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FGF family members differentially 
regulate maturation and 
proliferation of stem cell-derived 
astrocytes
Ekaterina Savchenko1,2, Gabriel N. teku  3, Antonio Boza-Serrano4, Kaspar Russ1,2, 
Manon Berns1,2, Tomas Deierborg4, Nuno J. Lamas5,6, Hynek Wichterle7,8,9,  
Jeffrey Rothstein  10,11,12,13, Christopher E. Henderson7,8,9,14,15,16, Mauno Vihinen  3  
& Laurent Roybon1,2

The glutamate transporter 1 (GLT1) is upregulated during astrocyte development and maturation in 
vivo and is vital for astrocyte function. Yet it is expressed at low levels by most cultured astrocytes. 
We previously showed that maturation of human and mouse stem cell-derived astrocytes – including 
functional glutamate uptake – could be enhanced by fibroblast growth factor (FGF)1 or FGF2. Here, 
we examined the specificity and mechanism of action of FGF2 and other FGF family members, as well 
as neurotrophic and differentiation factors, on mouse embryonic stem cell-derived astrocytes. We 
found that some FGFs – including FGF2, strongly increased GLT1 expression and enhanced astrocyte 
proliferation, while others (FGF16 and FGF18) mainly affected maturation. Interestingly, BMP4 
increased astrocytic GFAP expression, and BMP4-treated astrocytes failed to promote the survival 
of motor neurons in vitro. Whole transcriptome analysis showed that FGF2 treatment regulated 
multiple genes linked to cell division, and that the mRNA encoding GLT1 was one of the most 
strongly upregulated of all astrocyte canonical markers. Since GLT1 is expressed at reduced levels 
in many neurodegenerative diseases, activation of this pathway is of potential therapeutic interest. 
Furthermore, treatment with FGFs provides a robust means for expansion of functionally mature stem 
cell-derived astrocytes for preclinical investigation.
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Astrocytes, the most common cell type in the brain, play a crucial role in the maintenance of homeostasis of the 
central nervous system (CNS)1. They act as structural and trophic support for nervous system, regulate cerebral 
blood flow, provide energy substrate for neurons, and are involved in the formation and modulation of syn-
apses2–5. Under pathological stimuli, activated astrocytes, which are characterized by the up-regulation of glial 
fibrillary acidic protein (GFAP) and altered morphology, can play a key role in detrimental neuro-inflammatory 
processes1,6.

Another important function of astrocytes is the uptake of the main excitatory neurotransmitter glutamate7,8, 
by high affinity transporters glutamate aspartate transporter (GLAST; known as EAAT1 in human and encoded 
by the Slc1a3 gene) and glutamate transporter 1 (GLT1; known as EAAT2 in human and encoded by the Slc1a2 
gene)9. Loss of either transporter produces a tonic increase in extracellular glutamate concentration9, which can 
lead to excitotoxicity via excessive activation of glutamate receptors and result in oxidative stress and neuronal 
cell death8,10,11. Reduced GLT1 protein levels have been observed in patients diagnosed with Huntington’s Disease 
(HD) or Amyotrophic Lateral Sclerosis (ALS), as well as in several animal models of these NDDs12–16. In fact, 
reduced GLT1 levels in astrocytes have been associated with other neurological disorders, such as Alzheimer’s 
disease (AD), ischemic stroke, and epilepsy14,17,18. Therefore, targeting GLT1 expression may be an interesting 
therapeutic approach in these disorders.

The expression of GLT1 is associated with maturation of astrocytes19 and is dependent upon soluble factors 
secreted by neurons10,20. FGF 1 and 2 (also known as acidic FGF and basic FGF, respectively) are soluble proteins 
mainly secreted by neurons that contribute to the maturation of astrocytes21–23. Increased extracellular glutamate 
levels, which can be caused by reduced expression of GLT19, significantly enhance the release of FGF2 from cor-
tical neurons24. FGFs may be homeostatic regulators of GLT1 expression. However, nothing is known about the 
regulation of GLT1 by other FGF subfamily members and other soluble factors, including ciliary neurotrophic 
factor (CNTF) and bone morphogenetic protein 4 (BMP4), which are commonly employed to generate astrocytes 
in vitro.

