-
sion of Krox-20 was strongly correlated with Sek-1, with
80% of the Krox-20-positive cells also expressing Sek-1. By
stage 16, this correlation had decreased dramatically; only
a small fraction of the Krox-20-positive cells were positive
for Sek-1 (11%0) in three independent experiments. This was
not due to a change in the assay conditions with develop-
mental age, as the correlation between Hoxb-2- and Sek-1-
positive cells remained constant, at about 75%, between
stages 12 and 16 (Fig. 5B). Similarly, the low probability of
detecting Krox-20 in Hoxb-2-positive cells changed little
with development. Thus, while the percentage of cells ex-
pressing either Sek-1 or Krox-20 did not change during de-
velopment (Table 2), the fraction of Krox-20-positive cells
that coexpress Sek-1 changed dramatically (P < 0.02 by a z
test of proportions; Fig. 5B).

Potential for False-Negative and False-Positive
Results

The strength of these data rest, in part, on an assumption
that the assay is of high fidelity, giving no PCR product if
the cell lacks the transcript under study (i.e., no false posi-
tives) and successfully amplifying the target sequence for
all cells that contain the transcript (i.e., no false negatives).
The assay does not appear to be prone to false positives, a
potential problem given the many cycles of PCR amplifica-
tion. Contaminating templates in the medium, equipment,
or reagents are easily detected by interleaved control experi-
ments in which PCR amplification was performed on water
or the medium bathing the cells (Figs. 3 and 5, lanes marked
W or M). Experiments in which any of these negative con-
trol lanes were positive were discarded. Contamination
from genomic DNA also seems unlikely. Even when nuclei
are harvested intentionally, genomic templates are not am-
plified (Johansen et al., 1995). Moreover, amplification of
genomic templates would not be consistent with the dis-
tinct rhombomere-specific patterns of gene expression that
we observe here. Finally, based on the size of the PCR prod-
uct, primers for g-actin that span an intron demonstrate

mined. Comparison of these values indicates that, in contrast to
the similar levels of g-actin RNA in the two rhombomeres, Hoxa-
3 is expressed at significantly higher levels in r5 (8-fold) and Hoxb-
2 at higher levels in r4 (4.6-fold).

Copyright © 1997 by Academic Press. All rights of reproduction in any form reserved.
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hoxb4
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hoxb2

p-actin
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hoxbd
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p-actin |
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FIG. 3. Single-cell multiplex RT-PCR analysis of Hoxb-4, Hoxa-3, Hoxb-2, and S-actin. (A) Dorsal view of a flattened hindbrain from stage
16 chick embryo from which r4 on the right-hand side has been removed. (B) Single cells of 5-15 ym in diameter, isolated from r4 at stage
16, plated on poly-D-lysine-coated coverslip. (C) Multiplex RT-PCR from single cells isolated from r4 or r5. Products from one or more target
sequences were amplified from individual cells (lanes 1-28). In contrast, no products were amplified when either medium bathing the cells
(M) or water (W) was used in place of the cell extract in the first-strand synthesis. Lane R presents the RT-PCR products for each gene (Hoxb-
4, Hoxa-3, Hoxb-2, and S-actin) from total RNA of r7/r8/spinal cord. Scale bar, 100 ym in A, 20 ym in B, and 10 um in the inset.

that the major amplified species resulted from mature
mRNA (data not shown).

We can also be confident that our data are not contami-
nated by template sequences present in cells from rhombo-
meres other than r4 or r5. In the initial experiments, we
examined the expression of Hoxb-4 to address this issue.
Although Hoxb-4 is present at high levels in r7-spinal cord,
we were never able to amplify Hoxb-4 from single cells
isolated from either r4 or r5, suggesting that cells from the
more caudal regions did not contaminate these prepara-
tions. In the second series of experiments, in which we

focused our analysis on expression of genes in r5, dissec-
tions were confined to the central region of the rhombomere
to reduce the possibility of inadvertently harvesting cells
from adjacent rhombomeres. To identify potential contami-
nation of these r5 cells, we tested the single cells for the
expression of Hoxb-1, which is expressed at relatively high
levels in r4. No expression was detected.

