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Abstract

Astrocytes perform control and regulatory functions in the central nervous system; heterogeneity among them is still a
matter of debate due to limited knowledge of their gene expression profiles and functional diversity. To unravel astrocyte
heterogeneity during postnatal development and after focal cerebral ischemia, we employed single-cell gene expression
profiling in acutely isolated cortical GFAP/EGFP-positive cells. Using a microfluidic qPCR platform, we profiled 47 genes
encoding glial markers and ion channels/transporters/receptors participating in maintaining K+ and glutamate homeostasis
per cell. Self-organizing maps and principal component analyses revealed three subpopulations within 10–50 days of
postnatal development (P10–P50). The first subpopulation, mainly immature glia from P10, was characterized by high
transcriptional activity of all studied genes, including polydendrocytic markers. The second subpopulation (mostly from P20)
was characterized by low gene transcript levels, while the third subpopulation encompassed mature astrocytes (mainly from
P30, P50). Within 14 days after ischemia (D3, D7, D14), additional astrocytic subpopulations were identified: resting glia
(mostly from P50 and D3), transcriptionally active early reactive glia (mainly from D7) and permanent reactive glia (solely
from D14). Following focal cerebral ischemia, reactive astrocytes underwent pronounced changes in the expression of
aquaporins, nonspecific cationic and potassium channels, glutamate receptors and reactive astrocyte markers.
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Introduction

Astrocytes comprise a heterogeneous cell type with several

subgroups; for review see [1]. Even within the same brain region

multiple astrocytic subgroups have been observed [2]. In addition

to morphological differences, astrocytes show diversity in Ca2+

signalling, gap junction coupling, and the expression of membrane

proteins such as K+ channels, glutamate receptors and transport-

ers; for review see [3]. It was recently shown that astrocyte

heterogeneity also rests on the expression of inwardly rectifying

(KIR) and two-pore-domain K+ (K2P) channels [4]. In our recent

work we demonstrated the presence of two distinct subpopulations

of astrocytes that respond differently to oxygen-glucose depriva-

tion, probably due to their different expression of chloride

channels (ClC2), inwardly rectifying K+ channels (KIR4.1) and

K2P channels, such as TREK-1 and TWIK-1 [5]. Astrocytes also

change their properties during development. In contrast to

neurons, astrocytes are formed at late stages of embryogenesis

(from E16 and onward) and during the first postnatal weeks [6],

and the mouse cortex is not fully developed until between the 3rd

and 4th week after birth [7]. The origin of astrocytes is not fully

known; possibly they arise from distinct groups of progenitors [8],

and some subpopulations may be generated from NG2 glia cells

[9]. NG2 glia are characterized by their expression of NG2

chondroitin sulphate proteoglycan (CSPG4) and platelet-derived

growth factor a receptor (PDGFaR). After their discovery, NG2

glia were found to be oligodendrocyte progenitor cells [10]. Later,

NG2 glia were also shown to be progenitors of some groups of

reactive astrocytes [11,12], which appear after CNS injury. This

process, termed astrogliosis, is characterized by the increased

expression of glial fibrillary acidic protein (GFAP) and Nestin,

followed by the elevated expression of vimentin [13]. Another

characteristic of astrogliosis is the high expression of aquaporins,

especially of AQP1 and AQP9, which are proteins rarely

expressed in healthy tissue [14,15]. Several publications have

reported reactive astrocytes expressing proteoglycans [16,17] and

glutamate metabotropic receptor 5 (Grm5) [18,19]. Traditionally,

astrocytes are identified by the expression of GFAP [20]. However

GFAP is not always expressed in non-reactive astrocytes, and

GFAP is frequently not immunohistochemically detected in

astrocytes in healthy tissue [21]. Other complementary markers

are therefore used to identify astrocytes, including S100b [22],

excitatory amino acid transporter 1 and 2 (EAAT1 and 2) [23],

glutamine synthetase (GS) [24] and aldehyde dehydrogenase 1

family member L1 (ALDH1L1) [25]. Since non-glial cells also

express some of these markers, detecting a combination of markers

is needed for the reliable identification of astrocytes [26].
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Altogether, there is evidence of astrocyte heterogeneity

between, as well as within, CNS regions. To characterize the

different types of astrocytes that appear under various condi-

tions, single-cell studies are necessary. Single cell gene expres-

sion profiling is a novel and powerful method to study cell

heterogeneity [27]. It has already been used to establish the

presence of distinct subpopulations of astrocytes in a seemingly

homogenous macroscopic population [5,28]. Single cell expres-

sion profiling is challenging because of the limited amount of

RNA present in a single cell. Very efficient reverse transcription

is needed, and for the analysis of more than some 10 genes pre-

amplification is required. Cells express mRNAs in bursts

[29,30], resulting in large natural variation in the number of

any transcript among cells, which can be modelled with a

lognormal distribution [31]. To obtain biologically relevant and

statistically significant conclusions, rather large numbers of cells

must be analysed [32]. A particularly powerful approach to

distinguish different cells and subtypes of cells is to study the

correlation of transcript levels within individual cells [33]. This

kind of information is not available when studying classical

samples composed of many cells.

Our goal was to characterize astrocytes based on changes in

their gene expression profiles throughout development and after

focal cerebral ischemia. We used single cell RT-qPCR profiling to

analyse EGFP-positive (EGFP+) cells collected by fluorescence-

activated cell sorting (FACS) from the cortex of GFAP/EGFP

transgenic mice with the objective of identifying and character-

izing subpopulations of astrocytes. We focus our profiling effort on

glial glutamate transporters and receptors as well as on ion

channels, which are critical for the maintenance of the ionic/

neurotransmitter homeostasis of neurons and glial cells under

physiological conditions as well as in pathological states.

Materials and Methods

Induction of an Ischemic Lesion in Adult GFAP/EGFP Mice
All experiments were performed on cells from acutely isolated

brains of GFAP/EGFP transgenic mice [line designation

TgN(GFAPEGFP)], in which the expression of EGFP is controlled

by the human GFAP promoter [34]. All procedures involving the

use of laboratory animals were performed in accordance with the

European Communities Council Directive 24 November 1986

(86/609/EEC) and animal care guidelines approved by the

Institute of Experimental Medicine, Academy of Sciences of the

Czech Republic (Animal Care Committee on April 17, 2009;

approval number 85/2009).

Prior to the induction of focal ischemia, 50-day-old (P50) mice

were anaesthetized with 1.5% isoflurane (Abbot) and maintained

in 1% isoflurane using a vaporizer (Tec-3, Cyprane Ltd.,

Keighley). A skin incision between the orbit and the external

auditory meatus was made, and a 1–2 mm hole was drilled

through the frontal bone 1 mm rostral to the fusion of the zygoma

and the squamosal bone and about 3.5 mm ventral to the dorsal

surface of the brain. The middle cerebral artery (MCA) was

exposed after the dura was opened and removed. The MCA was

occluded by short coagulation with bipolar tweezers (SMT, Czech

Republic) at a proximal location, followed by transection of the

vessel to ensure permanent occlusion. The mice received 0.5 ml

saline solution subcutaneously, and during the surgery the body

temperature was maintained at 3761uC using a heating pad.

Immunohistochemistry
The mice were deeply anaesthetized with pentobarbital (PTB,

100 mg/kg, i.p.) and perfused transcardially with 20 ml of saline

followed by 20 ml of cooled 4% paraformaldehyde in 0.1 M

phosphate buffer. Brains were dissected out, fixed with parafor-

maldehyde overnight, cryoprotected with sucrose and sliced into

30 mm coronal slices using a microtome (HM550, Microm

International). The slices were incubated with 5% Chemiblocker

(Millipore) and 0.2% Triton in PBS then with the primary

antibodies at 4uC overnight. As primary antibodies, we used anti-

GFAP (1:800, Sigma-Aldrich, mouse, conjugated with Cy3), anti-

GFAP (1:800, Sigma-Aldrich, mouse), anti-NG2 (1:400, Chemi-

con, rabbit) and anti-PDGFaR (1:200, Santa Cruz, rabbit).

Finally, the secondary antibody was applied for 2 hours, either

goat anti-mouse IgG or goat anti-rabbit IgG conjugated with

Alexa Fluor 660 (Molecular Probes). A Zeiss 510DUO LSM

confocal microscope equipped with Arg/HeNe lasers was used for

immunohistochemical analysis. Colocalization images and their

maximum z projections were made using a Zeiss LSM Image

Browser.

