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Figure 1. Cell heterogeneity among primary astrocytes and neurosphere cells. Heat maps for 164 primary astrocytes (A) and 83 primary neurosphere
cells (B) were constructed using Ward’s algorithm and Euclidean distance measure for all cells. Expression levels of all genes were mean-centered.

Most cells in primary astrocyte cultures and neurosphere
cells co-express astrocyte and stem cell markers

Glutamine synthase converts the neurotransmitter glu-
tamate into glutamine and is expressed by astrocytes in
the brain (36,37). Of 164 cells from primary astrocyte
cultures, 153 (93%) expressed GS (Table 1). Among GS-
positive cells, 78% expressed Nes, 75% expressed Sox2
and 65% expressed Nes and Sox2, both markers of
stem/progenitor cells (38) and found also in some astro-
cytes (39,40). The intermediate filament protein genes
GFAP and Vim were expressed by 139 (85%) and 161
(98%) cells, respectively.

Among neurosphere cells, 90% expressed GS; of these,
91% expressed Nes and 63% expressed Sox2. All cells that

expressed GS and Sox2 also expressed Nes. GFAP, which
is expressed in astrocytes and some progenitor cells
(28,34,35), was expressed in 86% of the cells—the same
proportion as in astrocyte cultures. All neurosphere cells
expressed Vim.

GFAPS, a splice form of GFAP found in neural progeni-
tor cells (41), was expressed in 38% of primary astrocytes
but in only 10% of neurosphere cells. Among GFAPS-
positive primary astrocytes, 92% also expressed GFAP.
Syn, coding for the intermediate filament protein
synemin, was expressed in 13% of astrocytes and 22% of
neurosphere cells. Lif, a factor important for stem cell
self-renewal and astrocyte differentiation (42), was
expressed in 13% of primary astrocytes and 13% of
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Table 1. Statistical parameters describing gene expression in 164 primary astrocytes and 83 neurosphere cells

Gene Cell n* Arithmetic Geometric Logio geometric Maximum
type mean® mean® mean (SD) expression?
GS A 153 520 320 2.5 (0.40) 2700
NS 75 300 250 2.4 (0.26) 1100
GFAP A 139 2900 1000 3.0 (0.56) 45000
NS 71 640 560 2.7 (0.25) 1600
GFAPS A 63 110 79 1.9 (0.38) 720
NS 8 33 33 1.5 (0.07) 40
Vim A 161 7500 5000 3.7 (0.38) 48 000
NS 83 2600 2500 3.4 (0.15) 5600
Nes A 124 460 320 2.5 (0.41) 3700
NS 74 260 170 2.3 (0.42) 1200
ETgR A 70 390 320 2.5 (0.35) 1600
NS 44 240 200 2.3 (0.30) 750
Sox2 A 122 160 130 2.1 (0.34) 560
NS 52 160 130 2.1 (0.25) 380
Nptx1 A 4 120 130 2.1 (0.10) 140
NS 31 430 230 2.4 (0.40) 2700
Wnit3 A 12 200 200 2.3 (0.13) 340
NS 5 670 630 2.8 (0.17) 1100
Syn A 22 130 100 2.0 (0.39) 650
NS 18 130 110 2.0 (0.34) 280
Lif A 21 110 100 2.0 (0.31) 340
NS 11 97 87 1.9 (0.24) 160

A, astrocytes; NS, neurosphere cells.

“Number of cells expressing a given gene.

®The arithmetic mean was calculated as: ju = o x,)/n.
°The geometric mean was calculated as: g = (ITX,)"".
9Highest number of cDNA molecules of a gene in any cell.

neurosphere cells, and Wnt3, another regulator of self-
renewal and neurogenesis (43), in 7 and 6%, respectively.
The most prominent difference between the cultures was
in the expression of Nptx/ that was found in 2.4% of astro-
cytes and 37% of neurosphere cells. We conclude
that the majority of primary astrocytes and neurosphere
cells co-express common astrocyte and stem/progenitor
markers.

