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blade, incubated for 30min with collagenase at room temperature
(,20 8C) and then flash-frozen. A small amount of each tissue was
amplified according to the same protocol. There was no significant
effect of either the enzymatic treatment or the age of the animal on
the expression levels of the target genes (Supplementary Table 1).
To verify the reproducibility of the amplification method in

maintaining correct representation of individual mRNA levels, we
repeatedly amplified the equivalent of a single cell from a pool of
lysed cardiomyocytes, as compared with amplifications of single
cells, from the heart of a 6-month-old mouse (Fig. 1b). We sub-
sequently quantified for each cell, or single-cell equivalent, the
expression level of the heart-specific geneMyl2, encoding the myosin
ventricular regulatory light chain. In this case, the highly expressed
mitochondrial cytochrome c oxidase gene COX1 (also known as
mt-Co1) was used as the reference gene. The results show very little
variation in relative quantity among single-cell equivalents (Fig. 1c),
which was within the range of the real-time PCR error. In contrast,
variation in the relative quantity of Myl2 among single cells was
significant, indicating cell-to-cell variation in gene expression already
occurs among cells from a young heart. Similar results were obtained
with other highly expressed genes. Notably, transcriptional noise
among single-cell equivalents was significant when studying genes
expressed at a lower level in the heart, such as Actb or Gapdh,
probably because of increased sensitivity of transcripts to stochastic
fluctuations when present at low copy number9.
We then captured at least 15 individual cardiomyocytes for each of

three young and three old animals, and subjected each cell to the
global mRNA amplification procedure followed by quantification of
the expression level of each target gene by real-time PCR. For
normalization, we used different genes in the panel depending on
the expression level (Table 1). Bartlett’s test for unequal variances was
used to test for differences in gene expression variability. The results
indicated a highly significant increase in cell-to-cell variation in the
expression levels of all nuclear genes in the old animals as compared
with the young ones (Table 1). This increased cell-to-cell variation
was observed irrespective of the reference gene used; however, for the
genes Lmna and Ctss significance levels were reached with only one
reference gene.
An example of the increased cell-to-cell variation in transcript

levels in old mouse heart is shown in Fig. 2a for b-actin (Actb), b-2
microglobulin (B2m), lipoprotein lipase (Lpl) and cardiac a-actin
(Actc1), normalized over glyceraldehyde-3-phosphate dehydrogenase
(Gapdh). In contrast, no significant cell-to-cell variation was observed
when quantifying the three mitochondrial cytochrome c oxidase
genes—COX1, COX2 (also known as mt-Co2) and COX3 (also
known as mt-Co3)—with either of these as the reference gene

(Fig. 2b; Table 1). This is not unexpected, as these genes are
transcribed as one long RNA molecule with many thousands of
mitochondria present in each cardiomyocyte. When normalized
against a nuclear gene, such as Gapdh, significant cell-to-cell variation
in the relative quantities of each mitochondrial gene was always found
(data not shown). These results underscore the stochasticity residing in
nuclear genes and independently confirm the unbiased nature and
reproducibility of the global mRNA amplification method.
We consider it unlikely that the observed cell-to-cell variation in

relative gene expression and its increase with age are caused by the
isolation procedure, because a doubling of collagenase concentration
or incubation time resulted in the same range of cell-to-cell variation
and a similar increase with age (data not shown). Nevertheless, we
tested for a possible systematic effect on gene expression in the
different cells by constructing heat plots for each group of cells—that
is, from the three young and three old animals. The results show no
specific correlation of the relative gene expression levels for any of the
cells, allowing us to conclude that the observed variation is random
and free of systematic bias (Fig. 2c).
Noise is inherent in the basic process of transcription, especially

for genes expressed at low levels9,10.We considered the possibility that
alterations in the somatic genome—for example, as induced by
reactive oxygen species (a likely causal factor in ageing)—could
contribute to increased stochasticity of gene expression. To confirm
that genotoxic treatment does lead to increased stochasticity of gene
expression in cells, we treated cultured mouse embryonic fibroblasts
(MEFs) at early passage with 0.1mM hydrogen peroxide (H2O2), a
known generator of oxidative damage. At this dose the survival rate is
approximately 80%. At different time points after treatment, indi-
vidual cells were obtained and global mRNA amplified, similar to the
cardiomyocytes fromyoung and old heart. For these cells, we assessed
themRNA levels of three housekeeping genes—that is,Actb, B2m and
Tuba6 with Gapdh as the normalizer. As compared with single-cell
equivalents, untreated cells showed a trend (P ¼ 0.0847) towards
cell-to-cell variation in gene expression, similar to the situation in
cardiomyocytes from young animals, albeit with less magnitude
(Fig. 3a). At 48 h after the treatment with H2O2, cell-to-cell variation
in gene expression greatly increased. This is shown in Fig. 3a for Actb
as an example, but a similar increase was observed for B2m andTuba6
(data not shown).
To investigate when this H2O2-induced transcriptional noise

occurred and how long it would last, we studied cell-to-cell variation
in the expression of these three housekeeping genes at 6 h, 48 h and 9
days after treatment in several independent experiments. The results
of one such experiment is shown in Fig. 3b. At 6 h after treatment,
cell-to-cell variation in the relative expression level of none of these

Figure 1 | Reproducibility of unbiased, global mRNA amplification of mouse
cardiomyocytes. a, Typical morphology of cardiomyocytes after enzymatic
dissociation. Original magnification, £400. b, Schematic representation of
the strategy to validate cell-to-cell variation in gene expression as compared
with the experimental variation in repeated globalmRNAamplification. The
single-cell equivalents were made from a pool of lysed cardiomyocytes.
Fifteen single cells and ten single-cell equivalents were separately subjected

to mRNA isolation, reverse transcription and global cDNA amplification.
c, Relative expression of theMyl2 gene (over COX1). Significantly increased
variability was observed among the single cells as compared with the
single-cell equivalents (P ¼ 0.0026). Boxes in the box plots indicate the
interquartile range (IQR) with the median; the whiskers indicate 1.5£ the
IQR.
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