Preparation of Cell Suspensions from the Cortex of GFAP/
EGFP Mice
GFAP/EGFP transgenic mice 10, 20, 30 and 50 days old (P10,

P20, P30, P50) or 3, 7, and 14 days after middle cerebral artery

occlusion (MCAO) (D3, D7, D14) were deeply anesthetized with

PTB (100 mg/kg, i.p.) and perfused transcardially with cold (4–

8uC) isolation buffer containing (in mM): NaCl 136.0, KCl 5.4,

Hepes 10.0, glucose 5.5, osmolarity 29063 mOsmol/kg. The

forebrain was isolated by the removal of the olfactory lobes,

cerebellum, and midbrain/hindbrain structures by dissection. To

isolate the cerebral cortex, the brain (+2 mm to 22 mm from

bregma) was sliced into 400 mm coronal sections using a vibrating

microtome HM650V (MICROM International GmbH), and the

dorsal cerebral cortex was carefully dissected out from the ventral

white matter tracks. The tissue was incubated with continuous

shaking at 37uC for 90 minutes in 5 ml of a papain solution

(20 U/ml) and 0.2 ml DNase (both from Worthington) prepared

in isolation buffer. After papain treatment, the tissue was

mechanically dissociated by gentle trituration using a 1 ml pipette.

Dissociated cells were layered on the top of 5 ml of Ovomucoid

inhibitor solution (Worthington) and harvested by centrifugation

(1406g for 6 minutes). This method routinely yielded ,26106

cells per mouse. Cell aggregates were removed by filtering with a

30 mm cell strainer (Becton Dickinson), and the cells were kept on

ice until sorting.

Collection of Single EGFP+ Cells
Single cells were sorted using flow cytometry (BD Influx). The

flow cytometer was manually calibrated to deposit a single cell

in the centre of each collection tube. Hoechst 33258 (Life

Technologies) was added to the suspension of cells to check

viability. Initially, cell sorting was performed with a negative

control (no fluorescent cells) in order to set the fluorescence

threshold for collecting EGFP+ cells and to avoid auto-

fluorescent cells. After setting the threshold, all EGFP+ cells

that crossed this level of fluorescence were collected. Single cells

were collected into 96-well plates (Life Technologies) containing

5 ml nuclease-free water with bovine serum albumin (1 mg/ml,

Fermentas) and RNaseOut 20 U (Life Technologies). Plates

were placed on a pre-cooled rack. The glial cells collected were

positive for EGFP and viable. Collected cells in 96-well plates

were immediately placed at 280uC. For analysing individual

developmental or post-ischemic stages, the cells were isolated

from 1 mouse (P10), 2 mice (P20), 1 mouse (P30), 1 mouse

(P50), 2 mice (D3), 2 mice (D7) and 1 mouse (D14).

Heterogeneity of Astrocytes
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cDNA Synthesis
cDNA synthesis was performed with SuperScript III RT (Life

Technologies). Lysed single cells in 5 ml water containing 0.5 mM

dNTP (Promega), 1.0 mM oligo (dT15) (Invitrogen) and 1.0 mM

random hexamers (Eastport) were incubated at 70uC for 5 min.

50 mM Tris–HCl, 75 mM KCl, 3 mM MgCl2, 5 mM dithiothre-

itol, 20 U RNaseOut and 100 U SuperScript III (all Life

Technologies) were added to a final volume of 10 ml. Reverse

transcription was performed at 25uC for 5 min, then at 50uC for

60 min, followed by 55uC for 15 min and finally terminated by

heating at 70uC for 15 min. Four ml from each sample was diluted

4 times and used for pre-testing. Five ml of cDNA was used for

preamplification.

qPCR
Primers were designed using BeaconDesigner (version 7.91,

Premier Biosoft International) as previously described [5]. Primer

sequences are provided in Table S1. All single cells were pre-tested

for the expression of glutamate transporter (Eaat2), glutamine

synthetase (Glul), which are markers of astrocytes, and chondroitin

sulphate proteoglycan (Cspg4) and platelet-derived growth factor a

receptor (Pdgfra), which are markers of NG2 glia, to select samples

for further gene expression profiling using assays for 47 genes. A

CFX384 (Biorad) was used for all qPCR measurements. To each

reaction (10 ml) containing iQ SYBR Green Supermix (BioRad)

and 400 nM of each primer (EastPort), we added 3 ml of diluted

cDNA. The temperature profile was 95uC for 3 min followed by

50 cycles of amplification (95uC for 15 s, 60uC for 15 s and 72uC

for 20 s). All samples were subjected to melting curve analysis. The

same experimental setup was used to test preamplification.

Preamplification and qPCR
The applied preamplification protocol was verified on samples

from three animals. The RNA was extracted and cDNA was

prepared to test the preamplification protocol. Each reaction

contained 25 ml of iQ Supermix (BioRad), 5 ml of a mix of all

primers (final concentration 25 nM each), 5 ml of non-diluted

cDNA, and water added to a final volume of 50 ml. The

temperature profile was 95uC for 3 min followed by 18 cycles of

amplification (95uC for 20 s, 57uC for 4 min and 72uC for 20 s on

a Biorad CFX96). The samples were diluted 5 times in water. The

expression of all genes was measured in preamplified and non-

preamplified samples. The average difference between preampli-

fied and non-preamplified samples and the standard deviations of

the differences were calculated. The same setup was then used for

the preamplification of single cells.

High Throughput qPCR
The sample reaction mixture had a volume of 5 ml and

contained 2.4 ml of diluted preamplified cDNA, 0.25 ml of DNA

Binding Dye Sample Loading Reagent (Fluidigm), 2.5 ml SsoFast

EvaGreen Supermix (Biorad), and 0.01 ml ROX (Invitrogen). The

primer reaction mixture had a final volume of 5 ml and contained

2.5 ml Assay Loading Reagent (Fluidigm) and 2.5 ml of a mix of

reverse and forward primers, corresponding to a final concentra-

tion of 4 mM. The chip was first primed with an oil solution in the

NanoFlexTM 4-IFC Controller (Fluidigm) to fill the control wells of

the dynamic array. The reaction mixture (5 ml) was loaded into

each sample well, and 5 ml of the primer reaction mixtures was

loaded into each assay well of the 48648 dynamic array. The

dynamic array was then placed in the NanoFlexTM 4-IFC

Controller for automatic loading and mixing. After 55 min the

dynamic array was transformed to the BioMark qPCR platform

(Fluidigm). The cycling program was 3 min at 95uC for activation,

followed by 40 cycles of denaturation at 95uC for 5 s, annealing at

60uC for 15 s, and elongation at 72uC for 20 s. After PCR,

melting curves were collected between 60uC and 95uC with 0.5uC

increments.

Data Pre-processing
qPCR data were pre-processed for expression analysis using

GenEx (MultiD, version 5.3) as follows: Cq values registered from

amplifications that generated melting curves with aberrant Tm

were removed, Cq values larger than 26 were replaced with 26,

and Cq values with products giving rise to a double peak in

melting curves (corresponding to a mixture of expected and

aberrant PCR products) were replaced with 26. All missing data,

for each gene separately, were then replaced with the highest Cq

+2, effectively assigning a concentration of 25% of the lowest

measured concentration to the off-scale values. The Cq data were,

for each gene separately, converted into relative quantities

expressed relative to the sample with the lowest expression

(maximum Cq) and finally converted to a logarithmic scale with

base 2. The data were not normalized to any reference genes

because of the large variation of all transcript levels among

individual cells [33]; with this pre-processing, the levels are

expressed per cell.