The FGF family contains 23 members and can be divided into seven subfamilies25–27. In general, FGFs act 
as paracrine factors that bind to the FGF receptor in the presence of the co-factor heparin or heparin sulphate 
proteoglycans. FGFs regulate cell proliferation, differentiation, and survival22,23,27,28 and have opposing roles in 
inflammation regulation29–31. Thus, FGFs have various functions and they may differently regulate GLT1.

In this report, we aimed to clarify the function of various members of the FGF family on maturation of astro-
cytes. First, we generated mouse ESC (mESC)-derived spinal cord astrocytes and examined their transcriptome 
prior to and upon FGF2 treatment. Next, using an innovative screening assay employing whole culture well imag-
ing, we examined whether other factors, including FGF family members with paracrine activities, could upreg-
ulate GLT1 expression. Additionally, we examined the transcriptome of FGF18-treated astrocytes, which like 
FGF2-treated astrocytes, upregulated GLT1 expression without strong effect on astrocyte proliferation. Finally, 
we examined the A1/A2 phenotype of the FGF2- and FGF18-treated astrocytes32, and found that FGF2- and 
FGF18-treated astrocytes were not toxic to motor neurons (MNs), as opposed to BMP4-treated astrocytes. Our 
study showed that FGF family members differentially regulate maturation of stem cell-derived astrocytes. We 
identified several FGFs as potential therapeutic targets in diseases where loss of GLT1 prevails.

Results
FGF2 is a strong inducer of astrocytic GLT1 and growth. We employed a previously established pro-
tocol to generate astrocytes from mESC19. First, mESC were differentiated into MN cultures for 7 days using 
caudalizing retinoic acid (RA) and ventralizing smoothened agonist (SAG) agents33. The robustness of the MN 
differentiation step was assessed by visualizing MNs using a Hb9::GFP reporter line (Fig. S1). The MN cultures, 
which contained neural progenitors, were exposed to epidermal growth factor (EGF) and FGF2 allowing the 
neural progenitors to expand as free-floating neurospheres for two weeks with an intermediate step of generation 
of secondary neurospheres. On day 21, neurospheres, which were devoid of Hb9::GFP MNs and mainly con-
tained neural progenitors, were mechanically dissociated and progenitors were differentiated into astrocytes on 
adherent surfaces using medium supplemented with 10% FBS for 2 weeks. On day 35 of differentiation, cultures 
were enriched in immature astrocytes and devoid of cells positive for neuronal marker MAP2 or oligodendrocyte 
marker CNPase19.

The astrocytes were then used to verify our previous findings of FGF2-induced GLT1 expression in astro-
cytes19. First, the astrocyte cultures were treated with FGF2 (50 ng/mL), which led to a robust expression of astro-
cytic GLT1, as measured by immunocytochemistry (Fig. 1a). FGF2 also stimulated astrocyte growth by 3-fold 
(Fig. 1b). We further confirmed the increase in GLT1 level in astrocyte cultures with Western blotting (Fig. 1c). 
These changes were uniform for astrocyte cultures generated from two different mESC lines, the Hb9::GFP 
reporter line and a newly derived wildtype (WT) line (Fig. 1b,c).

Whole transcriptome analysis was performed to understand the effects of FGF2 treatment in astrocytes 
(Table S1). The samples analyzed were: (i) non-treated astrocytes at day zero (D0), (ii) non-treated astrocytes aged 
for 6 days (D6 NT) in culture, and (iii) FGF2-treated astrocytes aged for 6 days (D6 FGF2) in culture. The gene 
expression levels were compared for the 3 conditions (Fig. 1d,e). Since astrocytes generated from the Hb9::GFP 
and WT mESC lines reacted similarly to FGF2 treatment, measured by increased GLT1 (Fig. 1c), we analyzed 
four samples per condition of which three where from astrocyte cultures generated from WT mESC line and one 
from the Hb9::GFP mESC line. 530 genes showed a 4-fold or higher change up or down (Fig. 1d,e). 376 genes were 
up and down regulated following FGF2 treatment, of which 5 were common to D6 NT and D6 FGF2 samples 
(Fig. 1f). Among the upregulated genes were the glutamate metabotropic receptor 5 (Grm5), which is important 
for calcium signaling34, and Slit guidance ligand 1 (Slit1) expressed in ventral spinal cord astrocytes35 (Fig. 1g). 
Interestingly, FGF2 had a minor effect on the up and down-regulation of common astrocytic genes (Fig. 1h). 
However, FGF2 triggered a significant over 2-fold up-regulation of Slc1a2 gene encoding for GLT1 (Fig. 1h).