Transcript levels in primary astrocytes and neurosphere
cells show lognormal features

The distributions of GS, GFAP, GFAPS, Vim, Nes, ETgR,
Sox2 and NptxI transcripts are shown in Figure 2 (see
Supplementary Figure S2 for the second data set). Except
for Vim, the distributions showed lognormal features, as
described in other studies of mammalian cells (3,15,44). Lif,
Syn and Wnt3 transcripts were detected in only few cells
(Table 1 and Supplementary Table S2) and thus their dis-
tributions could not be reliably determined. The geometric
and arithmetic means of the expression of individual genes
are shown in Table 1. In a lognormal population, the geo-
metric mean reflects the characteristic expression in a
typical/median cell. The geometric mean is more conserva-
tive than the arithmetic mean. The latter overestimates the
characteristic expression when expression levels are
lognormally distributed.

The variations in gene expression levels between indi-
vidual cells were substantial. Some astrocytes had ~50 000
transcripts of Vim and GFAP per cell, while others had
fewer than 100. The observed transcript variability is in

agreement with transcriptional bursting (15,16). A conse-
quence of the observed lognormallity is that a majority of
the transcripts for a particular gene originate from a
minority of the cells in a given population. For example,
the 30 primary astrocytes with highest number of GFAP
transcripts contributed to ~75% of all transcripts for this
gene.

Expression of genes upregulated in activated astrocytes
correlates at the cellular level

Next, we looked for correlations between the mRNA levels
of multiple genes in each cell. Table 2 shows Spearman
correlation coefficients for all gene pairs. The correlation
coefficient is a value between —1 and 1, where 1 reflects
perfect positive correlation, —1 reflects negative correlation
and 0 indicates no correlation. Interestingly, genes that are
upregulated in activated astrocytes (GFAP, Vim, Nes, GS
and ET3R) (45-49) showed positive correlations (P < 0.01)
in individual cells collected from primary astrocyte cultures
(Table 2). Also, expression of Sox2 and to some degree
GFAPS correlated with the expression of the intermediate
filament genes GFAP, Vim and Nes, as well as with the
expression of GS and ETzR (P < 0.01). The only negatively
correlation observed was between Sox2 and Wnt3. In
neurosphere cells, however, these genes showed little or
no correlation, except for Vim, whose expression correlated
with Nes and ETgR. In contrast, neurosphere cells
expressed high levels of Nptx1, whose expression correlated
positively with that of Sox2.
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Figure 2. Gene expression levels in 164 primary astrocytes and 83
neurosphere cells. Gene expression is shown as the number of
cDNAs per cell. GS expression is shown in both linear and logq
scales; other genes are shown in logj, scale. Inset shows a more
detailed histogram of Vim expression in astrocytes.

To discriminate between direct and indirect interactions
among the observed correlations, we calculated partial
correlations between gene expression levels in individual
cells. This was done by specifying a control gene that may
interact with two other correlated genes and thus account
for the observed correlation (50). The resulting partial
correlation then becomes a unique correlation between
the two initial genes that remains when the correlated
variance explained by the control gene has been
removed. Using partial correlations, we could determine
if a measured correlation between two genes was unique or
rather a consequence of the two genes both being depend-
ent on a third gene (Figure 3A). Figure 3B shows the gene
interaction map for Vim based on partial correlations.
Vim interacts directly with ET3R and Nes. These inter-
actions are independent of the other genes studied. The
Vim interactions with GS, GFAP and Sox2 were partially
direct, while its interaction with GFAPS§ was indirect and
could be explained as being a consequence of Vim’s inter-
action with either GFAP or ETR. Interaction maps for
the other genes are shown in Supplementary Figure S3.
From the 20 statistically significant correlations in Table
2, nine interactions were direct while eleven could be fully
explained by other genes using partial correlations. All
direct correlations were dependent on Vim except for
those that involved GFAPS and the interaction between
Sox2 and Wnt3. Figure 3C shows the complete interaction
map based on the correlations in Table 2.