Analysis
Basic statistics were calculated. The non-parametric Mann-

Whitney test was used to compare the expression of individual

genes between groups of cells. Kohonen self-organizing maps

(SOM) of size 361, dividing the cells into three groups, were

trained using GenEx with the following parameters: 0.10 learning

rate, 3 neighbors and 5000 iterations. The SOM analysis was

repeated eight times with identical classification of the cells in six of

the repeats. This classification of cells into three groups was

substantiated with principal component analysis (PCA). The

division of cells into three groups by SOM does not imply that

there are three distinct subtypes of cells; the cells may also be

changing their expression pattern from one state to another, and

the SOM then divides the cells into different phases: those just

starting to change, those that have undergone substantial change,

and finally cells approaching completion. Distinct subtypes, when

such are present, appear as separated clusters in PCA. For

Kohonen SOM and PCA the data were mean-centered to reduce

the effect of variation in the overall expression levels of the

different genes. The Spearman correlation coefficients between

genes were calculated for each group separately (SAS vers. 9.2)

using all data, including the managed off-scale data, and then also

for the truly positive expression values only. Only correlation

coefficients for genes expressed in at least 50% of cells and having

a p-value ,0.05 were considered for further analysis. Indirect

correlations between genes were established by calculating partial

Spearman correlation coefficients (only genes expressed in at least

80% of the cells were considered). An interaction was considered

indirect when the correlation coefficient lost significance (at 95%

confidence) or was reduced to below 0.4 [28].

Results

EGFP+ cells from GFAP/EGFP transgenic mice are today

routinely used by several research groups [4,35] and character-

izing their gene expression profile is highly desirable. Because of

the possible heterogeneity of astrocytes, single cells were collected

by flow cytometry, lysed, and analyzed individually by RT-qPCR.

For preamplification and further analysis we selected EGFP+ cells

Heterogeneity of Astrocytes
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that were also positive for the astrocytic markers Glul and/or Eaat2

and EGFP+ cells that were also positive for Cspg4 and/or Pdgfra,

which are markers of NG2 glia. In these cells the gene expression

of the following markers was measured: glial cell markers (Eaat1,

Gfap, Gfapd, Glul, S100b, Pdgfra, Cspg4), developmental markers

nestin and vimentin (nes and vim), aquaporins (Aqp1, Aqp4, Aqp9),

subunits of glutamate ionotropic AMPA receptors (Gria1, Gria2,

Gria3, Gria4), glutamate ionotropic NMDA receptors (Grin1,

Grin2a, Grin2b, Grin2c, Grin2d, Grin3a), glutamate ionotropic kainate

receptors (Grik1, Grik2, Grik3, Grik4, Grik5), glutamate metabotropic

receptors (Grm1, Grm3, Grm5), outwardly rectifying K+ channels

(Kcna3, Kcna4, Kcna5), inwardly rectifying K+ channels (Kcnj2,

Kcnj10, Kcnj16), two pore domain K+ channels (Kcnk1, Kcnk2,

Kcnk10) and hyperpolarization-activated cyclic nucleotide-gated

channels (Hcn1, Hcn2, Hcn3, Hcn4), voltage-gated chloride

channels (Clcn2), transient receptor potential channels (Trpv4),

and Snap25 encoding synaptosomal-associated protein SNAP-25.

The markers were selected based on our previous work [5], which

revealed significant differences between astrocytic subpopulations

in the expression of genes coding for membrane proteins.

For the profiling of a large number of genes on the Biomark

platform, it is necessary to preamplify the cDNA; in this regard, we

have extensively optimized and validated the preamplification

protocol. Our validation scheme is based on three samples that are

profiled with and without preamplification and the measured Cq

values are compared. Unbiased preamplification should result in

the same DCq for all of the genes. The reproducibility of the

preamplification is reflected by the standard deviation (SD) of the

three DCq replicates measured for each gene. For our panel and

protocol the SD was below 0.5 cycles for almost all genes. Only

one gene (Grin2d) showed a large standard deviation (SD=3.7

cycles) (Figure S1) and was omitted in the expression analysis.

Inspecting the validation results, we did not find correlation

between assay efficiency and DCq.

All cells collected from the cortex were analysed for the

expression of Eaat2, Glul, Cspg4, and Pdgfra to estimate the ratio

between cells that express only astrocytic markers (Eaat2 and Glul)

and cells that also express at least one of the NG2 glia markers

(Figure 1). The number of cells that expressed only astrocytic

markers increased, while the number of cells that also expressed

NG2 glia markers decreased during postnatal development. After

ischemic injury there was a distinct increase in the number of cells

expressing NG2 glia markers 3 days after MCAO, but their

number decreased again at later post-ischemic stages. In neither

system did the expression profile depend on the EGFP intensity of

the cells or on their size. Notably, cells expressing NG2 glia

markers were distributed across the entire sorter gate (Figure 2,

green dots). For single cell qPCR expression profiling 64 cells were

collected from P10, 60 cells from P20, 89 cells from P30, 50 cells

from P50, 90 cells from D3, 74 cells from D7, and 78 cells from

D14. The cDNA produced from these cells was preamplified and

measured on the Biomark platform.

Characteristics of EGFP+ Cells Collected from Different
Stages of Postnatal Development
The majority of EGFP+ cells isolated from P10 mice expressed

Cspg4 and/or Pdgfra (87%) and S100b (80%). More than 70% of

these cells also expressed Eaat1, Grik1-3, 5, Gria2-4 and Kcnj16

(Figure 3A). Generally, cells at P10 were transcriptionally very

active (Table 1). The expression profile of cells collected at P20

was different. Cspg4 and/or Pdgfra were expressed in only 32% of

the cells, and the expressions of Kcnj16, Eaat1, Grik1, Grik3, Grik5,

Gria2, and Gria4 were also reduced. Gria3 expression remained

high and the expression of Hcn2, Grm5 and Grin2a increased. Cells

at P30 and P50 displayed very similar expression patterns

(Figure 3B). The expression of most genes was lower than at the

earlier stages; only Eaat1, Glul, Grin2a, Gria2 and Aqp4 showed high

expression. The fraction of cells positive for Pdgfra and/or Cspg4

decreased to only 22% and 6% at P30 and P50, respectively.

Cells collected between P10 and P50 were divided by SOM into

3 groups based on their expression profiles (Figure 3C). This SOM

classification was fully reproducible - repeated independent

classifications predicted the same groups. This shows that the

collection of cells is not homogeneous. SOM itself cannot tell if

there are distinctly different groups or gradual changes, but the

cells can be divided reproducibly into three subpopulations. The

spatial separation between the clusters in the PCA suggests that the

subpopulations are distinct (Figure 3B). Dividing the cells into

more than three groups with SOM did not reveal any additional

differences and was not supported by the PCA. We compared the

average expression of the individual genes in the three subpop-

ulations, which we henceforth refer to as A1, A2 and A3 (Table

S2). Subpopulation A1 was characterized by the high expression of

Pdgfra, Cspg4, Grik1-3, Grik5, Gria2-4, Grin2a, Grin3a, Kcnj16, Eaat1,

Glul, S100b, Snap25 and Kcnj10 (Figure 3C) and was comprised

mainly of P10 cells (composition: 64%, 19%, 13% and 2% of P10,

P20, P30 and P50, respectively; Figure 3D). Subpopulation A2 was

characterized by the low expression of most genes, including

Eaat1, Cspg4, Pdgfra, Grik5, Gria2 and Grin3a; only Glul, Hcn2, Gria3

and Grin2a were highly expressed. Subpopulation A2 was

comprised mainly of P20 cells (57%); cells from the other stages

(P10, P30 and P50) were present at similarly low levels (Figure 3D).

In addition to the classical astrocyte markers Eaat1, Glul, Aqp4,

subpopulation A3 also expressed Grik5, Gria2-3, Grin2a, Grm3 and

Kcnj16 at high levels and was comprised mainly of P30 and P50

cells (46% of each).

The relation between the expressions of different genes among

the individual cells can be evaluated by calculating correlation

coefficients. The calculation can include all cells, including those

that did not express the genes of interest, or only those cells that

had measurable expression. When all cells are considered, the

dominant effect is whether a cell expresses both genes or not, while

when cells with missing data are filtered out, the correlation

coefficient is dominated by the expression levels of genes (Table

S3, S4 and S5, Figure S2A–C). Although 95% of all cells in

subpopulation A1 expressed Pdgfra as well as Cspg4, the correlation

between their expressions was weak (r = 0.44), which means that

they are expressed independently of each other in individual cells.

We hypothesize that their expression might be regulated by

different transcriptional factors and/or that such a weak correla-

tion between Pdgfra and Cspg4 expression might reflect the different

stages of astrocyte maturation even within the A1 subpopulation,

which comprises EGFP+ cells from P10 and P20. The correlation

between the expression of Gria2 and Cspg4 was negligible, while

Gria2 expression correlated with Pdgfra (r = 0.60) (Table S3). In

subpopulation A3, correlated expression was found between Glul

and Eaat1 (r = 0.59) when considering only cells with valid

expression data (74 cells) and between Eaat1 and Gria2 (r = 0.73).

