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NeurotechniqueSingle-Cell Transcriptional
Analysis of Neuronal Progenitors

transcriptional regulators has led to significant insights
into the transcriptional control of neurogenesis in higher
organisms (Bertrand et al., 2002; Tanabe and Jessell,

Ian Tietjen,1,4 Jason M. Rihel,1,4 Yanxiang Cao,2,4

Georgy Koentges,1,3 Lisa Zakhary,1

and Catherine Dulac1,*
1Howard Hughes Medical Institute 1996). However, these “vertical” approaches can only

attempt to reconstruct in vertebrates the regulatory hier-Department of Molecular and Cellular Biology
Harvard University archies that have already been discovered in other spe-

cies. In turn, parallel approaches of expression profiling,Cambridge, Massachusetts 02138
2 Department of Applied Research as afforded by microarray analysis, have provided new

guiding principles to illuminate the fine structure of regu-Affymetrix Inc.
3380 Central Expressway latory networks (Panda et al., 2002). However, the ex-

traordinary cellular and molecular complexity of theSanta Clara, California 95051
3 Functional Genomics mammalian nervous system has considerably limited

the scope of present microarray approaches (Cao andWolfson Institute of Biomedical Research
University College London Dulac, 2001), as highly specific transcripts within rare

precursor populations are rendered undetectable by ho-The Cruciform Building
Gower Street mogenizing whole brain areas for RNA isolation.

We have developed an experimental protocol in whichLondon WC1E 6AU
United Kingdom single-cell cDNA synthesis (Dulac and Axel, 1995; Ta-

nabe et al., 1998; Yamagata et al., 2002) is combined
with Gene chip analysis and laser capture-mediated cell
isolation. To test the accuracy and reliability of this pro-Summary
cedure, we have focused our analysis on the mammalian
olfactory system, which includes the highly heteroge-The extraordinary cellular heterogeneity of the mam-

malian nervous system has largely hindered the mo- neous population of olfactory sensory neurons (OSN) in
the main olfactory epithelium (MOE) and the progenitorslecular analysis of neuronal identity and diversity. In

order to uncover mechanisms involved in neuronal of OSN target cells, the mitral cells of the olfactory bulb.
Mature OSNs each express a unique olfactory receptordifferentiation and diversification, we have monitored

the expression profiles of individual neurons and pro- gene from a large family of a thousand genes. The MOE
is partitioned into four broad zones of receptor expres-genitor cells collected from dissociated tissue or cap-

tured from intact slices. We demonstrate that this sion such that, within each zone, neurons expressing
distinct receptors are randomly interspersed (Buck,technique provides a sensitive and reproducible repre-

sentation of the single-cell transcriptome. In the olfac- 2000). Despite advances on the essential role played by
basic helix-loop-helix (bHLH) containing transcriptiontory system, hundreds of transcriptional differences

were identified between olfactory progenitors and ma- factors Mash1, Ngn1, and NeuroD in ensuring olfactory
differentiation (Cau et al., 1997, 2002; Guillemot et al.,ture sensory neurons, enabling us to define the large

variety of signaling pathways expressed by individual 1993), the identity of transcriptional regulators involved
in further sensory diversity, including the choice of aprogenitors at a precise developmental stage. Finally,

we show that regional differences in gene expression given olfactory receptor or the formation of the MOE
zones, has remained largely elusive, primarily becausecan be predicted from transcriptional analysis of sin-

gle neuronal precursors isolated by laser capture from progenitor cells represent such a rare and diverse popu-
lation.defined areas of the developing brain.

We show here that a genome-wide transcriptional
analysis can be performed successfully at the single-Introduction
cell level, whether the cells are isolated from dissociated
tissue or laser captured from intact brain slices. TheIn the highly complex mammalian brain, thousands of

different classes of neurons can be distinguished based unprecedented sensitivity and cellular resolution of
these large-scale, single-cell molecular fingerprintson morphological, physiological, and molecular criteria.

Developmental neuroscience must tackle the formida- have led us to uncover multiple regulatory pathways
underlying olfactory neuronal diversity.ble challenge of uncovering the numerous and intricate

cascades of signaling events and regulatory networks
underlying the establishment of neuronal diversity and Results
specificity. Genetic approaches in invertebrates have
successfully identified discrete classes of genes involved General Strategy
in the emergence of specific neuronal cell types (Sagasti Olfactory neurogenesis was analyzed at the single-cell
et al., 1999; Wolff et al., 1997). In turn, the identification level by comparing the transcriptional profiles of mature
of vertebrate homologs of Drosophila and C. elegans olfactory sensory neurons (OSNs) and olfactory progeni-

tor cells (OPCs) (Figure 1). OPCs are actively dividing
neuroepithelial cells committed to the olfactory lineage,*Correspondence: dulac@fas.harvard.edu

4 These authors contributed equally to this work. which ultimately give rise to fully mature OSNs (Murray
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Figure 1. Monitoring Transcription in Single Olfactory Neurons and Precursors

The main olfactory epithelium (MOE) of mammals continuously regenerates OSNs and comprises neuronal precursors at various stages of
development (cells with different shapes and colors). Individual OSNs or OPCs were picked at random from dissociated MOEs and seeded
into individual PCR tubes before undergoing cell lysis, first-strand cDNA synthesis, and PCR amplification. The identity and the developmental
stage of each cell were retrospectively determined by PCR Southern blot analysis of single-cell cDNAs to identify presence of developmental-
and olfactory-specific markers. cDNA samples representing OSNs or OPCs of interest were then hybridized to Affymetrix Mu11K GeneChip
probe arrays. MOB, main olfactory bulb.

and Calof, 1999). The respective ratios of these three (ADV) and the “Present/Absent” absolute call algorithm
(Lockhart et al., 1996; see Supplemental Data set S1 atcell types change as the animal develops, such that

OPCs are abundant in the embryonic epithelium but are http://www.neuron.org/cgi/content/full/38/2/161/DC1).
very rare in the adult. This prompted us to harvest OSNs
and OPCs from adult and embryonic day 15 (E15) MOE, General Characteristics of the Single-Cell Profiles

The hybridization of amplified single-cell cDNAs to mi-respectively, to increase the probability of successfully
isolating multiple representatives of each cell type. croarrays is an entirely unvalidated method; therefore,

prior to any analysis of biological significance of theIndividual cells were picked at random under the mi-
croscope from dissociated MOEs and seeded into lysis single-cell profiles, we investigated their general charac-

teristics, including the reproducibility, complexity, andbuffer-containing PCR tubes as previously described
(Dulac and Axel, 1995; see Experimental Procedures). fidelity of the data obtained.