Finally, to assess the possible contribution made by false-
negative results to our data, we examined the frequency with
which identical PCR products could be amplified from cDNA
obtained from single cells split between two independent poly-
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TABLE 1

Frequency of Cells Expressing Hoxb-4, Hoxa-3, Hoxb-2,
or B-Actin Genes

No. of cells Hoxa-3 and
analyzed f-actin Hoxb-4 Hoxa-3 Hoxb-2 Hoxb-2
r4 28 100% 0% 18%*  86%ft 18%*
r5 28 100% 0% 89% 68% 64%

Note. Single-cell RT-PCR was performed as in Figs. 3C and D.
Values presented are the percentage of cells dissociated from rhom-
bomeres 4 or 5 at stage 16 that expressed a given mRNA or combi-
nation of MRNAs.

*P < 0.001, P =~ 0.1 by a z test of proportions.

merase chain reactions. The number of cells in which the
sister reactions were both positive (coherent positives) or both
negative (coherent negatives) or in which one reaction was

6 , r5 , r4 , 3 ., r2
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positive and the other negative (incoherent) was determined.
In one such experiment, in which the cDNA from 14 cells
was split in two, the majority of cells were coherent positives
for Sek-1 and coherent negatives for Krox-20 (Table 3), and
the number of incoherent reactions for these two genes were
both small (2/14). The small fraction of incoherent cases sug-
gests that the false-negative rate is relatively low. A quantita-
tive estimate of the expected rate of false negatives can be
made from the fraction of incoherent positive RT-PCR sam-
ples (Table 3) and suggests that the false-negative rate should
be less than 10% (estimated at 1% for Sek-1; 7% for Krox-
20). Thus, false negatives should not significantly influence
our determination of the frequency of Sek-1 (42%b)- or Krox-
20 (82%)-negative cells.

DISCUSSION

The vertebrate hindbrain has served as an important test-
ing ground for mechanisms of brain regionalization. The

rS L r4 . 13

FIG. 4.

dorsal

intermediate

ventral

dorsal

intermediate

ventral

In situ hybridization demonstrates overlapping pattern of Sek-1 and Krox-20 expression in chick hindbrain. Flattened whole

mounts of hindbrains dissected from chicken embryos following hybridization of the whole embryos with antisense riboprobes. Expression
levels of Sek-1 [(A) stage 12, (B) stage 16] and Krox-20 [(C) stage 12, (D) stage 16] are high in r3 and r5, but low in r4. Note the gradation
in expression levels, with the highest expression in the dorsal regions of the rhombomere. Cells were harvested from the 100-um diameter
region in the middle of rhombomere 5. In all panels, dorsal is at the top and rostral is to the right. Letters denote the positions of the otic

vesicle (ot) and notochord (n). Scale bar, 50 um.
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FIG. 5. Coexpression of Sek-1 and Krox-20 in single cells is developmentally regulated. (A) Autoradiograms of a single-cell multiplex
PCR experiment analyzing coexpression of Krox-20, Sek-1, Hoxb-2, and Hoxb-1 in single cells isolated from r5 at stage 16. The majority
of the cells (lanes 1-14) expressed one or more of the target genes (summarized in Table 2). PCR products representing all four target
sequences were amplified from total RNA of r4 and r5 (lane R). No products were amplified when either medium bathing the cells (M)
or water (W) was used in place of the cell extract in the first-strand synthesis. (B) The frequency with which a given gene was coexpressed
with another was determined by single-cell multiplex RT-PCR. The number of Krox-20-positive cells that coexpress Sek-1 declined
significantly between stage 12 (filled bars) and stage 16 (open bars). Whereas the majority of Hoxb-2-positive cells also expressed Sek-1,
only a small fraction of Hoxb-2-positive cells expressed Krox-20 at both stages. Values presented are from two experiments at stage 12
and three experiments at stage 16 (n = 14 cells per experiment), error bars show SEM. * P < 0.02 (z test of proportions).

rhombomeres and their boundaries provide powerful and
convenient landmarks for studies at both the molecular and
the cellular level. Studies of the developing hindbrain at
the cellular level rely on the ability to obtain single-cell
resolution, yielding insights into cell lineages (Fraser et al.,
1990; Lumsden et al., 1994) as well as the cell movements
(Birgbauer et al., 1994) that build the hindbrain. The goal
of the experiments presented here was to refine and employ
a molecular approach with single-cell resolution to explore
the molecular mechanisms that underlie hindbrain pat-
terning. Using multiplex RT-PCR, we demonstrate that it
is possible to detect multiple transcripts in single cells with
higher sensitivity than in situ hybridization, permitting di-
rect analysis of the coexpression of four different genes in
individual cells. Ensemble-averages of the single-cell data
match well with the predictions from total RNA studies,
suggesting that the technique can provide an accurate pic-

ture of gene expression patterns. The technique has a low
false-negative rate (estimated here as less than 10%), and
any experimental sessions in which false-positive results
might be present are easily recognized and discarded. Thus,
single-cell RT-PCR is suitable to test the operation of mo-
lecular logic systems at the single-cell level that has been
suggested by previous tissue-level experiments.