Notably, the correlation of Eaat1 with Glul and of Eaat1 with Gria2

in subpopulations A1 and A2 was much lower, thus the increasing

correlation between Glul and Eaat1 clearly mirrors the maturation

process of astrocytes.

Interestingly, gene expression profiling revealed that a large

number of EGFP+ cells express Cspg4 as well as Pdgfra at P10, while

at P50 we detected only a negligible number of EGFP+ cells that

co-expressed these markers (Figure 1). Furthermore, we also

detected the co-expression of Gfap and Cspg4/Pdgfra in most of the

cells at P10; this co-expression gradually decreased at P20 and

Heterogeneity of Astrocytes
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P30, and at P50 there was no co-expression detected. In order to

confirm this observation on the protein level, we carried out

immunohistochemical analyses, which revealed the co-expression

of GFAP and PDGFaR or of GFAP and NG2 in EGFP+ cells only

at P10 and P20, but not at P50 (Figure 4, Figure S3).

Expression Profiling of Reactive Glia Following Focal
Cerebral Ischemia
Three days after ischemia the expression profiles of the cells had

changed. Approximately 50% of all EGFP+ cells began to express

Pdgfra, Vim, and Grik5, while Aqp4, Glul and Eaat1 expression was

decreased. Seven days after ischemia the cells were transcription-

ally more active with particularly high expression of Pdgfra, Vim,

S100b, Eaat1, Glul, Gria2-4, Grin2a, Grin2b, Grik2, Grik5, potassium

channels Kcna4, Kcna5, Kcnj10, Kcnj16, Aqp4 and Hcn2. Further-

more, the cells also began to express Gfap and Gfapd. At this time,

the expression of Glul returned to the basal level (P50, Figure 5A).

Fourteen days after ischemia, the difference in expression

compared to control (P50) was the largest. The expression of

Vim, Gfap, Gfapd, Aqp4, S100b and Grm3 had dramatically

decreased, while the expression of Hcn1, Hcn2, Hcn3, Aqp1, Aqp9,

Grm5, Gria3, Grin2a, Grin2d, Snap25 and Kcna3 had markedly

increased. At all post-ischemic stages, we found some cells

expressing Cspg4 and Pdgfra.

All cells (P50, D3, D7 and D14) were divided by SOM into 3

subpopulations and confirmed by PCA to have different expres-

sion profiles (Figure 5B). We will refer to these subpopulations as

B1, B2 and B3. To characterize these subpopulations, we

compared the expressions of the genes individually in histograms

and by conventional univariate statistics. Almost all cells from P50

were assigned to subpopulation B1 (48 out of 50) (Figure 5C), and

they comprised 35% of the B1 cells. 47% of B1 cells were from D3,

15% from D7, and only 3 B1 cells were from D14 (Figure 5D).

The B1 subpopulation displayed the lowest overall transcriptional

activity; high expression was observed only for Eaat1, Glul, Aqp4

and Gria2. Subpopulation B2 was more transcriptionally active

with the high expression of genes encoding glutamate ionotropic

receptors, K+ channels, Grm3, Aqp4, Hcn2, Gfap, Gfapd, Glul, Eaat1,

S100b, Vim, Cspg4, and Pdgfra. Most B2 cells were from D7 (66%),

31% were from D3 and only 2 cells were from P50. Notably, the

two P50 cells also expressed Pdgfra and Cspg4. Subpopulation B3

was composed of only D14 cells. The very high expression of many

genes makes this group unique, and there is no overlap in the PCA

between B3 and the other subpopulations. Clearly, the B3

subpopulation is distinct. We also noted that the EGFP

Figure 1. Characteristics of EGFP+ cells in the cortex of GFAP/EGFP mice. (A) Percentage of EGFP+ cells expressing either predominantly
astrocytic or NG2 glia markers during postnatal development (P10, P20, P30, and P50) and at 3, 7 and 14 days (D3, D7 and D14) following focal
cerebral ischemia. Cells expressing Cspg4 and/or Pdgfra receptor are shown in green, while cells expressing only Eaat2 and/or Glul are shown in red.
The total numbers of the investigated cells were 137 for P10, 94 for P20, 157 for P30, 50 for P50, 148 for D3, 96 for D7 and 136 for D14.
doi:10.1371/journal.pone.0069734.g001

Figure 2. FACS analysis of EGFP+ cells isolated from the cortex
of 20-day-old mice. EGFP+ cells sorted based on EGFP intensity (x
axis) and side scatter intensity reflecting cell size (y axis). During the
selection of cells by FACS, their position is automatically saved in the
plot, and thus it is possible to determine the expression profile of each
individual cell in the plot after qPCR analysis. The red line indicates the
sorter gate and each dot represents one cell. Cells positive for Cspg4
and/or Pdgfra are indicated in green while those positive only for Eaat1
and/or Glul are shown in red. The latter are also drawn larger for better
resolution. The small black dots represent all of the cells from which we
selected our samples.
doi:10.1371/journal.pone.0069734.g002
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Table 1. Statistics describing gene expression in different postnatal developmental stages or post-ischemic stages.