https://doi.org/10.1038/s41598-019-46110-1


3Scientific RepoRts |          (2019) 9:9610  | https://doi.org/10.1038/s41598-019-46110-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Figure 1. Increased abundance of GLT1-expressing astrocytes upon FGF2 treatment. (a) FGF2 treatment 
robustly increases GLT1 levels in astrocyte cultures generated from mESC lines. Scale bar = 50 μm. (b) FGF2 
treatment robustly increases astrocyte growth. A 3-fold increase in number of astrocytes was identified 
in cultures treated with FGF2 when compared to non-treated ones (mean ± SEM; n = 3 independent 
differentiations for the WT mESC line, and n = 1 for the Hb9::GFP line). P value: ***P < 0.001. Scale bar = 50 
μm. (c) Representative Western blot of mESC-derived astrocyte cultures prior to and following treatment or 
not with FGF2. GLT1 protein is abundant in cultures treated for 6 days with FGF2, compared to non-treated 
astrocyte cultures of the same age and cultures prior to treatment. Actin protein was used as loading control 
(blots are representative of two independent experiments). (d) Heat map profiles for gene expression. The 
panel to the left shows all genes, while that to the right are genes with at least four-fold difference up or down.  
(e) Volcano plots of fold change of gene expression vs -log of p-value. The dashed lines show expression change 
four-fold up and down. Genes with expression change >4-fold are colored red, those expressed <−4 fold 
in blue, while those <4 and >−4 are colored black. P-values close to zero where replaced by 10−6. (f) Venn 
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Gene Ontology36 annotation enrichment was investigated using hypergeometric distribution. Significant 
enrichment was identified for GO term categories of upregulated genes (Fig. S2). They were enriched for regu-
lation, metabolism, cellular compartment organization and response to stimuli. The molecular function terms 
include numerous categories associated with protein, nucleotide and ion binding. Of the cellular component 
terms, nucleus was the most altered followed by macromolecular complexes, membranes, and cytoskeleton. GO 
term enrichment also revealed categories associated with cell division machinery (Fig. S2), which confirmed 
the effect of FGF2 on astrocyte growth (Fig. 2b). No GO term category was significantly enriched among the 
downregulated genes. These data collectively show that FGF2 is a strong inducer of both astrocyte maturation 
and growth.

