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405 30 Göteborg, Sweden; 3The Oxford Centre for Diabetes, Endocrinology and Metabolism, The Churchill Hospital, Oxford,
OX3 7LJ, United Kingdom

The transcriptional machinery in individual cells is controlled by a relatively small number of molecules, which may
result in stochastic behavior in gene activity. Because of technical limitations in current collection and recording
methods, most gene expression measurements are carried out on populations of cells and therefore reflect average
mRNA levels. The variability of the transcript levels between different cells remains undefined, although it may have
profound effects on cellular activities. Here we have measured gene expression levels of the five genes ActB, Ins1, Ins2,
Abcc8, and Kcnj11 in individual cells from mouse pancreatic islets. Whereas Ins1 and Ins2 expression show a strong
cell–cell correlation, this is not the case for the other genes. We further found that the transcript levels of the
different genes are lognormally distributed. Hence, the geometric mean of expression levels provides a better
estimate of gene activity of the typical cell than does the arithmetic mean measured on a cell population.

[Supplemental material is available online at www.genome.org.]

A typical eukaryotic cell contains ∼20 pg of RNA, of which less
than 5% is mRNA. This corresponds to a few hundred thousands
of transcripts of the ∼10,000 genes that are expressed in each cell
at any given time (Kuznetsov et al. 2002), and the composition of
this expression palette, or transcriptome, influences cell function
and is a record of its recent history. When a small number of
molecules determine the outcome of a reaction, a certain degree
of stochastic variation is expected. As the number of mRNA mol-
ecules increases, so does the predictability of the number of pro-
teins synthesized per cell. Likewise, if the number of enhancer
and transcription activator molecules in a cell is low, large varia-
tion in mRNA copy number is expected (Walters et al. 1995;
McAdams and Arkin 1997; Fiering et al. 2000; Elowitz et al. 2002;
Raser and O’Shea 2004). These effects may account for the large
cell-to-cell variations observed in isogenic cell populations
(Levsky and Singer 2003; Peixoto et al. 2004). Furthermore, such
variability can be anticipated to play important roles in biologi-
cal processes and even establish asymmetries that determine cell
differentiation (Fiering et al. 2000). These fundamental questions
can be addressed by quantitative single-cell mRNA expression
studies. Some insight about the gene expression profile in single
cells can be obtained by microarray analysis following amplifi-
cation of the mRNA by T7 polymerase (Luo et al. 1999; Kamme et
al. 2003) or RT-PCR (Chiang and Melton 2003; Tietjen et al.
2003). These studies have demonstrated cellular heterogeneity of
seemingly homogenous, morphologically defined cell types
(Kamme et al. 2003; Levsky and Singer 2003). Other methods for
single-cell gene expression analysis employ either the luciferase
reporter gene (Castano et al. 1996) or green fluorescent protein

(GFP) constructs to monitor variations at the protein level in
yeast (Blake et al. 2003; Raser and O’Shea 2004) and bacteria
(Elowitz et al. 2002; Ozbudak et al. 2002). By single-cell high-
resolution multiplex fluorescence in situ hybridization, mRNA
levels of genes expressed under the same promoter have been
found to correlate, while high variation was found among unre-
lated genes (Levsky et al. 2002).

Here we have studied the expression of five genes in indi-
vidual mouse pancreatic islet cells and MIN6 insulinoma cells
(Miyazaki et al. 1990) by reverse transcriptase quantitative real-
time PCR (RT-QPCR). This technique affords superior sensitivity,
accuracy, and dynamic range compared with that of alternative
methods for gene expression analysis (Bustin 2000; Peixoto et al.
2004). The pancreatic islets of Langerhans play a central role in
the regulation of plasma glucose level. Each islet contains on
average a total of 1000 cells of at least four to five different en-
docrine cell types (Bishop and Polak 1997). This diversity com-
plicates the study cell-type–specific effects on gene transcription.
By combining the patch-clamp technique with real-time PCR
(Sucher et al. 2000; Liss et al. 2001; Gehwolf et al. 2002), we have
determined the expression levels of several genes in individual
pancreatic cells exposed to either low or high glucose concentra-
tions. These include �-actin (ActB), insulin I (Ins1), insulin II
(Ins2), as well as the KATP-channel subunits sulfonylurea receptor
1 (SUR1, a member of ATP-binding cassette family; Abcc8) and
the inwardly rectifying channel Kir6.2 (subfamily J, member 11;
Kcnj11).

Results and Discussion
Out of a total of 169 mouse islet cells, 84 were incubated in the
presence of 5 mM glucose (low) and 85 in 20 mM glucose (high).
In Table 1, the arithmetic means of the expression level of the
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five genes indicate that whereas the number of insulin transcripts
per cell is in the order of several thousand copies, ActB and Abcc8
transcripts are present in a few hundred copies. The number of
transcripts of the KATP-channel subunit Kcnj11 is <30 copies per
cell. Based on the presence of Ins1 or Ins2 transcripts, it was
concluded that at least 123 cells (73%) were �-cells. The fraction
of �-cells in islet preparations is known to show large variations,
and the average is 70%–80% (Barg et al. 2000).