Percentage of positive cells Average relative expression log2

Gene P10 P20 P30 P50 D3 D7 D14 P10 P20 P30 P50 D3 D7 D14

All cells (count) 64 60 79 50 90 74 78

Cspg4 77% 32% 46% 4% 49% 35% 38% 3.63 1.45 2.22 0.10 1.99 1.45 1.63

Pdgfra 78% 40% 51% 4% 49% 35% 42% 6.32 2.38 3.37 0.25 3.03 2.36 2.71

Eaat1 83% 65% 92% 90% 88% 80% 87% 4.21 2.35 5.41 6.00 4.48 4.84 5.81

Glul 63% 58% 92% 92% 76% 81% 92% 2.16 2.80 4.50 5.79 3.61 5.91 5.84

Gfap 8% 13% 27% 8% 40% 57% 40% 0.29 0.47 1.15 0.35 1.55 4.14 1.95

Gfap D 19% 20% 44% 32% 47% 64% 40% 0.40 0.55 1.27 0.75 1.66 3.75 1.40

S100b 80% 48% 62% 64% 72% 85% 82% 2.05 1.37 1.87 1.54 2.09 3.81 2.28

nestin 11% 3% 11% 0% 23% 16% 10% 0.24 0.11 0.46 0.00 0.92 0.68 0.45

Vim 31% 23% 30% 18% 60% 82% 55% 0.79 0.69 0.91 0.45 3.33 5.91 1.89

Snap25 61% 25% 35% 26% 27% 26% 77% 1.93 0.82 1.53 1.15 0.82 0.86 4.02

Aqp1 2% 50% 0% 0% 1% 4% 79% 0.03 1.13 0.00 0.00 0.02 0.13 4.89

Aqp4 33% 25% 65% 72% 48% 70% 59% 1.03 0.70 2.96 2.81 1.38 4.15 2.78

Aqp9 9% 40% 5% 2% 0% 8% 91% 0.24 1.26 0.22 0.04 0.00 0.23 6.77

Clcn2 27% 27% 22% 28% 33% 28% 31% 0.76 0.86 0.88 1.27 0.96 1.50 1.30

Hcn1 19% 43% 29% 12% 0% 22% 96% 0.46 2.21 1.24 0.48 0.00 0.94 8.81

Hcn2 59% 95% 0% 24% 43% 55% 95% 1.52 5.05 0.00 0.61 1.38 3.30 8.78

Hcn3 31% 62% 28% 10% 22% 34% 88% 0.65 2.08 0.74 0.26 0.51 0.84 6.55

Hcn4 67% 43% 84% 72% 24% 80% 27% 1.40 1.23 1.88 1.46 0.52 1.69 1.85

Trpv4 38% 17% 34% 28% 39% 34% 35% 1.17 0.40 1.16 0.81 1.13 1.27 1.25

Grik1 67% 30% 44% 14% 40% 47% 63% 2.37 0.91 1.70 0.43 1.28 1.89 2.26

Grik2 75% 58% 38% 30% 42% 61% 47% 2.67 1.65 1.39 0.90 1.31 2.87 1.52

Grik3 70% 32% 48% 8% 44% 31% 33% 2.54 1.11 2.17 0.21 1.62 1.28 1.25

Grik4 45% 15% 22% 4% 19% 30% 14% 1.14 0.42 0.76 0.08 0.53 1.12 0.37

Grik5 86% 47% 54% 72% 77% 68% 69% 3.45 1.42 2.14 2.38 3.26 3.39 3.07

Grin3a 67% 32% 61% 10% 43% 35% 51% 2.27 0.90 2.46 0.25 1.25 1.36 1.58

Gria1 41% 12% 16% 8% 18% 16% 28% 0.87 0.28 0.37 0.22 0.44 0.63 0.72

Gria2 91% 62% 52% 74% 76% 66% 77% 5.22 2.45 2.60 3.54 3.19 3.25 4.08

Gria4 75% 53% 44% 24% 44% 54% 42% 2.67 1.45 1.71 0.83 1.59 2.54 1.54

Grin1 13% 32% 39% 18% 28% 50% 50% 0.27 0.69 1.03 0.47 0.63 1.26 1.30

Grin2a 47% 77% 49% 48% 46% 54% 97% 1.67 3.20 2.45 2.58 1.71 3.11 8.56

Grin2b 61% 33% 33% 30% 44% 57% 59% 1.82 0.90 1.30 1.24 1.37 2.60 2.19

Grin2c 13% 8% 23% 48% 28% 30% 35% 0.29 0.17 0.57 1.55 0.79 0.96 0.94

Grin2d 2% 15% 14% 4% 8% 4% 64% 0.03 0.42 0.55 0.17 0.20 0.11 3.05

Gria3 84% 87% 41% 12% 53% 49% 100% 4.23 4.55 2.21 0.58 2.29 2.46 9.49

Grm1 30% 18% 27% 32% 37% 31% 31% 0.89 0.64 1.01 1.18 1.20 1.24 1.34

Grm3 20% 27% 33% 62% 44% 61% 41% 0.60 1.01 1.35 2.39 1.43 2.80 1.89

Grm5 38% 82% 29% 0% 30% 27% 92% 0.77 2.45 0.77 0.00 0.71 0.64 7.18

Kcna3 25% 67% 18% 14% 23% 27% 91% 0.52 1.47 0.33 0.31 0.52 0.68 6.00

Kcna4 33% 45% 38% 22% 19% 53% 37% 0.99 1.69 1.58 0.73 0.60 2.36 1.48

Kcna5 25% 30% 42% 22% 41% 64% 38% 0.79 0.89 1.58 0.64 1.29 2.83 1.33

Kcnj10 95% 45% 72% 74% 79% 82% 88% 2.05 1.12 1.33 1.48 1.92 3.04 1.96

Kcnj16 66% 30% 54% 52% 60% 55% 58% 2.37 0.96 2.11 2.15 2.25 2.64 2.38

Kcnj2 17% 17% 19% 14% 23% 49% 29% 0.51 0.56 0.73 0.44 0.81 2.12 0.96

Kcnk1 22% 15% 30% 24% 26% 11% 28% 0.53 0.44 1.10 0.65 0.62 0.43 0.94

Kcnk10 67% 25% 33% 20% 44% 50% 32% 1.54 0.55 0.78 0.48 1.02 1.23 0.79

Kcnk2 34% 17% 23% 4% 31% 12% 41% 1.09 0.41 0.80 0.16 0.87 0.42 1.35

doi:10.1371/journal.pone.0069734.t001
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fluorescence of these cells was much higher compared to that of

cells classified as B1 and B2.

Generally, astrocytes isolated from post-ischemic stages (D3, D7

and D14) showed much higher gene expression than those

collected from the postnatal developmental stages. Within each

subpopulation B1-B3 we found many significant correlations. The

strongest are listed in Tables S6, S7 and S8 and visualized in

Figure S2D–F. Interestingly, the expression of Pdgfra and of Cspg4

were strongly correlated when cells with non-measurable expres-

sion (r = 0.89, 0.71 and 0.87 in B1, B2 and B3) were included, but

the correlation was lost when only cells with measurable

expression were considered. The expressions of Eaat1 and Glul in

B1 and B3 were correlated (r = 0.66 and 0.79), and a correlation of

Eaat1 and Aqp4 was found in B1, B2 and B3 (r = 0.43, 0.69, 0.81).

A strong correlation was also found between the expressions of

Gfap and Gfapd in B1 and B2 (r = 0.76 and 0.87) and between the

expressions of Aqp1 and Aqp9 in B3 (r = 0.78). The expressions of

the latter two genes also correlated with those of Hcn1, Hcn2, Hcn3,

Hcn4, Grin2a, Grin2d, Gria3, Grm5, Kcna3, and Kcnk2. In fact, the

expressions of almost all of these genes were strongly correlated on

the single cell level in B3 (r close to or larger than 0.7, Figure S4A).

Such a strong correlation between the above-listed genes suggests

significant alterations in the membrane properties of reactive

astrocytes at D14, namely the appearance of Hcn1-4, which so far

have been described only in neurons [36]. On the other hand, a

significant negative correlation was found between the expressions

of Cspg4 or Pdgfra and Glul, Aqp9, Hcn1, Grin2a and Gria3 (r,-0.55).

This clearly demonstrates that astrocytes from D14 (B3 subpop-

ulation) lose the expression of Cspg4 and Pdgfra while they change

into reactive astrocytes comprising a permanent glial scar.

The calculated partial Spearman correlation coefficients

surprisingly indicated that there was no direct interaction between

Aqp9 and Aqp1 (Figure S4B), but the observed correlation can be

accounted for as being mediated via Hcn2 or Kcna3. Further, Aqp9

does not mediate any interaction between Hcn1, Hcn2, Hcn3, Gria3,

Grm5 and Aqp1. Out of the total 21 possible direct interactions,

Gria3 and Hcn2 were involved in 10 (Figure S4C and S2D).

Further classification of the reactive glial cells in subpopulation

B3 using SOM revealed that it is not a homogenous group; rather

there are two subgroups, which we refer to as B3A and B3B. Their

existence was clearly confirmed by PCA (Figure 6A). Viewing the

data in a 3-dimensional PC1 vs. PC2 vs. PC3 space shows that the

B3A/B3B subpopulations separate along PC3 (Figure 6B). Hence,

the genes distinguishing B3A from B3B are those with high

Figure 3. Gene expression profiling of cortical EGFP+ cells during postnatal development. (A) Changes in the gene expression of highly
expressed (log2 relative average expression above 2.3 from all data) astrocytic/NG2 glia markers and membrane proteins at P10 (green), P20 (yellow),
P30 (red), and P50 (blue). The listed genes show at least 2-fold up (+) or 2-fold down-regulation (2) between sequential developmental stages. (B)
PCA clustering of cells from all development stages (data mean-centered along genes). The stages are indicated in color (P10 green; P20 yellow; P30
in red, and P50 in blue), and the three groups identified by SOM are indicated by symbols (squares for A1; circles for A2, and triangles for A3). (C) The
incidence of cells from the three subpopulations at different postnatal developmental stages. The genes under the table indicate highly expressed
genes (log2 relative average expression above 1.8 and at least 40% positive cells) in particular subpopulations. (D) The distribution of developmental
stages in the subpopulations.
doi:10.1371/journal.pone.0069734.g003
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weights in PC3, thus being different from the genes distinguishing

B3 from B1/B2, which are those with high weights in PC1 and

PC2. The expression of genes in the B3A and B3B subgroups were

compared using the non-parametric Mann-Whitney test, and

those with significant p-values after Bonferroni correction for

multiple testing (p,0.00109) are shown in Figure 6C. The most

important differences between the B3A and B3B subgroups are the

down-regulation of Pdgfra, Cspg4 and Grik2 and the up-regulation

of Eaat1, Glul, Aqp1, Aqp4, Aqp9, Hcn1, Hcn2, Hcn3, Grin2a, Gria3,

Grm3, Grm5 and Kcna3 (Figure 6C).

Similarly as in the early stages of development, post-ischemic

astrocytes also co-expressed Gfap and Cspg4/Pdgfra (approximately

40%); however, on the protein level we did not detect such co-

expression (Figure 4).