Reproducibility of Microarray HybridizationSubsequent reverse transcription and PCR amplification
of the whole-cell transcriptome typically generated 10 Duplicate hybridizations of the same OSN cDNA to dis-

tinct batches of microarrays yielded nearly identical pro-to 20 �g of single-cell cDNA. The cell type represented
by each single-cell cDNA was identified retroactively by files with an average correlation coefficient of 0.97 (Fig-

ure 2A, left; Table 1). In contrast, comparison of theSouthern blot analysis and PCR amplification aimed at
detecting various markers (Figure 1 and see Experimen- transcriptional profiles of two individual OSNs revealed

larger variation with a lower correlation coefficient (Fig-tal Procedures). OSNs were characterized by the robust
expression of olfactory marker protein (OMP) and olfac- ure 2A, second from left; Table 1), presumably reflecting

biologically significant differences in gene expression.tory receptor (OR) together with the lack of Mash1. In
turn, OPCs were identified by the robust expression of Representation of Transcriptome Complexity

Is the complexity of the single-cell cDNA sufficient toMash1, by the cell division markers cdc2 (Riabowol et
al., 1989) and Ki67 (Scholzen and Gerdes, 2000), and by provide useful transcriptional information profiles? Ap-

proximately 20%–25% of the total number of probe setsthe absence of OMP and OR.
A stringent selection was performed to eliminate sin- in OSNs and OPCs predicted a “Present” signal by the

Affymetrix GeneChip analysis software algorithmsgle-cell cDNAs failing to display robust expression of
ubiquitous transcripts such as �-tubulin and GAPDH as (2657 � 347 and 3158 � 1046 probe sets, respectively).

Although these numbers are somewhat lower than thosewell as cell type-specific markers. In total, cDNAs from
9/45 adult and 7/45 E15 MOE cells were kept for further obtained from whole tissue such as heart, liver, and

MOE (3248, 4437, and 3612, respectively), these valuesanalysis. To obtain sufficient amounts of cDNA for mi-
croarray hybridization from each sample, an additional are comparable, suggesting that a large number of

genes are detected in amplified single-cell cDNAround of PCR amplification was performed (see Experi-
mental Procedures). Samples were then rechecked for samples.

Is the distribution of rare to abundant genes compara-the robust expression of all appropriate markers by
Southern blot and PCR amplification. Ten micrograms ble in single-cell cDNA and whole-tissue RNA? On aver-

age, approximately 38.4% of all Present probe sets perof each single-cell cDNA sample was then labeled and
hybridized to Affymetrix Mu11K high-density oligonucle- OSN sample detected transcripts at a very low abun-

dance level, as defined by a mean ADV (mADV) of 250otide arrays containing 13027 probe sets (see Experi-
mental Procedures). Using the Affymetrix GeneChip or lower (Figure 2B). In contrast, 6.1% of all Present

probe sets per OSN detected transcripts with ananalysis software, the expression level of each probe
set was quantified by both the average difference value mADV �10,000, suggesting that few transcripts were
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Figure 2. Accuracy of Transcript Amplification in Single-Cell cDNA Samples

(A) Reproducibility of the single-cell cDNA profiles. Scatter plots of data obtained from two repeat hybridizations of the same olfactory neuron
cDNA (OSN7, left), from hybridization of cDNAs from two olfactory neurons (OSN3 and OSN9, second from left), from two single HGCs (HGC4
and HGC8, second from right), and from two samples of ten HGCs (HGC12 and HGC15, right). Each data point represents an individual probe
set whose hybridization intensity is described by the ADV. As seen on the left panel, the duplicate hybridization to microarrays is highly
reproducible (correlation coefficient � 0.97), and “identical” cells (single HGC correlation coefficient � 0.85) or groups of “identical” cells (ten
HGC correlation coefficient � 0.90) provide similar profiles. In contrast, cDNA samples from different OSNs have considerably more variability
(correlation coefficient � 0.68). Red curves denote the equation describing the 95% confidence interval in (D). The large majority of data
points in all examples lies between the two red curves and denote transcripts with lower variability. However, a subset of data points predicts
differentially expressed transcripts in one of two OSNs.
(B) Distribution of transcripts according to expression level. For each cell or tissue type, data points represent the cumulative percentage of
probe sets predicted to be “Present” at a given mean average difference value (mADV) or lower (mean � SEM). Comparison of data obtained
from single olfactory sensory neurons (1 OSNs), single human glioblastoma cells (1 HGCs), unamplified heart, liver, and MOE RNA indicates
that the single-cell cDNA amplification does not dramatically distort the overall distribution of rare (ADV �102), moderate (ADV � 102 to 104),
and high (ADV � 104) abundant transcripts.
(C) Detection of transcripts at known copy number in single cells. Control bacterial poly(A)-tailed RNAs of known concentrations were “spiked”
into the single-cell lysis buffer. Individual cells were seeded into the spiked lysis buffer, followed by cDNA synthesis and amplification. A total
of four RNA spikes (dots of different colors), corresponding to roughly 1, 2, 10, and 100 RNA copies per cell, were spiked into four single
OSN samples (dots of different shapes). Each data point represents duplicate microarray hybridizations (mean � SEM). Spike transcripts
added at �100 copies/cell were detected in four of four experiments with a mADV of 19,959 � 4,652, while spikes added at �10 copies/cell
were consistently detected with a mADV of 1,367 � 451. Thus, the mADV of spikes at these concentrations appears proportional to the
estimated spike copy number in the original single cell. Moreover, spiked transcripts originally present at �1 and �2 copies per cell were
each amplified and detected by the array in two of four experiments, with a mADV in these experiments of 189 � 54 and 525 � 145, respectively.
(D) Variability in gene expression as a function of mADV. The average variability in gene expression (log fold change) was scored for all
pairwise combinations of single HGCs as a function of the mADV (see Experimental Procedures). The regression curve that best fits the data
at a mADV � 250 approximates the level of variability that can be expected at a given mADV (black curve). A curve representing the 95%
confidence interval is then determined (red curve). When comparing two cell samples or groups of cell samples, a probe set with a log fold
change greater than that defined by the 95% confidence interval equation may be considered to have significant variability in expression.

detected at high abundance. Comparison with data ob- were successfully detected by the microarrays includ-
ing, but not limited to, constitutive neuronal and OSN-tained with unamplified tissue samples (Figure 2B) sug-

gests that the relative proportion of transcripts ex- specific markers (see Supplemental Table S1 and Data
set S1 at http://www.neuron.org/cgi/content/full/38/2/pressed at low, moderate, and high levels has not been

significantly altered in the single-cell cDNA synthesis 161/DC1). In addition, the single-cell profiles for a large
number of transcripts including the diagnostic probesand amplification.

Hybridization Efficiency of Single-Cell cDNA described above, OCAM, RGS11, and five expressed
sequence tags of unknown function, were verified inde-Single-cell cDNA represents only the 3�-most 600 bp of

mRNA transcripts. Is the short single-cell cDNA template pendently by Southern blot. Microarray probe sets and
Southern blot analyses of these markers in single-cellhybridizing efficiently to microarray probe sets? Numer-

ous transcripts expected to be present in OSNs or OPCs cDNA samples were consistently in agreement (76 of 89
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Table 1. Statistical Analysis of Single-Cell Transcriptional Profiles

Cell Type Pairwise Corr. Coeff. (Mean � SD)

OSN (repeat) n � 4 0.97 � 0.01
Single HGC n � 6 0.86 � 0.03
Groups of 10 HGCs n � 5 0.92 � 0.04
10 pg dilution n � 6 0.84 � 0.03
100 pg dilution n � 7 0.95 � 0.02
OSNs n � 9 0.68 � 0.05
OPCs n � 7 0.71 � 0.05
OSNs versus OPCs 0.57 � 0.04
MOBCs n � 5 0.58 � 0.02
AOBCs n � 5 0.60 � 0.02
MOBCs versus AOBCs 0.54 � 0.03
MOE 1 versus 2 n � 2 0.88
MOE versus heart 0.42

Pairwise correlation coefficients of gene expression levels (mean � standard deviation) are shown for various cell and tissue samples, as
measured by the Average Difference Value (ADV) for each microarray probe set.