Primary astrocytes can be divided into two subpopulations

To identify possible subpopulations of cells based on
their expression profile, we applied Kohonen SOMs
(Figure 4A). SOM is an unsupervised learning algorithm
that divides the cells into a given number of groups based
on their characteristics. SOM uses random numbers to
initiate and perform the classification. As a consequence
reiterated SOM analysis may generate different classifica-
tions. If the same SOM is repeatedly produced, it evi-
dences robust classification. The classification depends
on gene expression levels. Highly expressed genes have
greater influence than lowly expressed genes. This effect
can be removed by subtracting the average of the expres-
sion level of each gene and dividing it by its standard
deviation, i.e. performing autoscaling (24).

The astrocytes were divided into two groups using a
2x 1 SOM (Figure 4A). The SOM was based on the
autoscaled expression levels of all eleven genes and was
fully reproducible. The SOM classification was confirmed
using principal component analysis (PCA), another un-
supervised classification method based on different prin-
ciples (Figure 4B) (24). To characterize the two
subpopulations, we plotted the transcript distributions of
the highly expressed genes: Vim, GS, GFAP, GFAPS, Nes,
Sox2 and ETR (Figure 4C). This analysis revealed two,
albeit overlapping, lognormal distributions. In the first
subpopulation Vim, GS, GFAP, GFAPS, Nes, Sox2
and ETgR were upregulated two- to five-fold (P <0.01,
Table 3) relative to the second subpopulation. In
addition, more cells expressed GFAPS, Syn and ETzR
in the first subpopulation (P <0.01). No significant
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Table 2. Spearman correlation coefficients for primary astrocytes and neurosphere cells

Gene Cell type GS GFAP GFAPS Vim Nes ET3R Sox2 Nptxl Wwnt3 Syn Lif
GS A 1
NS
GFAP A 0.51 1
NS 0.05
GFAPS A 0.35 0.57 1
NS 0.09 0.26
Vim A 0.59 0.56 0.23 1
NS 0.21 0.08 0.15
Nes A 0.50 0.39 0.06 0.68 1
NS 0.08 0.19 0.47 0.66
ETzR A 0.24 0.29 0.25 0.57 0.29 1
NS 0.13 0.04 0.15 0.47 0.28
Sox2 A 0.45 0.44 0.19 0.56 0.38 0.37 1
NS —0.03 0.28 0.06 0.20 0.10 —0.05
Nptxl A —0.33 —0.43 - 0.43 0.60 0.310 0.60 1
NS 0.06 —0.01 - 0.35 0.15 0.05 0.45
Wnt3 A —0.11 —0.40 0.19 —0.28 —0.34 0.18 —0.67 - 1
NS —0.50 - - 0.05 0.30 - —0.20 -
Syn A 0.01 0.12 —0.22 —0.03 0.10 0.07 0.12 - - 1
NS —0.03 0.42 - —0.02 0.09 —0.01 —0.10 —0.11 -
Lif A 0.23 —0.10 —0.16 0.23 0.22 0.13 0.37 - — - 1
NS 0.03 0.38 - —0.39 0.17 —0.71 - - - -

All cells (328 single astrocytes and 83 dissociated neurosphere cells) were used for correlation calculations. Bold indicates >99% significance;
underscore indicates >95% significance. Correlation coefficients were not calculated for gene pairs with fewer than five data points. A, astrocytes;

NS, neurosphere cells.

differences for Lif, NptxI and Wnt3 were observed. The
presence of two astrocyte subpopulations was confirmed
in the independent data set (Supplementary Figure S4).
The SOM analysis of the neurosphere cells revealed no
distinguishable subpopulations (data not shown).