Discussion

We show that cortical EGFP+ cells collected during postnatal

development as well as cells collected after focal cerebral ischemia

are highly heterogeneous with respect to their gene expression

profiles. Our findings demonstrate that the issue of astrocyte

heterogeneity is complicated, but can be approached with single

cell expression profiling, which reveals and distinguishes cell

subpopulations. With single cell resolution we can identify rare

cells, an approach impossible in classical bulk measurements [37].

Furthermore, single cell profiling avoids the ambiguity of

normalization [38].

Astrocyte Heterogeneity during Postnatal Development
We have shown that during postnatal development, the number

of EGFP+ cells expressing the astrocytic markers Glul and/or Eaat1

increases towards adulthood, while the number of cells expressing

Cspg4 and/or Pdgfra is reduced. Similarly to previous findings, we

show that in addition to Glul, the expression of Eaat1, Aqp4 and

Grin2a is induced during development [39]. This is an opposite

tendency to that reported by Stanimirovic and colleagues [40], but

their experiments were carried out in vitro, in a purely astrocytic

culture, where glutamate uptake and glutamine synthesis might be

compromised. We also found a substantial decrease in Grik2, Grik3,

Gria2, Gria3 and Gria4 expression during development, which is in

agreement with previous data demonstrating the expression of

kainate receptors in glial precursor cells, while mature astrocytes

show an NMDA-specific responses [41,42]. Similar decline in

Grik1-5 expression during development was described recently by

Cahoy and colleagues (Cahoy et al., 2008). In agreement with the

findings of Matthias and colleagues [43], we found that EGFP+

cells that express Cspg4 and/or Pdgfra also express Gria2-4 at high

levels, while the low expression of Gria2-4 is observed in EGFP+

Figure 4. Immunohistochemical analysis of EGFP+ cells. P20, P50, and D14 cells expressing EGFP (green), GFAP (red), and PDGFaR (violet).
Arrowheads indicate cells co-expressing EGFP and PDGFaR, and arrows indicate cells positive for EGFP and GFAP. Note, at P20 there are cells positive
for all three markers. Scale bars, 50 mm.
doi:10.1371/journal.pone.0069734.g004
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astrocytes that do not express markers of polydendrocytes. These

authors also claimed that EGFP+ cells co-express glutamate

receptors and transporters, which is supported by our single cell

data. As shown in Table 1, we found the co-expression of

glutamate receptors and glutamate transporters in individual

EGFP+ cells. Among cells collected at the postnatal developmental

stages P10-P50, we distinguish 3 subpopulations here referred to as

A1, A2 and A3 (Figure 3). A3 cells exhibit features previously

described in mature astrocytes with very high expression of Eaat1,

Glul and Aqp4 [23]. Cells in A1 also express Eaat1, but they also

have high levels of Cspg4 and Pdgfra, which are traditionally

associated with NG2 glia [44]. Nevertheless, Cspg4 expression in

P1-P17 astrocytes was already described elsewhere (Cahoy et al.,

2008). Subpopulation A2 is the most unique with high expression

of Glul, Hcn2, Gria3, and Grin2a, while the transcriptional activity of

the other studied genes is rather low. Based primarily on the

elevated expression of Glul and the low Gria3 levels, we hypothesize

that A2 is an intermediate stage between A1 and A3 (Table S2).

This hypothesis is also supported by the prevalence of A2 cells at

P20. It is still a matter of debate whether astrocytes can be derived

from CSPG4- and/or PDGFaR-positive cells; some recent

evidence suggests this possibility following CNS injuries [9,12].

Interestingly, the A1 subpopulation, mostly comprising cells from

P10–20, is characterized by the increased expression of subunits of

ionotropic AMPA/kainate receptors, such as Grik1-3, Grik5, or

Gria2-4, which makes these cells sensitive to AMPA/kainate

receptor–mediated glutamate injury. The presence of Gria2

encoding GluA2 subunits suggests that AMPA receptors in the

A1 subpopulation might be impermeable for Ca2+. The subpop-

ulations A3 and B1, which mainly represent mature astrocytes at

P30-P50, show besides the expression of classical markers such as

Eaat1, Glul and Aqp4, also the dominant expression of Gria2,

suggesting AMPA receptor impermeability to Ca2+. Moreover,

Kcnj10 and Kcnj16, encoding inwardly rectifying Kir4.1 and Kir5.1

channels, are both highly expressed in immature cortical glia,

while in mature astrocytes Kcnj16 prevails. Since heteromeric

Kir4.1/5.1 and homomeric Kir4.1 have distinct ion channel

properties, such differences in the expression of K+ channels that

participate in K+ uptake might result in the diverse ability of

astrocytes to take up/distribute high extracellular K+ during

increased neuronal activity or in pathological states, such as

ischemia or trauma. Notably, even though mature/immature

Figure 5. Change in the gene expression of EGFP+ cells after MCAO. (A) Changes in the gene expression of highly expressed (log2 relative
average expression above 2.3 from all data) astrocytic/NG2 glia markers and membrane proteins at P50 (blue), D3 (orange), D7 (green), and D14 (red).
The listed genes show at least 2-fold up (+) or 2-fold downregulation (2) between sequential stages. (B) PCA clustering of cells from all post-ischemic
stages and P50 (data mean-centered along genes). The stages are indicated in color (P50 blue, D3 orange, D7 green, and D14 red), and the three
groups identified by SOM are indicated by symbols (squares for B3; circles for B1 and triangles for B2). (C) The incidence of cells from the three
subpopulations at post-ischemic stages and P50. The genes under the table indicate highly expressed genes (log2 relative average expression above
1.8 and at least 40% positive cells) in particular subpopulations. (D) The distribution of control and post-ischemic stages in individual subpopulations.
doi:10.1371/journal.pone.0069734.g005
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astrocytes have been shown to display different K+ current profiles

during development in the rat hippocampal CA1 region [45], such

as outward rectifying, variably rectifying and passive current

patterns, we found no significant differences in the transcription

activities of inwardly and outwardly rectifying K+ channels or K2P

channels between the A1-A3 subpopulations. We found the

expression of Kcnj10 (encoding the Kir4.1 channel) in the EGFP+

cells to be rather constant, while higher levels of Kcnj16 (encoding

Kir5.1) transcripts were found in cells from subpopulations A1 and

A3. We did not see any correlation between Aqp4 and Kcnj10

expression on the cellular level in any of the subpopulations in

agreement with previous data showing the lack of any direct

interaction between Kir4.1 and AQP4 [46,47] and their different

regulations of expression [48]. In agreement with recent findings

[25,49] we showed that EGFP+ mature cortical astrocytes from

P30 and P50 (comprising the B3 subpopulation) express low levels

of Grm5, as a result of a significant decrease in Grm5 expression

towards astrocytic maturation, and a high level of Grm3.

Nedergaard and colleagues suggested that mGluR5 activity

underlies glutamate–induced Ca2+ signalling only in immature

postnatal astrocytes, while in mature astrocytes other transmitters,

such as endocannabinoids, purines, norepinephrine, and acetyl-

choline, as well as changes in extracellular Ca2+, may trigger

astrocytic Ca2+ signalling. The activation of mGluR3, a Gi/Go

receptor negatively coupled to adenylate cyclase, probably does

not participate in glutamate-induced Ca2+ signalling as its

activation did not trigger a Ca2+ increase in adult astrocytes

[49]. Since the activation of mGluR3 inhibits cyclic adenosine

monophosphate (cAMP) formation, it might participate in the

regulation of processes such as astrocyte proliferation, the

expression of glutamate receptor GLAST or GFAP expression

[50,51].

Gene Expression in Post-ischemic Astrocytes
After CNS injury, such as trauma or ischemia, or in CNS

neurodegenerative disorders, the properties of astrocytes change;

the cells become reactive [52,53]. This is in line with our finding

that the gene expression profile of astrocytes alters following focal

ischemia. Particularly affected is the expression of Gfap, Gfapd,

S100b and Vim, which was also observed previously [13,53].