trials, 85.4%, not shown). Disagreements usually re- tions could result from either the stochastic absence of
these spikes in two of four experiments, or from thesulted from the 5� localization of probe sets that could
lower limits of detection. In either case, these data illus-not accommodate the 3� biased single-cell cDNA. This
trate the ability of the single-cell cDNA synthesis andwas the case for OMP which, although strongly detected
amplification procedure to conserve the respective ra-by Southern blot, was rarely detected by microarray
tios of transcripts between the original single-cell RNAbecause the OMP probe sets are located 2 kb upstream
and the amplified single-cell cDNA. Moreover, they illus-of the transcript 3� end (probe set information is available
trate the ability to consistently amplify and detect lowat http://www.netaffx.com). We also noted that Mash1
to extremely low levels of transcription in the single-cellconsistently failed to appear on microarray data ob-
profiles.tained from Mash1-positive samples, including single-
Genome-Wide Transcriptional Similaritycell cDNAs (our data) and a variety of embryonic neural
among Identical Cellstissues (not shown), suggesting an unidentified problem
A transcriptome-wide measure for the accuracy of thewith this particular probe set. Thus, it appears from our
single-cell cDNA synthesis was performed by compar-initial set of controls that single-cell cDNA templates
ing the entire profile of individual cells and groups ofcontain complex transcriptional information that can be
cells obtained from a homogeneous population. A T98Gsuccessfully and reproducibly analyzed by hybridization
human glioblastoma cell line (HGC) was synchronizedto microarrays.
at Go-phase by serum starvation. Individual cells (HGC1
to 10) and suspensions of �10 cells (HGC11 to 15) were

Proportionality and Reproducibility isolated, and amplified cDNAs were hybridized to Affy-
of cDNA Amplification metrix HuGeneFL microarrays containing 7070 probe
A critical issue for the validity of our experimental strat- sets (see Experimental Procedures and Supplemental
egy is to determine whether the respective ratios of Data set S5 at http://www.neuron.org/cgi/content/full/
transcripts in the amplified single-cell cDNA represent 38/2/161/DC1). The relative number and distribution of
the original single-cell transcriptome. Although the na- probe sets predicted to be Present were comparable
ture of the original single-cell RNA is inaccessible, we to those of olfactory samples (Figure 2B and data not
reasoned that the degree of confidence in our procedure shown). Strikingly, correlation coefficients of gene ex-
could be directly evaluated by the reproducibility of data pression in pairwise comparison of profiles of single
obtained from multiple samples containing low (i.e., cel- HGCs and of groups of 10 HGCs, with an average of
lular) amounts of identical starting material. 0.86 � 0.03 and 0.92 � 0.04, respectively (Figure 2A,
“Spiking” Experiments right and second from right; Table 1), equaled those of
To provide a first measure of the accuracy of single-cell whole MOE profiles and approached those obtained by
PCR amplification, we spiked four distinct poly(A)-tailed duplicate hybridization of the same single-cell cDNA to
bacterial RNAs, each diluted to a known concentration, distinct microarrays, demonstrating that “identical” cells
into the lysis buffer of each tube (see Experimental Pro- indeed generate similar transcriptional profiles. Addi-
cedures). A single cell was then added, and the regular tionally, correlation coefficients of gene expression ob-
cDNA synthesis and amplification procedure was per- tained by pairwise comparison of 10 HGCs were similar
formed. The experiment was performed four times. Sub- to that of 1 HGCs (Figure 2A, Table 1), suggesting that
sequent analysis of control probe sets specific for the a 10-fold increase in the amount of starting material does
3� region of each bacterial spike indicated that the ADVs not significantly increase the quality of the procedure.
were roughly proportional to the estimated copy number Amplification from RNA versus Single-Cell Sources
of each spike mRNA (Figure 2C). Moreover, bacterial To test further the fidelity of single-cell PCR amplifica-
spikes at concentrations as low as �1 and �2 copies tion, total RNA was prepared from the human glioblas-
per cell were detected in two out of four experiments. toma cell culture, and cDNA synthesis and amplification

was performed from dilutions containing 10 pg and 100The variable detection of bacterial spikes at these dilu-
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pg total RNA. These dilutions correspond to the range preferentially expressed in OSNs, and 249 probe sets
representing 197 individual genes were predicted to beof total RNA hypothesized to exist in single mammalian
enriched in OPCs. A complete list of transcripts iscells. Hybridization of cDNA derived from 10 pg total
provided in Supplemental Table S1 and Data set S2 atRNA (�0.3–0.5 pg mRNA, n � 6) and 100 pg total RNA
http://www.neuron.org/cgi/content/full/38/2/161/DC1.(�3–5 pg mRNA, n � 7) to HuGeneFL microarrays

The expression of 40 transcripts predicted in OSNsyielded high correlation coefficients of gene expression
or OPCs, including randomly selected genes of unknown(0.84 � 0.03 and 0.95 � 0.02, respectively), remarkably
function, transcriptional regulators, and signaling mole-similar to those obtained from single HGC and groups
cules, was systematically verified by RNA in situ hybrid-of 10 HGCs (Table 1; see Supplemental Data set S6).
ization. Of these transcripts, 36 out of 40 (90%) matchedThus, these experiments clearly demonstrate that, al-
the respective patterns predicted by microarray, whilethough some distortion of the original single-cell tran-
4 gave an ambiguous or no signal, demonstrating ascript distribution cannot be excluded, the procedure
very tight concordance between predicted and actualappears extremely reproducible from sample to sample,
expression patterns of the sampled transcripts. We alsosuch that a high degree of confidence can be granted
expanded our investigation to a small subset of tran-to the comparison of single-cell profiles.
scripts that were predicted preferentially in OPCs but
did not meet 1–2 of the criteria described above. WithinQuantitative Model of Single-Cell Variability
this pool, 6 of 9 transcripts (66%) matched the patternsThe transcriptional profile of single HGCs also offered
predicted by microarray. A complete summary of thea unique opportunity to quantify the cell-to-cell noise
expression patterns of these transcripts is shown inamong “identical” cells and thus enabled us to distin-
Supplemental Table S3, and representative examplesguish biologically significant transcriptional differences
are shown in Figures 3A and 3B and Supplemental Fig-from random inaccuracies in the reverse transcription
ure S1. Direct comparison of OPC-specific transcriptionand PCR amplification or from the intrinsic variability
with profiles defined for other early neuronal progenitorsof transcription in single cells. For this purpose, fold
revealed that 42% of the OPC-enriched transcripts arechanges in transcript expression level among pairwise
also enriched in neurospheres (data not shown), sug-combinations of HGCs were scored in log scale and
gesting a high degree of similarity between the two pop-plotted as a function of the mADV of each transcript
ulations of olfactory and brain-derived rapidly dividing(Figure 2D and see Experimental Procedures). As ex-
neuronal progenitors, while only 3% are common be-pected, more variability is observed for genes expressed
tween OPCs, embryonic, neuronal, and hematopoieticat lower levels, as summarized by the best-fit regression
stem cells (Ramalho-Santos et al., 2002)curve of the data for mADV � 250 (dark line in Figure