To visualize the gene expression profile in a population of
cells, distribution plots were used. Figure 1 shows histograms of
ActB expression levels in both logarithmic and linear scale. As
confirmed by the Shapiro-Wilk normality test, the transcript
distribution is lognormal at 95% significance level (P = 0.05)
(Table 1). The transcript distribution of the other genes is also
lognormal at the same significance level. Corresponding data for
the MIN6 cells are in Supplemental Table 1.

Lognormal distributions are
common in nature. They are occa-
sionally mistaken for normal
(Gaussian) distributions, although
the difference is fundamental (Lim-
pert et al. 2001). In lognormal dis-
tribution, random, independent ef-
fects are multiplicative, while they
are additive in a normal distribu-
tion. Bacteria in exponential
growth are a classic example of a
biological system where the num-
bers of organisms in the different
colonies show lognormal distribu-
tion. Many more examples are
known (Koch 1966; Limpert et al.
2001). The parameters describing
the lognormal distributions of the
expression levels of the studied
genes at low and high glucose con-
centrations are given in Table 1.
Whereas the arithmetic mean is

representative for a normally distributed population, the geomet-
ric mean is a better indicator for a lognormal population. The
differences between the geometric and arithmetic means of cel-
lular gene expression levels for the Ins1 and Ins2 genes in the
non–glucose-stimulated cells were substantial and amounted to
nine- and fivefold, respectively. This is consistent with lognor-
mal distribution of expression levels.

We ascertained that the observed lognormal distribution of
expression levels reflects true biological variability and is not an
artifact of the technology or the approach used (see Supplemen-
tal information; Methods; Supplemental Fig. 1). The finding that
cellular transcript levels are lognormally distributed has implica-
tions on the interpretation of gene expression data in general. If
mRNA expression levels among cells are lognormally rather than
normally distributed, then the average expression measured on a
cell population does not reflect the expression in the typical cell
in the population. The average value is strongly biased by a small
population of cells with very active transcription of the particular
gene. Accordingly, it may not be valid to extrapolate results of
gene expression measurements on cell populations to the single-
cell level. We analyzed this aspect by measuring the distribution
of the ratios between the expression levels at high and low glu-
cose concentration for Ins1 and Ins2 (see Table 3). Glucose stimu-
lation has been reported to increase Ins1 and Ins2 expression two-

Table 2. Pearson correlation coefficients based on logarithms of
expression levels

ActB Ins1 Ins2 Abcc8 Kcnj11

ActB 1
Ins1 0.15 1
Ins2 0.12 0.90 1
Abcc8 �0.02 �0.01 0.06 1
Kcnj11 0.11 �0.02 0.24 �0.15 1

Pearson coefficient is calculated as

−1 � r = ��xi − x��yi − y�����xi − x�2��yi − y�2 � 1,
where x and y are the logarithms of expression levels of the two genes, i
indexes the cell, and the bar indicates average. r close to 1 signifies strong
positive correlation, while a value close to zero means no correlation.
Negative r value would be anti-correlation.

Figure 1. Histograms showing the expression levels of 96 cells express-
ing ActB in logarithmic and linear scale (inset). Logarithms of transcript
levels are mean-centered for the two glucose concentrations. Solid line
describes lognormal distribution centered on the geometric mean (2.06)
of the ActB expression levels. Inset shows histogram of the expression
levels in linear scale.

Table 1. Statistical parameters describing gene expression in single (insulin-expressing) �-cells at
5 and 20 mM glucose

Glucose Gene Na
Arithmetic

meanb
Geometric

meanc
log10 Geometric

mean (SD)d
Shapiro-Wilk

P-valuee Skewnessf

5 mM ActB 51 130 61 1.79 (0.51) 0.56 �0.02
Ins1 70 1700 190 2.29 (0.94) 0.32 0.06
Ins2 44 5200 1100 3.03 (1.03) 0.005 �0.12
Abcc8 28 130 98 1.99 (0.34) 0.97 �0.05
Kcnj11 15 30 24 1.38 (0.22) 0.77 0.31

20 mM ActB 45 420 300 2.47 (0.37) 0.53 0.01
Ins1 49 7700 3200 3.51 (0.67) 0.09 �0.70
Ins2 47 16000 10000 4.01 (0.53) 0.05 �0.70
Abcc8 23 180 150 2.16 (0.33) 0.21 �0.01
Kcnj11 18 34 31 1.49 (0.23) 0.48 �0.19

aN is the number of cells expressing the tested gene. A total of 60 (84 for Ins1 and Ins2) cells were collected
in 5 mM glucose, and 61 (85 for Ins1 and Ins2) cells in 20 mM glucose.
bThe arithmetic mean is calculated as µA = (∑ Xn)/N.
cThe geometric mean is derived from the formula µG = (� Xn)1/N.
dLogarithm of the geometric mean and corresponding standard deviations.
eFor the Shapiro-Wilk test, a high P value reflects a good fit. If P � 0.05, then the null hypothesis that data
are lognormal cannot be rejected.
fSkewness is calculated as � = ∑(Xn � µ)3/(N � 1)�3.
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