Fourteen days after ischemia, Aqp1 and Aqp9 were up-regulated as

described earlier [14,15], and similarly to previous reports, we

found upregulated Grm5 [18,19]. Generally, Aqp1 and/or Aqp9 are

elevated in hypertrophied, GFAP overexpressing astrocytes in a

number of pathological states, such as ischemic or traumatic brain

injury, Alzheimer’s or Creutzfeldt-Jakob diseases [54–56]. In the

present study, we detected their increased expression only in the

B3 subpopulation, which comprises mostly EGFP+ cells 14 days

Figure 6. Classification of reactive glia (B3) into two subgroups. (A) PCA scatter plot of the cells in subpopulation B3 (reactive glia). Colors
indicate the two groups (B3A red and B3B blue) obtained by decomposing the data by SOM analysis (data are mean-centered). (B) Three-dimensional
PCA scatter plot of all post-ischemic cells and P50 reflecting the normal state for comparison - B1 (green), B2 (dark blue), B3A (red) and B3B (light
blue). PC3 separates B3A from B3B. The first PC accounts for 32%, the second 14% and the third 8%, of the total variance in the data. (C) Box plots
showing genes differentially expressed in B3A (red) and B3B (blue). The box indicates the median value and the 25th and 75th percentiles, the
whiskers are 1.56 the distance of the 25th and 75th percentiles, the circles indicate outliers and the crosses extreme outliers. p-values (Mann-
Whitney) are indicated for each gene.
doi:10.1371/journal.pone.0069734.g006
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after MCAO. Such a delayed increase in their expression suggests

that they are probably not implicated in water movements during

oedema formation/resolution, but they might play a role as

metabolite channels facilitating the diffusion of glycerol and

lactate, as suggested previously [57,58]. Moreover, the ischemic

brain undergoes marked remodelling, which involves the migra-

tion of neighbouring cells to the injury site, thus the increased Aqp1

expression may reflect a migratory phenotype of reactive

astrocytes as AQP1 was shown to promote cell migration in

epithelial cells [59] and glial tumors [60,61]. The B2 and B3

subpopulations also highly express AMPA receptor subunits,

especially Gria3, which suggests that AMPA receptors may

significantly contribute to Na+/Ca2+ influx into the reactive

astrocytes, and together with the strong expression of metabotro-

pic glutamate receptors (Grm1, Grm5) these receptors possibly

mediate Ca2+ oscillations and glutamate release, as mentioned

previously [62]. Furthermore, an increase in Grm5 expression in

reactive astrocytes might lead to the increased activity of mGluR5

and thus contribute to astrocytic apoptosis, as described recently

[63]. On the other hand, an anti-apoptotic effect mediated by

mGluR3 activation that leads to reduced intracellular levels of

cAMP was described in cultured astrocytes after their exposure to

nitric oxide [64]. In addition, Aguado and colleagues [65]

demonstrated that the activation of ionotropic glutamate receptors

is required for the generation of correlated astrocytic network

activity, essential for neuronal development and synaptic plasticity.

In mature astrocytes under physiological conditions (P50), the

Ca2+ permeability of AMPA receptors is diminished compared to

immature stages (P10) due to the predominant expression of Gria2.

Interestingly, mRNAs encoding kainate receptor subunits

(Grik1,2,3,5) are also significantly increased in the B2 and B3

subpopulations; however, their function in reactive astrocytes and

those from immature (P10) animals has not yet been elucidated.

Marked changes were also observed in the expression of

different types of ion channels, such as outwardly and inwardly

rectifying K+ channels and chloride channels (ClC2), and

moreover, Trpv4 expression almost doubled after ischemia, when

comparing the B2 and B3 subpopulations to B1. Despite the fact

that the expression of Kcna3-5, encoding the outwardly rectifying

K+ channels Kv1.3, Kv1.4 and Kv1.5, was comparable in the A1–

3 subpopulations during development, it markedly increased in the

post-ischemic B2 and B3 subpopulations. Such an increase might

point to the fact that astrocytes enter the cell cycle and proliferate

following ischemic injury, as shown previously [66]. In addition,

an increase in Clc2 expression could suggest the participation of

astrocytes in delivering Cl2 to the site of intensive GABAergic

transmission [67], or Cl2 efflux can play a role in astrocyte

proliferation/migration as suggested for gliomas [68]. Further-

more, enhanced Trpv4 expression following MCAO was detected

in both the B2 and B3 subpopulations, which is in agreement with

our recent data demonstrating an increased expression/function of

TRPV4 following hypoxic/ischemic injury of the rat hippocampus

[69]. TRPV4 upregulation might originate from its role as an

osmosensor as shown in astrocytes [70] or from a possible role of

this channel in Ca2+ signalling in post-ischemic astrocytes, which

may result in astrocytic cell death [71]. A transient increase in Nes

observed in cells 3 and 7 days after MCAO might support the

hypothesis that these subpopulations comprise proliferative/newly

derived cells. A striking finding is the high expression of Hcn1-4,

which encodes hyperpolarization–activated non-specific cationic

channels permeable for K+/Na+, so far described only in neurons.

Despite the fact that their role in astrocytes is unknown, we

hypothesize that they might have a role in determining the

astrocyte resting membrane potential or they might interact with

the glutamate release machinery as described recently for

presynaptic terminals [72]. A question that still remains incom-

pletely elucidated is the origin of reactive glia. Certain subpop-

ulations of reactive astrocytes have been shown to arise from NG2

glia [73] or from proliferating astrocytes [74]. Based on our

findings, we propose that the B2 subpopulation, which is

characterized by an increase in the expression of several astrocytic

markers including Gfap, S100b, Gfapd and Vim, but also by a

marked increase in Nes, Pdgfra and Cspg4, comprises astrocytes in

an ‘‘intermediate stage’’ that increase in number as astrogliosis

develops (Figure 5). We hypothesize that either NG2 glia give rise

to the B2 subpopulation, which eventually develops into fully

reactive astrocytes with a distinct expression profile as in

subpopulation B3, or they might represent dedifferentiated mature

astrocytes with increased proliferative activity. The latter possibil-

ity is supported by the fact that they display a relatively similar

gene expression profile as EGFP+ cells of the immature cortex

(Figure 3). Interestingly, B1 and B2 show some similarity (e.g., the

expression of Pdgfra, Cspg4, Grik1-3, Grik5, Gria2-4, Grin2a and

Kcnj16) to the A1 subpopulation observed during early postnatal

development (Table S2). Using partial Spearman correlation

calculations, we did not identify any master gene in B3 that would

account for all of the changes observed upon astrocyte reactivity

that follows ischemic injury; however, it is clear that Gria3 and

Hcn2 are of high importance. In subpopulation B3 we identified

several, previously not recognized highly expressed genes: Hcn1-3,

Grin2a, Gria2, Gria3, Grm5 and Kcna3. We also found the high

expression of Snap25, which is expressed only minimally in the

other subpopulations and has been suggested to be a marker of

cells with exocytotic capabilities under physiological conditions

[25]. Similar observations were made in rats [75], where SNAP25

was found upregulated 3 and 12 days after injury.Despite the fact

that synaptosomal-associated protein SNAP-25 has not been

detected in astrocytes but SNAP-23 [76], our data revealed

mRNA levels coding SNAP-25 were significantly increased in

cortical astrocytes 14 days post-ischemia (B3 subpopulation). As

astrocytes are known to release glutamate and aspartate in

response to elevated intracellular calcium levels via a vesicular

release mechanism in which SNARE proteins are implicated, high

levels of Snap25 might be a sign of a significant glutamate release

from reactive astrocytes. We found a positive correlation between

the expressions of Snap25, Eaat1 and Glul and the absence of any

correlation with Cspg4 and Pdgfra in B3. We also found a strong

correlation between Eaat1 and Aqp4 expression, which is in

accordance with a recent report suggesting the close relation of

excitatory amino acid transporters (Eaat) and Aqp4 under

pathological conditions with the massive release of glutamate

[14]. Although an association between AQP4 and mGluR5 has

been reported [77], we found no correlation on the gene

expression level. On the other hand, we did find an extremely

strong correlation between Aqp1/Aqp9 and Grm5 levels in B3.

Heterogeneity of reactive astrocytes in the vicinity of an

ischemic lesion has been described previously [22,78,79]. Even

within the B3 subpopulation of reactive astroglia, we found

evidence for two subgroups using SOM and PCA: B3A and B3B.

B3A is positive for traditional astrocytic markers, while B3B has a

substantially higher expression of traditional NG2 glia markers

(Figure 6). Cspg4 has been proposed as a hallmark of reactive

astrocytes [16]. Even though the entire B3 population has high

overall transcriptional activity, much higher than B1 and B2, there

is a difference in the expression levels of many genes between the

B3A and B3B subgroups. Since we isolated cells from the vicinity

of an ischemic lesion, it is possible that B3 comprises cells

permanently converted to reactive glia, which are in different

Heterogeneity of Astrocytes
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states or at different distances from the site of the ischemic lesion.