Transcripts with predicted enrichment in OSNs were2D). From the spike mRNA experiments, a mADV of 250
found to have expression in the neuroepithelial layer ofroughly corresponds to 1–2 transcript copies per cell,
the mature and E15 MOE, but not in the basal layer,allowing us to choose this number as a natural cutoff
where immature progenitors are thought to reside. Inlimit. Another curve can then be deduced that encom-
contrast, most transcripts with preferential expressionpasses 95% of the data points, thus representing a sta-
in OPCs (19 out of 23) were found in the precursor cellstistically significant prediction or confidence interval
of the E15 MOE and basal layer of the mature MOE. Anwithin which a particular fold change can be considered
additional four transcripts were detected in precursorabove the background cell-to-cell noise (red line in Fig-
cells of the E15 MOE but not in the mature MOE. Thisure 2D).
observation suggests that although there are some dif-

This led us to establish a stringent set of criteria for the
ferences between OPCs originating from E15 and from

successful identification of transcriptional differences
mature MOE, the transcriptional profile of the two pro-

between two cell populations. We considered a given genitors is mostly similar.
transcript to have significant differences between two Although all the OSNs and OPCs chosen for analysis
cell types based on three criteria. First, the mADV of the in our study share expression of key marker proteins,
probe set, inclusive of all single-cell samples, should be such as OMP and Mash1, respectively, it remains possi-
equal to or greater than 250, the equivalent of 1–2 copies ble that they could be subdivided into different cellular
per cell. Second, the variability in probe set expression classes. This possibility seems especially critical for the
level, as defined by the ratio of mADVs between the two Mash-positive OPCs, which may represent separate de-
cell types, should exceed the fold change threshold velopmental lineages or different developmental stages.
as defined by the confidence interval described above To test this hypothesis, we used Genecluster 2.0 to
(Figure 2D and Experimental Procedures). Finally, the perform class predictions based on the generation of
corresponding probe set should display differences in self-organized maps (SOMs) (Golub et al., 1999). When
ADV levels between the two types of samples that are a 2-cluster SOM is generated, the OSNs and OPCs seg-
considered statistically significant by the Student’s un- regate perfectly along the OSN-OPC distinction; more-
paired t test (p � 0.05). over, crossvalidation studies (see Golub et al., 1999)

demonstrate these two categories are readily distin-
OPC- and OSN-Specific Transcription guished (not shown). When 3 	 1 and 4 	 1 cluster
We then searched for differences in gene expression SOMs are generated, the algorithm does segregate the
between single OSNs and OPCs. Using the three criteria OSNs and OPCs into further subdivisions, but these
established above, 458 probe sets were predicted to be subcategories perform very poorly on crossvalidation.
enriched in one of the two cell types. Among those, This analysis supports the idea that our Mash-positive

samples reflect a common cell type at a similar develop-209 probe sets representing 187 individual genes were
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Figure 3. Gene Expression in OSNs and OPCs

(A and B) Microarray (A) and in situ hybridization (B) data from selected transcripts with predicted differential expression by OSNs and OPCs.
(A) For each transcript, the corresponding microarray probe set, gene name, and values for the three criteria for predicted differential expression
(p value, mADV [for OSNs and OPCs], and log FC/95 Confidence Interval ratio) are shown. When comparing the profiles of OSNs versus OPCs,
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mental stage. Due to the low abundance of most tran- identified in the developing MOE (Cau et al., 2002), could
not be investigated through the Affymetrix Murine11Kscripts identified in our study, definitive demonstration
probe arrays. Hes5, as assessed by Southern Blot analy-of the coexpression of Mash1 and OPC-specific tran-
sis, does not appear to be present at significant levelsscripts will await further improvement in the sensitivity
in OPC cDNAs.of transcript detection by double in situ hybridization.

OPCs also express multiple factors involved in both
the positive and negative regulations of cell proliferation,

The Transcriptional Profile of Mash1-Positive
suggesting that this cell type is in a highly dynamic state.

Olfactory Progenitors
Three members of the Id protein family, Id1, Id2, and

The transient expression of the bHLH-containing tran-
Id3, had strong and specific expression in OPCs, hinting

scription factor Mash1 by olfactory progenitors corre-
at a potential role in preventing neuroblasts from cell

sponds to a critical step in their progression to a neu- cycle withdrawal further neuronal differentiation (Norton
ronal fate. In the early embryonic MOE, Mash1 is et al., 1998). However, the simultaneous detection of
expressed by a population of rapidly dividing apical neu- the antiproliferative gene Tis21 indicates that OPCs also
roepithelial cells, which then translocate to form a basal receive signals to leave the cell cycle. Indeed, Tis21
pool of dividing Mash1-positive neuronal progenitors expression has been shown in neuroepithelial cells
(Cau et al., 1997, 2000, 2002). These OPCs fail to appear which, at their last division, will generate postmitotic
in the Mash1 mutant, which consequently does not pro- neurons (Iacopetti et al., 1999).
duce any substantial number of OSNs (Guillemot et al., Interestingly, the vast majority of differentially ex-
1993). Mash1 has also been shown to control Notch pressed transcripts appear exclusively expressed in
signaling components and transcription factors essen- basal neuronal progenitors, consistent with the idea that
tial for olfactory differentiation of basal cells, leading to the process of neurogenesis and patterning is initiated
the hypothesis that it functions as a proneural gene in these cells. We identified two interacting Polycomb-
during olfactory development. Therefore, the ability to group genes, Enx1 and Eed (Figure 3A), which suggest
monitor the transcriptional profile of single progenitors a role in chromatin remodeling in olfactory specification
provides a unique opportunity to uncover early Mash1- (Beuchle et al., 2001; Schumacher and Magnuson,
dependent and -independent signaling events that are 1997). In addition, we identified the embryonic TEA do-
essential for olfactory neurogenesis. main-containing transcription factor ETF (Guss et al.,

OPC-specific transcripts displayed distinct types of 2001; Yasunami et al., 1995) and a LIM domain-con-
expression patterns in the E15 MOE. A subset of tran- taining nuclear protein expressed in specific areas of
scripts, including Hes6, Tis21, Enx1, ETF, and Eed, were the developing brain, Rhombotin1 (Rbtn1) (Figure 3A;
found predominantly or exclusively in basal neuronal Hinks et al., 1997). ETF appears transiently expressed
progenitors, while others, notably Pax6, Id2, Eya2, and by Mash1-positive precursors of the basal embryonic
Six1, were equally expressed by both apical and basal epithelium, while Rbtn1, although clearly excluded from
progenitors (Figure 4; see Supplemental Figure S1 at apical precursors, is more widely expressed in basal
http://www.neuron.org/cgi/content/full/38/2/161/ precursors as well as in immature olfactory neurons,
DC1). This result is in agreement with the existence of suggesting a role throughout olfactory differentiation.
distinct pools of basal and apical Mash1-positive pro- Finally, we identified three genes, Eya2, Six1, and Pax6,
genitors and further indicates that the transcriptional which belong to a regulatory network involved in eye
programs of basal and apical progenitors have already development (Figure 3A). Eya2 and Six1 are homologs
significantly diverged. Moreover, the presence of tran- of Drosophila eyes absent (eya) and sine occulis (so),
scripts with exclusive basal expression in all OPCs of respectively. Eya and so interact physically, synergize
our collection enables us to further and more precisely to induce ectopic eyes, and function within a transcrip-
identify these Mash1-positive cells as basal neuronal tional network that also includes eyeless/Pax6 in order
progenitors. to control cell proliferation, patterning, and neuronal