It was not possible to identify subpopulations of
primary astrocytes based on the presence or absence of
expression of any unique marker. All genes showed a
unimodal distribution of transcript levels, except for
Vim transcript levels, which had a bimodal distribution
(Figure 2), implying two subpopulations of cells. Next,
we tested if Vim can be used as a single classifier for the
two subpopulations by indexing the cells using a threshold
of 6300 transcripts, placed centrally between the two
peaks in the distribution (Figure 2). Out of 164, 155 of
astrocytes were accurately classified using Vim as a classi-
fier (Supplementary Figure S5). Clearly, the Vim expres-
sion level is highly characteristic for these two astrocyte
subpopulations. To test if Vim is the sole determinant
we excluded it from the analysis. The resulting SOM
classification correctly classified 159 of 164 astrocytes
(Supplementary Figure S6). Furthermore, we also tested
if the expression data support the presence of three astro-
cyte subpopulations using a 3 x 1 SOM (Supplementary
Figure S7). Again, two of the groups were characterized
by an overall high and low expression, respectively of Vim,
GS, GFAP, GFAPS, Nes, Sox2 and ETzR. The new third
group had an intermediate expression pattern relative the
other two, but most similar to the low expressing group.
The intermediate group showed no unique features, sug-
gesting the existence of only two distinct subpopulations
of astrocytes. This conclusion was supported by PCA
(Supplementary Figure S7B).

Finally, we determined if the neurosphere cells had gene
expression profile similar to any of the astrocyte
subpopulations using PCA and potential curve analysis
(Figure 5). The principal component space was calculated
using the expression profiles of the astrocytes only. When
the neurosphere cells were positioned in this space based
on their expression profiles, the classification revealed a
high degree of similarity between gene expression profile
of neurosphere cells and the astrocyte subpopulation
characterized by low expression of Vim, GS, GFAP,
GFAPS, Nes, Sox2 and ETgR.

DISCUSSION

Most single-cell gene expression studies in the brain have
focused on neurons and neuronal progenitors (47,11,
51,52). Here, we characterized primary astrocytes and
neurosphere cells. Primary astrocyte cultures prepared
from neonatal rodent brains have long served as an ex-
perimental system to study the properties of astrocytes
(53). These cultures are derived from unidentified popula-
tions of proliferating precursor cells. Comparative micro-
array experiments have shown that primary astrocytes are
similar, but not identical, to in vivo astrocytes (28). Here,
we studied eleven different markers selected to reflect
astrocyte properties, including astrocyte activation and
stem/progenitor cell properties.

Our analysis of primary astrocytes showed prominent
expression of established markers for astrocytes, while
the expression of other cellular markers was low
(Supplementary Figure S1). At a single-cell level, 94% of
astrocytes expressed GS (Table 1), a marker of immature
and mature astrocytes (36). Low expression of G'S has also
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Figure 3. Gene interactions. (A) Three different types of interaction between two genes can be identified using partial correlations. Case 1 shows a
direct interaction between genes A and B. Case 2 represents a direct interaction that can be partly explained by a third gene, while case 3 represents
an indirect interaction that can be fully explained by a third gene. We used a decrease of 0.15 in correlation as a cut off for partially explained
interactions (Case 2) and a complete loss of significance for indirect correlation (Case 3). (B) A detailed interaction map for Vim. The interaction
between Vim and Nes/ETgR is direct (Case 1), while the interactions with GFAP, GS and Sox2 can be partially explained by other genes (GS and
Nes, Case 2). The interaction between Vim and GFAPS was indirect and can be fully explained by interactions through GFAP or ETgR.
See Supplementary Figure S3 for detailed interaction maps for other genes. (C) Nine of 20 observed correlations in Table 2 represented direct

interactions that could not be explained by the other genes.

been reported in oligodendrocytes (37). GFAP has lower
cell type specificity than GS but is not expressed in mature
oligodendrocytes (28,34). Seventy nine percent of cells
in astrocyte cultures co-expressed GFAP and GS.
Furthermore, 69 of 70 ETgR-positive cells in astrocyte
cultures co-expressed GS. Thus, since endothelial cells
are ETzR-positive and GS-negative (54), our primary
astrocyte cultures were not contaminated with endothelial
cells. Only four cells in astrocyte cultures expressed Nptx/,
a marker for neuron and neural progenitor cells (32). Our
study shows that most cells in primary astrocyte cultures
co-express the astrocyte marker GS and two genes ex-
pressed by neural progenitor/stem cells, namely Nes and
Sox2. In summary, the primary astrocytes have expression
pattern similar to that of stem/progenitor cells and astro-
cytes in vivo. However, we cannot exclude the possibility
that other cell types exists in our cultures, but they should
be present only in small fractions.