Specificity of FGFs on astrocytic GLT1 expression and growth. In human, there are 23 FGFs, which 
are grouped based on their sequence and evolutionary similarity into 7 subfamilies of which 5 have paracrine 
effects37. FGF2 belongs to the first family and we have previously showed that the two members of this family 
promote increased astrocytic GLT1 levels, with FGF2 having a greater efficacy compared to FGF119. Since it was 
not known whether astrocytic GLT1 expression is restricted to members of the FGF1 subfamily, we screened for 
GLT1 inducers using immature mESC-derived astrocytes (Fig. 3a). We tested the effect of FGF4, FGF5, FGF6, 
FGF7, FGF8, FGF9, FGF10, FGF16, FGF17, FGF18 and FGF20, which represent the 4 other subfamilies with 
paracrine effect, namely FGF4, FGF7, FGF8 and FGF9 subfamilies (Table 1). We also included in our assay other 
factors that provide neurotrophic support (BDNF, NT3, GDNF, IGF1, MANF and NGF)38–41, and factors that 
participate in neural induction and differentiation, such as retinoic acid (RA)42 and FBS. CNTF and BMP4, sol-
uble proteins known to promote mammalian astrocyte differentiation from neural progenitors43,44, whose effect 
on astrocytic GLT1 expression is unknown, were also tested. Prior to performing the screens on immature astro-
cytes, all factors were tested several times on mESC-derived Hb9::GFP MNs to evaluate their efficacy (Fig. S1). All 
the recombinant proteins were tested at a concentration of 50 ng/mL, and RA at 1 µM. Some factors were obtained 
from two different suppliers (FGF2 and FGF20); in the case of FGF2, both murine and human recombinant 
proteins were tested (Fig. 3b). We employed immunocytochemistry for GLT1 and DAPI staining as readouts for 
astrocyte maturation and growth. Interestingly, neither commonly employed factors known to exert neurotrophic 
support on MNs such as BDNF and GDNF (Fig. S1), nor BMP4 or CNTF, which are the gold standard factors rou-
tinely employed to generate astrocytes from pluripotent stem cells45–48, promoted GLT1 expression (Fig. 3b–g). 
BMP4, but not CNTF, increased the expression of GFAP, a marker of immature and reactive astrocytes, and 
aquaporin 4 (AQP4; Fig. S3). FGF2, FGF4, FGF6, FGF9, FGF16 and FGF18 led to a dramatic increase in both the 
number and intensity staining of astrocytes positive for GLT1, when compared to control cultures (Fig. 3b–e). We 
confirmed the effect of FBS, BMP4, CNTF and FGF4 with Western blotting (Fig. 3f). We identified FGF2, 4, 6 and 
9, but not 16 and 18, as strong inducers of astrocyte proliferation (Fig. 3g).

The data clearly demonstrate that astrocytes generated using standard growth factors (e.g. CNTF and BMP4) 
are not fully mature, and that the treatment of immature astrocytes with specific members of the FGF subfamily 
with paracrine activity robustly promoted their maturation, measured by increased number and proportion of 
GLT1-positive astrocytes per well, and increase GLT1 level as measured with Western blotting.

Transcriptome analysis of FGF18-treated astrocytes. We next examined the transcriptional changes 
between dividing and non-dividing mature astrocytes. To this aim, we compared FGF2 and FGF18 since these 
two factors had a different effect on astrocyte growth, although both promoted GLT1 expression. In a new set 
of experiments, we confirmed GLT1 enhancement by immunocytochemistry and Western blotting, following 
FGF18 treatment (Fig. 3a,b). Images of stained cultures clearly revealed increased GLT1 intensity staining per cell 
in astrocyte cultures treated with FGF18 (Fig. 3a).

We next analyzed the transcriptome of FGF18-treated cultures (Table S2) and compared it to that of 
FGF2-treated ones. In total, 37 genes showed on average 4-fold or higher change up or down (Fig. 3c,d), and 15 
probes (for which 14 genes were annotated) were common between D6 FGF2 and D6 FGF18 samples (Fig. 3e,f). 
Amongst upregulated genes common to FGF2 and FGF18 treatments was Bmp7, an abundant protein in adult 
mature astrocytes throughout the CNS49 and involved in the regulation of reactive gliosis50,51 and upregulated 
and neuroprotective in spinal cord injury52,53. GO term enrichment revealed that no categories were associ-
ated with cell division machinery when a 4-fold cut off was applied. However, some of these categories could 
be identified when utilizing 2-fold cut off (Fig. 3g), suggesting FGFs-induced GLT1 up-regulation to be asso-
ciated with astrocytic growth, in vitro. When examining more specific astrocytic genes54, we observed a greater 
up-regulation of genes expressed by mature astrocytes54, with significant increase in Slc1a2, Aldoc, Glul, Acsbg1, 
Ttpa, Dio2, and Atp1a2 mRNAs level; Fig. 3h) in FGF2- compared to FGF18-treated cultures. These data suggest 
that FGF2-treated astrocytes had matured more rapidly than FGF18-treated ones.