Among the OPC-specific transcripts, we identified specification within the developing eye (Heberlein and
members of the Notch pathway. RBP, a member of the Treisman, 2000; Pignoni et al., 1997). The expression
transcriptional complex controlled by Notch signaling, of three members of the same genetic network in the
and Hes6, which inhibits Hes1 transcription (Bae et al., developing MOE may indicate that the function of the
2000; Koyano-Nakagawa et al., 2000) both appear complex is conserved in olfactory neurogenesis.
upregulated in Mash1-positive cells. In contrast, none
of the OPCs were found to express Hes1, shown to be Mash1-Dependent and -Independent
present in apical Mash1-positive precursors (Cau et al., Transcriptional Control of Olfactory Neurogenesis
2002). Expression of other members of the Notch path- The availability of the Mash1
/
 knockout (Guillemot et

al., 1993), which lacks the open reading frame of theway, Hes5, Serrate1, and Serrate2, which have been

a logFC/95% confidence interval value greater than 1 indicates that the average variability of OSNs versus OPCs is significantly greater than
the threshold defined by the 95% confidence interval equation in Figure 2D. A subset of transcripts shown (Id3, Eya2, Six1, Eed, Rbtn1) was
investigated by RNA in situ hybridization but did not meet 1–2 of the three criteria.
(B) In situ hybridization shows that transcripts predicted to be enriched in OPCs (top three rows) are preferentially expressed in the globose
basal layer of P21 olfactory epithelium, which corresponds to the location of Mash1-positive OPCs (top left panel). In contrast, transcripts
predicted to be enriched in OSNs (lower row) are preferentially expressed in the neuronal layer of P21 MOE, identified by the expression of
OMP (left panel). Dotted lines indicate the basal layer/lamina propria border. S, Sustentacular cell layer; N, neuronal layer; B, globose basal
cell layer; LP, lamina propia.
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Figure 4. Mash1-Dependent and -Independent Pathways in Olfactory Development

Expression patterns of OPC-enriched transcripts were investigated by RNA in situ hybridization on wild-type (wt, left of each column) and
Mash1-deficient (
/
, right of each column) E15 MOE. Top left: Mash1 transcript expression is abundant in both wt and Mash1
/
 MOE.
Bottom left: the expression of several OPC-enriched transcripts is dependent on Mash1. Expression of these transcripts is significantly reduced
(Hes6, Notch1, Lhx2) or virtually eliminated (Hes5, Rbtn1, Tis21) in Mash1 mutants. Right: several OPC-enriched transcripts associated with
neurogenesis are still expressed in the absence of Mash1 function.

Mash1 gene, has allowed us to perform partial epistasis of Hes5, Hes6, Notch1, and Tis21, thereby promoting
neurogenesis and exit of cell cycle.analysis between Mash1 and other transcriptional regu-

lators as identified in OPCs on arrays. The expression In contrast, the expression of a large subset of OPC-
specific transcripts involved in neurogenesis and neu-of genes related to cell proliferation or Notch signaling,

mainly Hes5, Hes6, Notch1, and Tis21, was abolished ronal specification was maintained in the Mash1
/
 epi-
thelium. The extent of expression of these genesor strongly reduced in the mutant E15 MOE (Figure 4).

Control in situ hybridization with a full-length Mash1 throughout the entire MOE well exceeds that of the very
small subset of OSNs known to survive in the ventro-probe reveals the presence of numerous Mash1-positive

progenitors in the E15 mutant epithelium (Figure 4), sug- lateral region of the Mash1
/
 MOE. The expression of
Rbtn1 and Lhx2, another transcription factor expressedgesting that, in these cells, Mash1 controls expression
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in the embryonic MOE and potentially associated with only minor contamination by adjacent cells, we re-
stricted the thickness of tissue sections to 5–7 �m, cor-Rbtn1 function (Cau et al., 2002; Porter et al., 1997), is
responding to a single-cell layer, and narrowed to itsabolished in Mash1
/
 MOE (Figure 4). However, the
minimum the diameter of the laser beam (see Experi-two interacting Polycomb-group genes (Enx1 and Eed),
mental Procedures). Tissue sections were treated withas well as the transcription factors ETF, Sox11, an early
hematoxylin stain, enabling us a thorough visual inspec-olfactory marker (C.D., unpublished), and the three
tion of the captured sample under the microscope tomembers of the retinal development signaling network
assess the presence of a single nucleus (see Figure 6A,(Six1, Eya2, and Pax6), were consistently detected in
insert). In a pilot experiment, we investigated the abilitythe Mash1 mutant epithelium, suggesting that although
to successfully generate amplified single-cell cDNA fromthe ultimate survival of neuronal precursors relies on
laser-captured samples. Single neurons were laser cap-Mash1 function, some aspects of neurogenesis and
tured from frozen sections of vomeronasal organ (VNO),neuronal specification might be readily initiated in the
and single-cell cDNAs generated according to our stan-absence of Mash1 expression.
dard protocol were checked extensively by Southern
blot analysis for a large variety of ubiquitous and VNO-Transcriptional Patterning of the Embryonic MOE
specific markers. Results consistently indicated that theThe expression of olfactory receptor genes is segre-
quality of single-cell cDNAs obtained from laser-cap-gated along a dorso-ventral axis such that all neurons
tured samples was indistinguishable from that of hand-expressing a given OR reside within one of four distinct
picked VNO neurons from our lab collection (not shown).zones of the olfactory epithelium. Although some tran-

Based on these results, we directly aimed at dis-scripts have been shown to display gradients of gene
covering genes differentially expressed between twoexpression along the dorso-ventral axis of the MOE (Nor-
targets of olfactory neuronal projections, the nascentlin et al., 2001), no systematic approach has been per-
precursor cells from the main olfactory bulb (MOBCs)formed to investigate how this patterning is achieved.
and from the accessory olfactory bulb (AOBCs). ForAlthough olfactory receptor (OR) transcripts are not
this purpose, we laser captured cells from parasagittaldetectable in OPCs, in situ hybridization on the E15 MOE
sections at E15.5, a stage at which only mitral cell pro-detects OR expression in more advanced precursors,
genitors have become postmitotic and have migratedwhich are already segregated into four distinct epithelial
into the future bulb (Hinds, 1968). To provide a spatialzones (Buck, 2000). We performed systematic in situ
guide for the laser dissection of AOB versus MOB pre-hybridization on serial sections of the MOE with RNA
cursors, we performed in situ hybridization on adjacentprobes corresponding to ORs and to OPC-specific tran-
sections with Id2, a marker that distinguishes the twoscription factors. This set of experiments revealed that
embryonic bulb structures at E15.5 (Figure 6A, top pan-a subset of the genes identified with the single-cell pro-
els, and Experimental Procedures). Following laser cap-filing study display a dramatic restriction of their expres-
ture, single cells were dissected from the plastic capssion to a subset of the MOE zones both in adult and in
(Figure 6A, third panel) and placed into individual PCRthe embryo. Indeed, while Sox 11, Hes6, and Mash1
tubes for single-cell cDNA amplification (see Experimen-(Figure 5, left column), as well as Six1 and Lhx2 (not
tal Procedures). Confirmation of the identity of eachshown), are widely expressed along the whole epithe-
cell was obtained by Southern blot with Id2 (Figure 6A,lium, Eya2, Rbtn1, Id2, and Id3 are present in progenitors
bottom panel). Of 36 amplified cDNAs, 10 samples (5of one or two ventral zones exclusively (Figure 5, middle
MOBCs and 5 AOBCs) were labeled and hybridized toand right columns). Thus, it appears that restricted ex-
Murine11K Affymetrix microarrays as described (see

pression of transcriptional regulators in distinct zones
Supplemental Data set S3 at http://www.neuron.org/

of the MOE can be detected in early progenitors that
cgi/content/full/38/2/161/DC1). Systematic inspection

have yet to express a given OR. These genes in turn of data quality was performed, confirming that single-
represent good candidates to participate in the combi- cell cDNA obtained by laser microdissection was similar
natorial coding of a dorso-ventral MOE patterning axis, in quality to that obtained from live cells in suspension.
a process that ultimately results in the zonal organization The average number of genes expressed in MOBCs
of OR expression. (2985 � 329) and in AOBCs (3092 � 368) was similar to