Cell population data for the neurospheres showed that
these cells have less distinct expression pattern than the
primary astrocytes (Supplementary Figure S1). Markers
for endothelial cells (Angpt2) and neurons (NptxI and
Mtap2) were highly expressed in neurospheres, while
markers for astrocytes (Aldhlll, GFAP and GS) were ex-
pressed to a lesser degree compared to primary astrocytes.
Interestingly, 78% of the neurosphere cells co-expressed
GFAP and GS at a single-cell level. Thirty seven percent
of the neurosphere cells expressed Nptx/. Similar to the
primary astrocytes, the majority of the neurosphere cells
co-expressed GS, Sox2 and Nes. In summary, the
neurosphere cells have some properties similar to primary
astrocytes. They also show characteristics of several cell
types, a finding consistent with the fact that they are a
heterogeneous cell population.

High correlation between the numbers of transcripts
per cell of GFAP, Vim, Nes, GS and ETgR suggests that
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Figure 4. Astrocyte subpopulations show distinct gene expression
profiles. (A) Clustering of astrocyte subpopulations using Kohonen
SOMs. Expression levels of all genes were autoscaled. Each dot
represents one cell. (B) Principal component analysis confirmed the
existence of two subpopulations with coloring according to the
Kohonen SOMs classification. (C) Histograms of gene expression
profiles (log;o scale) of the two astrocyte subpopulations. Descriptive
statistics for the two astrocyte populations are shown in Table 3. PC,
principal component.

these genes have common regulatory elements and might
be transcribed in synchronized bursts (55). Indeed, they
are all known to be upregulated in activated astrocytes
(45-49). Surprisingly, the expression of a stem cell
marker, Sox2 (38), correlated positively with the
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expression of intermediate filament proteins GFAP, Vim
and Nes, as well as with GS and ET3R in the primary
astrocytes. Thus, the activation of astrocytes may be
linked to a transition into a more immature or stem
cell-like state, as suggested by studies reporting that at
least some astrocytes acquire stem cell properties after
brain injury (56). Interestingly, all observed correlations
were directly dependent on either Vim or GFAPS, except
the negative correlation between Sox2 and Wnt3. These
data suggest that Vim and GFAPS may have important
role in cell fate determination in primary astrocytes
(Figure 3C).

The bimodal distribution of Vim expression was
apparent already from inspection of raw data, but this
was not the case for the other genes (Figure 2). Only
after cells were classified into two subpopulations did
bimodal expression profiles become evident for ETzR,
GS, GFAP, GFAPS, Nes and Sox2 (Figure 4C). The dis-
tribution of gene expression levels among individual
cells in the respective subpopulations was almost per-
fectly lognormal. Conventional cell type characterizations
are generally based on presence or absence of well-
established markers. This was not possible here, since
no such marker is known. Instead, we applied multi-
variate methods to divide samples into groups. Using
SOM and PCA analyses we were able to show that the
primary astrocyte cultures are a mixture of two defined
subpopulations with unique expression profiles. The
most distinct single classifier, Vim, is expressed in both
subpopulations, although to partially different levels.
Based on Vim transcript levels alone, 95% of the
primary astrocytes could be correctly classified. A
drawback of using Vim alone as a classifier is that the
threshold value is variable between different cell popula-
tions: 6300 and 2500 Vim transcripts, respectively were
used in the two independent data sets. We do not know
the underlying reason for the different thresholds. We
conclude that for subpopulation classification, the use of
multivariate SOM analysis is more accurate and robust
than the use of Vim expression alone.