Employing Affymetrix GeneChip arrays, the gene expression

profiling of reactive astrocytes by Zamanian and colleagues [53]

provided transcriptome databases for two subtypes of reactive

astrocytes that will be highly useful in generating new and testable

hypotheses of their function, as well as for providing new markers

to detect different types of reactive astrocytes.

Co-expression of PDGFaR and GFAP in EGFP+ Cells
Our finding that at P10 almost all EGFP+ cells express Cspg4

and Pdgfra and that EGFP+ cells co-express Gfap and Cspg4/Pdgfra

was confirmed by immunohistochemistry. (Figure 4, Figure S3);

[35]. Similarly, Cahoy and co-authors [25] also detected the high

expression of Cspg4 in immature astrocytes (P7, P17), which

declined with astrocyte maturation; however, they never detected

Pdgfra expression in astrocytes, but rather Pdgfrb, which is known to

be expressed in pericytes [80]. Although GFAP is a traditional

marker of astrocytes and we collected cells where the expression of

EGFP is driven by a GFAP promoter, its mRNA level was very

low, not at all comparable with the expression of Cspg4 and Pdgfra.

The GFAP protein must therefore be stable with slow turnover in

the cortex. Nevertheless, Gfap and Gfapd increased with astrocyte

maturation similarly to the highly expressed Glul, Eaat1 and Aqp4.

Interestingly, in subpopulations A1, B2 and B3, Cspg4 and Pdgfra

are co-expressed on the mRNA level in 95% of cells, but the

correlation between their expressions on the single cell level is not

particularly strong (r = 0.44, p = 0.001 for A1, r = 0.23,

p = 0.151 for B2, r = 0.27, p = 0.159 for B3). Cspg4 and Pdgfra also

show quite different correlations with other genes. This suggests

Cspg4 and Pdgfra are expressed independently of each other in

individual cells, even in cells from the same subpopulation. The

absence of correlation between highly expressed genes in

individual cells of the same kind has been observed previously

[33] and has been interpreted as the cells having independent

transcription regulatory mechanisms, which leads to independent

transcriptional bursts.

We do not think that the expression of Cspg4 or Pdgfra in EGFP/

GFAP cells isolated from the cortex of P10 animals was detected

simply due to sensitivity in which low transcript levels are

amplified. PDGFaR and NG2 are expressed in these cells also

on the protein level as demonstrated by immunohistochemistry in

Figure 4 for PDGFaR and in Figure S3 for NG2. These images

show without any doubt that EGFP-positive cells (P10–20 mice)

co-express GFAP and PDGFaR or NG2, the expression of which

disappears at P50. More interestingly, in post-ischemic tissue the

expression of both Cspg4 and Pdgfra reappears; however, their

expression on the protein level does not coincide with EGFP/

GFAP-positive reactive astrocytes, which might suggest that newly

generated reactive astrocytes lose both NG2 or PDGFaR when

they reach the stage of fully developed reactive astroglia 14 days

post ischemia, while those still expressing NG2 and/or PDGFaR

might partially comprise cells in transition into reactive astrocytes

or dedifferentiated astrocytes that display the gene expression

profile of immature P10-P20 astrocytes (A1 subpopulation). This is

also obvious from the division of the B3 subpopulation into two

groups: B3A and B3B (Figure 6). Cells in the B3A group express

Cspg4 and Pdgfra, while the expression of Eaat1, Glul and Aqp4 is

significantly lower than in the B3B group. Therefore, NG2 or

PDGFaR-positive cells may reflect astrocytes in a transitional

stage similar to that described by Zhu and colleagues [81]. They

showed that a subpopulation of GS+ astrocytes is the progeny of

NG2 cells, thus confirming the previous finding that NG2 cells

give rise to protoplasmic astrocytes. They also showed the co-

expression of aldehyde dehydrogenase (Aldh1L1, another marker

of astrocytes) immunoreactivity in their somata and faint PDGFaR

immunoreactivity in their processes, indicative of transitional cells

that are losing PDGFaR and acquiring Aldh1L1. Similar data

showing the co-expression of GFAP and NG2 in ischemic tissue

were described in our recent publication [12].

The Basis of Astrocyte Heterogeneity
The heterogeneity of astrocytes even within an individual brain

region, such as the cortex, might already arise during their

development. Some astrocytes originate from cells in the

ventricular zone via radial glia intermediates, while other

astrocytes arise from immature cells that migrate in the perinatal

period from the dorso-ventral subventricular zone into the brain

[82]. Radial glia, which give rise to distinct subsets of forebrain

neurons and later on to glial cells, must be highly heterogeneous

themselves with respect to their progenitor function, which

strongly depends on the expression of different sets of transcription

factors such as Emx1 and Dach1. Progenitors expressing these

transcription factors give rise, besides cortical and hippocampal

CA1 neurons, to a subset of cortical and hippocampal astrocytes

[83–85] and also to a subpopulation of astroglia in the dorsal roof

of the subventricular zone [86]. How the developmental hetero-

geneity of astrocytes relates to their functional heterogeneity still

remains unresolved. In addition, astrocytes might also display a

spatial heterogeneity as they surround blood vessels and/or

different synapses. Nonetheless, a diversity of astrocytic responses

to pathological stimuli, such as oxygen-glucose deprivation or

hypotonic stress, has been demonstrated in the cortex [5,87]. As

reported earlier [88], there also exists a subpopulation of astrocytes

that do not express GFAP and that were not considered in this

study.

Conclusions
We have used single cell expression profiling and multivariate

expression analysis to identify and characterize subpopulations of

astrocytes present during postnatal development and after focal

cerebral ischemia. We found that transcriptional activity decreases

during development and that fully mature astrocytes express

mainly Eaat1, Glul, Aqp4 and Kcnj10 and Kcnj16. After a brain

injury the situation rapidly changes - the astrocytes become

reactive and express Eaat1, Glul, Aqp1, Aqp9, Snap25, hyperpolar-

ization-activated cation channels Hcn1, Hcn2, Hcn3, glutamate

receptors Grin2a, Gria2, Gria3, Grm5 and potassium channels Kcna3

and Vim.

Supporting Information

Figure S1 Validation of pre-amplification. Three separate

RNA samples were isolated from the cortex of three different mice,

transcribed and preamplified. cDNA levels were measured with

preamplification (P) and without preamplification (NP). The

average difference (DCq) and the standard deviation of the

difference between P and NP for each gene were calculated for

each of the three RNA samples.

(TIF)

Figure S2 Schemas of all correlations higher than 0.6

for subpopulation A1 (A), subpopulation A2 (B), subpop-

ulation A3 (C), subpopulation B1 (D), subpopulation B2

(E), and subpopulation B3 (F). Positive correlations are

indicated by green lines, while red lines indicate negative

correlations.

(TIF)
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Figure S3 Immunohistochemical analysis of EGFP+

cells. The expression of GFAP and NG2 was analyzed in the

cortex of 10 days-old EGFP/GFAP mice. Note that at P10 there

are EGFP-positive cells co-expressing GFAP and NG2.

(TIF)

Figure S4 Interactions between highly expressed ‘‘key’’
genes in subpopulation B3. (A) All significant correlations

(p,0.05) between the expressions of gene pairs are indicated. (B)
Partial Spearman correlation coefficients were calculated to

separate direct and indirect interactions between genes. The lines

indicate a direct correlation that remains significant after the

removal of indirect (via a third gene) correlations. (C) Correlation

that remains significant after removing the effect of Hcn2. (D)

Correlation that remains significant after removing the effect of

Gria3.

(TIF)

Table S1 PCR assay information and primer sequenc-
es.
(DOCX)

Table S2 Statistics describing the gene expression for
each postnatal developmental subpopulation or post-
ischemic subpopulations.
(DOCX)

Table S3 Correlation within development subpopula-
tion A1.

(XLSX)

Table S4 Correlation within development subpopula-

tion A2.

(XLSX)

Table S5 Correlation within development subpopula-

tion A3.

(XLSX)

Table S6 Correlation within development subpopula-

tion B1.

(XLSX)

Table S7 Correlation within development subpopula-

tion B2.

(XLSX)

Table S8 Correlation within development subpopula-

tion B3.

(XLSX)
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