Remarkably, the zonal expression of Eya2 (Figure 5A, that obtained from live cells. Moreover, the complexity
right) and Id2 (not shown) appear unaffected in the of low, middle, and high abundance transcripts was also
Mash1 mutant, suggesting that the control of the MOE comparable (data not shown). In addition, comparisons
dorso-ventral patterning is at least partially independent between samples give correlation coefficients compara-
from Mash1-dependent neurogenesis. ble to, although slightly lower than, live OPCs picked

from the MOE (Table 1). This lower correlation coefficient
Transcriptional Profile of Neuronal Progenitors between early bulb precursors is expected because
Captured from Brain Slices these cells are present at different maturation stages
Patterning events in the embryo rely on the spatial segre- and have not been selected for the expression of a
gation of molecularly distinct subpopulations, and neu- defined developmental marker as were Mash1-positive
rons and neuronal precursors of specific types are often OPCs.
closely intermingled within a defined structure. Laser To find genes differentially expressed between
capture microscopy on tissue slices offers the unique MOBCs and AOBCs, we applied the three criteria estab-
opportunity to isolate specific cell types from precise lished previously. 131 probes representing 125 genes
tissue locations. were specifically and highly upregulated in MOBCs,

while 20 probes representing 18 genes were specificallyIn order to successfully isolate single precursors with
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Figure 5. OPC-Enriched Transcription Fac-
tors in Olfactory-Receptor Zones

(A) RNA in situ hybridization patterns on adja-
cent, coronal sections of E15 MOE. Sox11,
Hes6, and Mash1 are strongly expressed
throughout the embryonic MOE. In contrast,
Eya2, Rbtn1, Id2, and Id3 (not shown) are
preferentially expressed in ventral zones. The
expression of Eya2 in Mash1-deficient MOE
(Eya2/Mash1
/
) is similar to the zone-re-
stricted pattern in wild-type tissue. A sche-
matic of the four zones in e15 MOE is shown
at lower right.
(B) The zone-restricted expression of tran-
scripts is maintained in p21 MOE. Represen-
tative examples of Sox11, Eya2, and Rbtn1
expression in dorsal (zone 4) and ventral
(zone 1) regions of MOE are shown, as deter-
mined by olfactory receptor expression on
adjacent sections (not shown).

upregulated in AOBCs (see Supplemental Table S2 and Discussion
Data set S4 at http://www.neuron.org/cgi/content/full/

We have demonstrated here the ability to monitor the38/2/161/DC1). A significant number of these enriched
genes have known functions in transcriptional regulation transcriptional profile of individual cells. Although others

have reported on the representation of cDNA amplifiedand repression, cell cycle control, translational control,
the regulation of the cytoskeleton, and cell adhesion, from dilute starting material (Iscove et al., 2002) or the

ability to detect amplified material on nylon filters (Kleinthus offering promising leads toward the dissection of
transcriptional networks specifying distinct mitral cell et al., 2002), the hybridization of amplified single-cell

cDNAs to microarrays for the purpose of monitoringpopulations.
The expression pattern of several of these transcripts large-scale changes in gene expression is an unvali-

dated method. We have documented the sensitivity, re-was tested by in situ hybridization on E15.5 olfactory
bulbs (Figure 6C), confirming the very tight concordance liability, and fidelity of the single-cell cDNA amplification,

resulting in a faithful representation of the original single-between array and expression data already observed
with hand-picked cells: 11/13 (85%) transcripts gave the cell transcriptome and therefore the ability to predict

meaningful differences between specific and rare cellexpected expression patterns as predicted by the array
(see Supplemental Table S3 at http://www.neuron. types.

We have established useful criteria that permit theorg/cgi/content/full/38/2/161/DC1). Two of these genes
(aa611744 and COUP-TF1) selectively stained only the successful identification of transcriptional differences

between individual cells, while reducing false calls re-posterior half of the AOB (Figure 6C and data not shown),
attesting to the cellular heterogeneity of mitral cell pre- sulting from random variability in gene expression or

PCR distortions. Similar results were obtained using thecursors at that stage.
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Figure 6. Laser Capture of Single Cells and Gene Expression in Embryonic Olfactory Bulb

(A) Laser capture microscopy of single MOBCs and AOBCs from a section of E15.5 olfactory bulb. Top: Id-2 is expressed in the developing
MOB, but not in the AOB. Second from top: adjacent section following laser capture of single cells. Dark circles indicate areas where laser
pulses melted the plastic cap. Second from bottom: cell samples adhering to the cap. Close inspection of captured samples (insert) demonstrate
the presence of single nuclear structures. Bottom: Southern blot on single-cell cDNAs from captured cells confirms expression of Id-2 in
MOBCs (cells 4–5) but not AOBCs (cells 1–3).
(B and C) Microarray (B) and in situ hybridization (C) data of selected transcripts with predicted differential expression in the MOB (Id2, Ugalt2)
and AOB (coup-tf1). Details are the same as Figure 3.

self-organizing map and class predictor strategies of difference, however, is that the 95% confidence interval
provides an experimentally defined approach to varyGolub et al. (1999) to identify those genes that behave

as strong “predictors” of OSN versus OPC cells. One the fold change required for selection as a function of



Neuron
172

min at 37�C in phosphate-buffered saline (PBS) (without Ca2� andthe mADV, instead of a simple uniform fold change for
Mg2�), 0.025% trypsin, 0.75 mM EDTA. After gentle trituration of theall mADV, thereby providing a more stringent filter for
tissues in Dulbecco’s modified Eagle’s medium plus 10% fetal calfgene selection. We also found that one could reduce
serum, cells were collected by centrifugation and resuspended in

the stringency of transcript selection, by using only a ice-cold PBS. The cell suspension was observed on a Leitz inverted
subset of the established criteria, and still obtain mean- microscope. OSNs from adult MOE preparations were identified as

bipolar neurons with an axonal process and a dendrite terminatingingful information, although with a higher percentage of
in an olfactory knob. Cells from E15 preparations were picked inde-error. In particular, it appears from our data that a lower
pendent of cell morphology. Isolated cells were picked with a mouthstringency filter permits identification of transcripts with
pipette fitted with a beveled microcapillary. Single cells were seededexpression by a cell subset only, for example, coup-TF1
into thin-walled PCR tubes (Perkin-Elmer) containing 4 �l of ice-

in the posterior AOB. cold cell lysis buffer (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM
Some limitations of the presented strategy have MgCl2, 0.5% NP-40, containing 80 ng/ml pd(T)19-24 [Pharmacia], 5

emerged during our study. First, although the vast ma- U/ml Prime RNase inhibitor [5�-3� Incorporated], 324 U/ml RNAguard
[Pharmacia], and 10 �M each of dATP, dCTP, dGTP, and dTTP).jority of microarray probe sets appear to function nor-
Lysis was subsequently performed at 65�C for 1 min. First-strandmally, probe sets that do not correspond to the 3�-most
cDNA synthesis was then initiated by adding 50 U of MMLV and 0.5portions of the transcript do not successfully detect
U of AMV reverse transcriptases (Invitrogen) followed by incubation

single-cell cDNA. In addition, in the absence of cell- at 37�C for 15 min. Samples were heat inactivated at 65�C for 10
specific markers for rare or poorly characterized cell min, and poly(A) was added to the first-strand cDNA product by
types, the ability to identify and isolate one’s favorite adding an equal volume of 200 mM potassium cacodylate (pH 7.2),