The results presented here suggest that gene expression
in the developing hindbrain is more heterogeneous than
might be expected from previous studies. The resolution
provided by in situ hybridization is adequate to determine
the regional patterns of gene expression, resulting in a good
understanding of hindbrain patterning at rhombomere lev-
els of resolution. However, because the direct effects of re-
ceptors and transcription factors are restricted to the cells
expressing them, cellular, not rhombomeric, resolution is
required. Beyond showing cell-to-cell variations in the in-
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TABLE 2

Frequency of Cells Expressing Hoxb-1, Hoxb-2, Sek-1,
and Krox-20

No. of
experiments Hoxb-1 Hoxb-2 Sek-1 Krox-20
(cells analyzed) % % % %
Stage 12 2 (28) 0% 18 (+11) 58(*21) 18 (*4)
Stage 16 3(42) 0% 21 (+4) 48 (+9) 21 (+11)

Note. Single-cell RT-PCR was performed as described for Fig. 5.
Dispersed cells, dissected from the intermediate area of approximately
100-um diameter in r5, were subjected to single-cell RT-PCR. The
fraction of cells expressing Hoxb-2 in this sample of r5 is lower than
in Table 1, probably because the most dorsal area of r5 was not in-
cluded in the dissociated region. The values do not add up to 100%
because in some cases none of the target sequences amplified; in other
cases more than one target sequence amplified. Reported values are
mean + standard error for two experiments at stage 12 and three
experiments at stage 16 (14 cells for each experiment) except for Hoxb-
1, for which only a single experiment of 14 cells was analyzed.

tensity of the reaction product, in situ hybridization leaves
open most questions of heterogeneity and permits only de-
ductions concerning the sets of genes that are expressed
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within any one cell. Multiplex RT-PCR demonstrates that
individual cells express only a subset of the genes expected
from their rhombomere of origin. For example, the majority
of r4 cells expresses Hoxb-2 alone; other cells express both
Hoxb-2 and Hoxa-3. It remains unknown if the heterogene-
ity observed at the stages examined here reflects differences
either in the developmental histories of the cells (cf. Birg-
bauer et al., 1994) or in their developmental fates, or merely
stochastic variation in the gene expression. The greater sen-
sitivity of the RT-PCR technique offers its own advantages;
for example, it helps to resolve the apparent differences in
the patterns in Hoxb-2 expression in chick and mouse, by
demonstrating that the difference is quantitative rather
than qualitative (Fig. 2).

We used the multiplex RT-PCR technique to begin a de-
tailed examination of the relationship between Sek-1 and
Krox-20. Based upon their temporal and spatial patterns of
expression, these two genes have been proposed to play im-
portant roles in specifying each other’s expression. By ex-
tending the analysis to the single-cell level, the results sug-
gest there is not a fixed relationship between the expression
of these two genes. Cells in r5 show an 80% correlation in
their Sek-1 and Krox-20 expression early in the segmenta-
tion of the hindbrain (stage 12); however, only a day later
(stage 16) the correlation between the expression of Sek-1

TABLE 3
Estimation of the Frequency of False Negatives in Single-Cell RT-PCR

Coherent Coherent Observed Theoretical
positive Incoherent negative negative P r false negative
Sek-1 9 2 3 43% 90% 79% 1%
Krox-20 1 2 11 82% 50% 29% 7%