The two subpopulations of cells in primary astrocyte
cultures may represent different cell states or different
cell types, which may be reversible. From our data, we
cannot discriminate between these alternatives. However,
classification of astrocytes into three groups showed cells
with an intermediate expression profile. It is conceivable
that these astrocytes are in a transition state between
the original two subpopulations. This would support
the hypothesis of reversible cell states. Such subpopulations
may also exist in the brain or be the result of in vitro
culture conditions. In vivo studies have revealed different
subpopulations of astrocytes (57,58)—none similar to
those described here—classified by the expression or
lack of expression of specific markers identified by
immunostaining or in some cases by electrophysiological
properties (58,59). We identified subpopulations of
primary astrocytes not by the presence of specific markers
but rather by expression levels of shared markers.
Conceivably, the subpopulation of astrocytes with high
transcript levels correspond to activated astrocytes
in vivo, which are characterized by upregulation of
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GFAP, Nes, ETgR and Syn (48,60). The gene expression
profile of astrocytes changes during brain development
(Supplementary Figure S1) (28,61). We found that ETR,
GS, GFAP, GFAPS, Nes, Sox2, Vim were co-regulated at

Table 3. Statistical profile of subpopulations in primary astrocytes

Gene Statistics® Low High Ratio®
expressing expressing
cells® cells®

Vim N 89 72 4.3
Geometric mean 2600 11000

GS N 81 72 2.9
Geometric mean 210 600

GFAP N 70 69 5.0
Geometric mean 500 2500

GFAPS n 13 50 2.4
Geometric mean 35 86

Nes n 55 69 35
Geometric mean 140 510

ETgR n 13 57 2.3
Geometric mean 150 330

Sox2 n 53 69 2.4
Geometric mean 73 180

Wnt3 n 4 8 0.81
Geometric mean 220 180

Syn n 3 19 1.3
Geometric mean 74 96

Lif n 12 9 1.1
Geometric mean 89 100

“n, Number of cells expressing a given gene in the subpopulation
defined by the two groups. Nptx/ was excluded because it was ex-
pressed by only four cells. Bold numbers indicate that the total
number of cells among the cells with high expression of Vim, GFAP,
GFAPS, Nes, ETgR and Sox2 was increased compared to the cells with
low expression. (P <0.01, Fisher’s exact test with Bonferroni
correction).

®Subpopulations defined by low/high expression of Vim, GFAP,
GFAPS, Nes, ETgR and Sox2.

“Ratio of expression between cells with high and low expression of Vim,
GFAP, GFAPS, Nes, ETzR for a given gene in astrocytes. Bold
numbers are statistically significant (P <0.01, z-test with Bonferroni
correction).

single-cell level in vitro, whereas GS, GFAP and GFAPS
were upregulated and ETgR, Nes, Sox2 and Vim were
downregulated in developing brains (Supplementary
Figure S1) (61). Thus, the two subpopulations of cultured
astrocytes are unlikely to reflect different stages of
maturation.

In summary, we introduce how single-cell gene expres-
sion profiling can be applied as a novel research tool to
identify and characterize distinct subpopulations of cells
and how gene correlations can be applied to determine
detailed gene interaction networks using this tool. We
found that the majority of cells in primary astrocyte
cultures and cells from dissociated neurospheres express
mRNAs encoding markers characteristic of astrocytes as
well as markers characteristic of neural stem/progenitor
cells. The transcription of genes encoding proteins
associated with astrocyte activation seems to be regulated
by a common mechanism where Vim and GFAPS have key
functions. The population with high expression of Vim,
GFAP, GFAPS, Nes, ETgR and Sox2, has the gene expres-
sion profile of activated astrocytes, while the population
with low expression has a profile similar to neurosphere
cells.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Figure 5. Classification of neurosphere cells. Principal component and potential curve analysis were used to classify neurosphere cells (black) based
on the expression profiles of the two subpopulations of astrocytes. Each dot represents one cell: red dots are cells with low expression of Vim, GFAP,
GFAPS, Nes, ETgR and Sox2; green dots are cells with high expression of Vim, GFAP, GFAPS, Nes, ETzR and Sox2.
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