4 mM CoCl2, 0.4 mM DTT, 200 �M dATP containing 10 U of terminalneuronal cell type and precursor might present some
transferase (Roche Diagnostics) at 37�C for 15 min. Samples werechallenge, a problem further enhanced by the fact that,
heat inactivated at 65�C for 10 min, and the contents of each tubedue to cell-to-cell variability, the analysis of at least
was brought to 100 �l with a solution made of 1	 PCR buffer II4–5 samples per cell type is required to eliminate false
(Applied Biosystems), 2.5 mM MgCl2, 100 �g/ml bovine serum albu-

positives from cell type comparisons. This issue is likely min, 0.05% Triton X-100 and containing 1 mM of dATP, dCTP, dGTP,
to be partially alleviated by enhanced cell identification dTTP, 10 U of AmpliTaq polymerase (Applied Biosystems), and 5
afforded by the laser capture microscopy. �g of the PCR primer AL1. The AL1 sequence is 5�-ATT GGA TCC

AGG CCG CTC TGG ACA AAA TAT GAA TTC (T)24-3�. PCR amplifica-The large-scale analysis of transcriptional profiles ob-
tion was then performed according to the following schedule: 94�Ctained from individual olfactory neurons and olfactory
1 min, 42�C 2 min, and 72�C 6 min with 10 s extension per cycle forprogenitors has provided a unique snapshot of the dif-
25 cycles. An additional 5 U of Taq polymerase was added before

ferent regulatory networks concurring or competing performing 25 more cycles of PCR without the 10 s extension per
within a single cell at a specific developmental stage to cycle. In this manner, 10–20 �g of PCR-amplified cDNA was synthe-
control cell proliferation and olfactory specification. sized from RNA of individual neurons.

Five microliter aliquots of each single-cell cDNA were checkedIn order to test the utility of our new experimental
for the presence of ubiquitous and cell type-specific markers bystartegy, we focused our attention on unraveling Mash1-
Southern blot hybridization (see below). All single-cell cDNA consid-dependent and -independent epistatic interactions. The
ered for further study showed strong expression of �-tubulin andpersistent expression of OPC-specific transcripts asso-
GAPDH. OPCs were identified by the strong expression of Mash1,

ciated with neurogenesis in basal cells throughout the cdc2, and Ki67 (Guillemot et al., 1993; Riabowol et al., 1989; Schol-
entire epithelium of the Mash1
/
 mutant well exceeds zen and Gerdes, 2000). OSNs were identified by the strong expres-
the presence of a small subset of surviving OSNs already sion of olfactory marker protein (OMP).

In addition, the olfactory receptor sequence was identified fromdescribed in the mutant MOE. Thus, our data indicates
single OSNs using degenerate PCR essentially as previously de-that some aspects of neurogenesis still occur in the
scribed (Malnic et al., 1999). Olfactory receptor sequences wereabsence of Mash1. Our identification of an Eya2, Six1,
confirmed by DNA sequencing. In no case was �1 OR sequence

and Pax6 transcriptional network in OPCs of wild-type detected per single OSN sample.
and Mash1 mutant documents how networks that con- Single OPC and OSN samples that met the above criteria were
trol the expression of bHLH factors are changed and subsequently reamplified by PCR. 2.25 �l of each single-cell cDNA

was added to 300 �l of 1	 PCR buffer II, 2.5 mM MgCl2, 0.2 mMredeployed under Mash1-dependent and -independent
dNTPs, 5 U AmpliTaq, and 5 �g AL1 primer. Samples were thenconditions in different developmental systems (Heanue
PCR amplified with 30 cycles of 94�C 1.5 min, 42�C 2 min, 72�C 3et al., 1999; Ohto et al., 1999).
min. Approximately 50 �g of sample was obtained in this manner.In conclusion, the level of reproducibility, sensitivity,
100 �l aliquots were added to PCR purification columns (Qiagen)

and accuracy of our single-cell approach provides unri- and rechecked for the presence and intensity of control markers by
valled cellular resolution for large-scale transcriptional Southern blot. OSN samples were also rechecked for the presence
analysis that has immediate application for the study of of olfactory receptor sequence by degenerate PCR. Samples with

robust expression of all diagnostic markers were then hybridizedolfactory neurogenesis and can be more vastly applied
to microarrays (see below).to investigate the molecular nature of neuronal diversity

throughout the developing, the adult, and the diseased
brain. “Spiked” Single OSN Preparation and Analysis

Poly(A)-tailed B. subtilus Lys, Dap, Phe, and Thr RNA were prepared
as described (Lockhart et al., 1996) and “spiked” into a subset ofExperimental Procedures
OSN samples. Spike RNAs were added into the single-cell lysis
buffer to the following final concentrations: Lys, 10
6 pg/sample;Single OSN and OPC cDNA Preparation and Analysis
Dap, 2 	 10
6 pg/sample; Phe, 10
5 pg/sample; Thr, 10
4 pg/sample.Single-cell cDNA synthesis and amplification was performed for all
Assuming 1 �g of poly(A)-RNA with an average length of 2 kb �samples according to Dulac and Axel (1995). Single OSNs and OPCs
1.52 pmol, this translates into �1, 2, 10, and 100 copies/sample,were obtained from c57Bl/6J mice. OSNs and OPCs were obtained
respectively. Samples were then amplified by single-cell PCR andfrom dissected MOEs from adult and embryonic day 15 (E15) em-

bryos, respectively. Small pieces of tissue were dissociated for 10 analyzed as described above.
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HGC cDNA Preparation and Analysis Microarray Data Analysis
Microarray image data were analyzed using Affymetrix GeneChipA T98G human glioblastoma cell line (CR1-1690) was serum starved
System v3.2 software with the following changes to Data Analysis3 days, trypsinized 5 min, and resuspended in PBS without Ca2� or
parameters: positive/negative minimum, 2.2; positive/negative max-Mg2�. 88% of all cells were determined to be in G1/G0 phase by
imum, 3.0; positive ratio minimum, 0.24; positive ratio maximum,FACS analysis (data not shown). Resuspended cells were counted
0.33; average log ratio minimum, 0.80; average log ratio maximum,with a hemocytometer and diluted to a concentration of 20 cells/
1.2. These values lower the stringency of the Absolute call to com-�l. 1HGC samples were picked as described above. 10HGC samples
pensate for the lack of full-length transcripts in single-cell cDNA.were obtained by adding 0.5 �l of the cell suspension directly to