Note. The reliability of the single-cell RT-PCR technique and the potential of false-negative results was tested by splitting the cDNA obtained
from single cells into two independent polymerase chain reactions. If the technique is perfectly reliable, identical PCR products should be amplified
from the two tubes. The fraction of cases in which the two tubes yield different (incoherent) results can be used to calculate the expected number
of false-negative results when the PCR is performed without splitting into two tubes. The contents were harvested from 14 single cells from r5
at stage 12. After first-strand cDNA synthesis, the contents were split into duplicate tubes and otherwise processed identically to the previous
samples using mixed primers for Hoxb-1, Hoxb-2, Sek-1, and Krox-20. Coherent positive (CP) is the number of cases in which PCR amplification
took place in both tubes. Incoherent (I) is the number in which the amplification took place in only one of the two tubes. Coherent negative
(CN) means both tubes were negative. Observed negative is the value obtained in two or three independent experiments of 14 cells each (data
from Table 2). The distribution of these three cases will depend upon both the probability that the randomly selected cells contained the transcript(s)
in question (defined as r) and the probability of successful PCR amplification of each of the tubes from cells that contained the relevant transcript
(defined as P). The number of pairs of PCR tubes is given by n. Based on these definitions, three equations can be defined:

(CP)=P2Xr Xn, 1]
)= 2XP X1 —-P)Xrxn, [2]
CN)=[1-n+@T-P2xrxn. 3]

By inserting the values for CP, I, and CN from the table, three equations result that can be used to define values for the two unknowns
(r and P). These values are presented as r and P in the table. The rate of theoretical false negatives expected when the cDNA is not split
into two tubes can be predicted from the values of r and P, using Eq. [4].

False negative rate = (1 — P)®2 X . [4]

Note that this is related to Eq. [3], which describes the fraction of coherent negative cases (in which neither PCR tube contained an
amplified product). If the contents of the tubes was not split, the fraction (1 — r) would be expected to be negative because that fraction
of the cells does not express the target RNA (true positives); the remaining set of negative cases (by definition, false-negative cases), in
which cells that actually contain transcript fail to amplify, is given by Eq. [4].
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and Krox-20 had dropped precipitously to 11%. Interest-
ingly, this decrease takes place during stages of develop-
ment in which the regional patterns of gene expression ap-
pear to become more tightly regulated. This change does
not reflect a dramatic down-regulation of either gene, and
other genes remain constantly correlated (or uncorrelated)
during the same time period. Given that proteins may out-
live their mMRNAS, it is not surprising to see Sek-1 expres-
sion in the absence of Krox-20. However, the lack of Sek-1
expression in cells expressing Krox-20 suggests either that
translation of Krox-20 mRNA is blocked or that Krox-20
alone is not sufficient to drive Sek-1 transcription. Thus it
appears that the molecular interactions proposed for Krox-
20 and Sek-1 are likely to be involved in the initial pat-
terning of the gene expression but may not be necessary for
the maintenance of this pattern.

The multiplex RT-PCR also offers some insights into the
relationship between Hoxb-2 and Krox-20 within single
cells. At both stage 12 and stage 16 there is little if any
correlation between Hoxb-2 and Krox-20, although there is
a strong correlation between Hoxb-2 and Sek-1 (Fig. 5B).
Functional Krox-20 binding sites are required for the activ-
ity of a r3/r5 enhancer, isolated from both chicken and
mouse, when introduced as a reporter construct into
transgenic mice (Nonchev et al., 1996), suggesting that
Krox-20 may be necessary for Hoxb-2 expression in r5. The
weak correlation observed here suggests that Krox-20 might
be neither sufficient nor necessary for Hoxb-2 transcription
when the entire cis-regulatory domain is allowed to act in
its normal context.

In summary, the experimental approach presented here
offers the opportunity to test directly proposed mechanisms
of gene control. Molecular interactions predicted from in
vitro DNA binding studies or from the spatiotemporal pat-
terns of gene expression can be examined within the context
of single cells. These first results demonstrate that the inter-
relationships between genes may vary at the single-cell
level much more than might be expected from tissue-level
data. The technology is well suited for examining the mo-
lecular responses of cells that cross rhombomere boundaries
within the neuroepithelium (Birgbauer and Fraser, 1994) or
within the neural crest (Birgbauer et al., 1995). When com-
bined with technologies for misexpressing genes (cf. Kato
et al., 1994), experimental questions previously performed
only in transgenic mice become practical in the experimen-
tally accessible chicken embryo. Thus, the results presented
here provide a molecular tool with single-cell precision that
can be combined with cellular tools to better define the
events of embryonic patterning in the vertebrate hindbrain
and elsewhere.
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