All subsequent analysis was performed using Microsoft Excel. Tothe single-cell lysis buffer. cDNA was obtained as described above
obtain the 95% confidence interval equation quantifying significantand checked for the strong expression of �-tubulin and GAPDH by
1HGC gene expression variability, the mean ADVs (mADVs) andSouthern blot. Samples with robust expression of these markers
absolute values of the log fold change (logFC) were calculated forwere directly hybridized to microarrays (see below).
each probe set in pairwise comparisons of the 1HGC microarray
data (6 samples for 15 total pairwise comparisons). All pairwise

Diluted HGC RNA Preparation and Analysis comparisons were independently ranked from highest to lowest by
Total RNA was extracted with RNAzol (Tel-Test) from a T98 human mADV, and the corresponding logFC and mADV were then averaged
glioblastoma cell line according to manufacturer’s specifications. across all ranked, pairwise comparisons. This ranked logFC was
The total RNA (�2000 ng/�l) was then serially diluted to a concentra- plotted against the ranked mADV, thereby providing a measure of
tion of 200 pg/�l and 20 pg/�l. 0.5 �l of each dilution was directly FC variability at a given mADV that is independent of gene identity.
added to the single-cell lysis buffer. cDNA was obtained as de- The best-fit regression curve through all points with a pairwise
scribed above and checked for the strong expression of �-tubulin mADV � 250 was calculated using Excel’s data analysis feature as
and GAPDH by Southern blot. Samples with robust expression of y � 4.6714x
0.3544 (R2 � 0.5838), where y is the log fold change and
these markers were directly hybridized to microarrays (see below). x is the mADV. The 95% prediction or confidence interval was then

calculated for all values as described by Rosner (2000), which for
our HGC data set is approximated by the equation y � 2.67x
0.1984.Laser Capture Microdissection and Sample Preparation

A total of nine OSNs, seven OPCs, five OBCs, and five AOBCs
E15.5 mouse olfactory and accessory olfactory bulbs were dis-

were used to find differentially enriched transcripts. A transcript of
sected and freshly embedded in Tissue-Tek OCT compound (Sa-

interest was isolated based on three criteria. First, the corresponding
kura). 5–7 �m parasaggital cryosections of E15.5 bulbs were placed

probe set had differential expression between OSNs and OPCs that
on permafrost-coated glass slides and taken through the following was statistically significant (p � 0.05, Student’s unpaired t test).
staining and dehydration procedure: 70% EtOH 30 s, H2O 5 s, May- Second, for the corresponding probe set, the mADV across all cells
er’s Hematoxylin (Sigma) 1 min, H2O 5 s, Bluing Reagent (Shandon) analyzed was �250. Third, the logFC, based on the ratio of the
1 min, 70% EtOH 10 s, 95% EtOH 10 s, Eosin Y (Shandon) 20 s, mADVs of all OSNs and all OPCs for the corresponding probe set,
95% EtOH 30 s 	2, 100% EtOH 1 min 	2, xylene 5 min 	2, air dry exceeded the fold change threshold defined by the same 95% confi-
15 min. Single-cell nuclei were then laser microdissected using a dence interval equation described above. For this calculation, the
PixCell II Laser Capture Microdissection microscope (Arcturus). Sin- mADV for each probe set across all cells was used to determine
gle cells were removed from the Capsure caps (Arcturus) using a the 95% confidence interval that must be exceeded by the observed
microneedle and placed into PCR tubes. Lysis buffer was added fold change. A mADV in OSNs or OPCs that was 1 was rounded
directly to the laser-captured sample, and single-cell cDNA was up to 1. All differentially expressed transcripts described in the text
generated as described above. Samples were checked by Southern were isolated using the criteria defined here unless otherwise noted
blot for the strong expression of �-tubulin and GAPDH, and Id2 (see text and Supplemental Table S3 at http://www.neuron.org/cgi/
expression in MOBCs and absence in AOBCs was confirmed. Sam- content/full/38/2/161/DC1).
ples were reamplified as described above, rechecked for the pres-
ence and intensity of control markers, and hybridized to microarrays Whole-Tissue Preparation, Hybridization, and Analysis
(see below). RNA extraction from whole tissues and microarray hybridization

were performed as previously described (Mody et al., 2001). Data
analysis was performed as described above.

Microarray Hybridization
Ten micrograms of single-cell cDNA was digested with 1U RQ1

Probes for Southern Blot and RNA In Situ
DNase (Promega) in 1	 One-Phor All buffer (Pharmacia) in 80 �l

Hybridization Analysis
total volume at 37�C for 13 min, followed by 99�C for 15 min. DNA

All cDNA probes for Southern blot and RNA in situ hybridization
fragments were end-labeled with 25 �M Biotin-N6 ddATP (NEN) and analyses were obtained using specific PCR primers spanning most,
45 U terminal transferase (GIBCO-BRL) at 37�C for 1.5 hr, 65�C for if not all, of the 3�-most 600 bp of full-length cDNA sequences as
5 min, then on ice for 5 min. annotated in GenBank (http://www.ncbi.nlm.nih.gov). PCR products

DNA fragments were then hybridized to HuGeneFL or Mu11K were obtained from cDNA derived from adult or E15 mouse brain
GeneChip probe arrays (Affymetrix) (Mody et al., 2001). Microarrays using Superscript II reverse transcriptase (Promega) or from a
were prewarmed on a rotisserie at 60 rpm, 45�C, 15 min with 1	 Lambda-ZAP cDNA library generated from adult MOE (Stratagene).
MES (0.1 M Mes, 1.0 M NaCl, 0.01% Triton X-100 [pH 6.7]), 0.5 mg/ All PCR products were cloned into the pTOPOII vector (Invitrogen).
ml acetylated BSA (GIBCO-BRL), and 0.5 mg/ml herring sperm DNA Sequences confirmed by DNA sequencing or restriction enzyme
(Promega). Immediately before hybridization, single-cell cDNA was analysis were used as templates for both Southern blot and digoxi-
warmed to 99�C for 5 min and cooled in a water bath at 45�C. cDNA genin-labeled RNA probes (Roche Diagnostics).
was then added to microarrays and incubated in a rotisserie at 60
rpm, 45�C for 16 hr. In Situ Hybridization Analysis

Following hybridization, arrays were washed with 6	 SSPE-T (0.9 RNA in situ hybridization was performed as described (Schaeren-
M NaCl, 60 mM NaH2PO4, 6 mM EDTA, 0.01% Triton X-100 [pH 7.6]) Weimers and Gerlin-Mose, 1993). MOEs were dissected from young
at 22�C on a fluidics station (Affymetrix) for 10 	 2 cycles, followed adult (3- to 4-week-old) mice or from the whole heads of E15 mice.
by incubation with 0.1	 MES buffer on a rotisserie at 60 rpm, 45�C, OB/AOBs were dissected from e15 mice. Tissues were either fixed
30 min. Arrays were again washed as above. Hybridized samples in 4% paraformaldehyde or freshly embedded in Tissue-Tek OCT
were then stained with a streptavidin-phycoerythrin conjugate (Mo- compound (Sakura). Antisense and sense digoxigenin-labeled
lecular Probes) at 40�C for 15 min and washed as above. To enhance probes were generated as described above.
the signals, arrays were further stained with anti-streptavidin anti-
body (Vector) at 40�C for 30 min, washed as above, stained with a Acknowledgments
streptavidin-phycoerythrin conjugate at 40�C for 15 min, and washed
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