BMP4-treated astrocytes fail to promote the survival of MNs. Astrocytes are heterogenous in the 
brain and in vitro. They can adopt different phenotypes, being mature or reactive pro-inflammatory when stim-
ulated with FGF2 and TNF-alpha, respectively19 or become neurotoxic or neuroprotective32. To determine if 
FGF2 and/or FGF18 had directed the astrocytes towards an “A1 toxic” or an “A2 neuroprotective” phenotype, we 

diagram showing overlap of genes with 4-fold expression change between the D6 NT vs D0 and D6 FGF2 
vs D0. (g) List of top 20 genes up (red bars) and down (blue bars) regulated with FGF2 treatment. (h) Fold 
expression changes of canonical astrocytic markers, in cultures treated with FGF2 for 1, 3 and 6 days. Data are 
normalized to D0.
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examined up and down regulation of genes associated with these two phenotypes. Genes associated with the A1 
toxic phenotype were mostly down-regulated by FGF2, although Amigo-2 and Fkbp5 were significantly upregu-
lated, after 6 days of treatment (Fig. 4a). Interestingly, astrocytes exposed to FGF18 increased the expression of 
genes associated with the “A1 toxic” phenotypes, but the effect was not statistically significant (Fig. 4a).

Figure 2. Identification of factors promoting astrocyte GLT1 expression and growth. (a) Overview of the 
screening workflow employed to examine astrocytic GLT1 up-regulation. (b) Whole well image depicting GLT1 
immunofluorescence following immunocytochemistry. Representative images from one of the 4 screens are 
presented. Cultures were treated for 6 days with the conditions, with no media change. (c) High magnification 
images of non-treated, FGF4 and BMP4 treated astrocyte cultures, stained for GLT1 and DAPI (images are 
representative of n = 4 experiments). Scale bars = 200 μm (upper panel) and 50 μm (lower panel). (d) Bar 
diagram represents the proportion of GLT1-positive cells in each culture condition (data are presented as fold-
change of the non-treated cultures). Mean ± SEM; treatment performed for n = 4 independent differentiations. 
P values: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (e) Bar diagram represents the average intensity 
staining per cell in each culture condition (data are presented as fold-change of the non-treated condition). 
Mean ± SEM; n = 4 independent differentiations. P values: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
(f) Western blot analysis confirms the increased GLT1 levels observed using immunocytochemistry. GFAP, 
marker of reactivity and AQP4, canonical marker of astrocytes, were downregulated when GLT1 was 
upregulated in response to FGF4 treatment. Actin was used as housekeeping marker. 20 μg of proteins were 
loaded for each condition. (g) Bar diagram represents the total number of cells in each culture condition 
(presented as log2-fold change of the non-treated condition). Mean ± SEM; n = 4 independent differentiations. 
P values: *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 3. Effect of FGF18 on astrocyte cultures. (a) FGF18 treatment robustly increases GLT1 levels in 
astrocyte cultures. Images are representative of n = 3 independent experiments. Scale bar = 50 μm. (b) Western 
blot of mESC-derived astrocyte cultures prior to and following treatment or not with FGF18. GLT1 and GFAP 
are increased and decreased, respectively, in cultures treated for 6 days with FGF18, compared to non-treated 
astrocyte cultures of the same age. Actin protein was used as loading control (blots are representative of three 
independent experiments). (c) Heat map profiles for gene expression. The panel to the left shows all genes, while 
that to the right is for genes with at least four-fold difference up or down. (d) List of top 20 genes up (red bars) 
and down (blue bars) regulated with FGF18 treatment. (e) Venn diagram showing overlap of genes with 4-fold 
expression change between the D6 NT vs D0 and D6 FGF2 vs D0. (f) List of annotated genes common to FGF2- 
and FGF18-treated astrocyte cultures. (g) Significantly enriched GO Slim terms in the Reactome pathways 
for genes with over 1.5-fold expression change. (h) Heat map representing the expression of astrocyte-specific 
genes54 following treatment with FGF2 and FGF18 (blue and red colored squares show low and high expression, 
respectively, of genes of interest). Statistically significant changes are marked with an asterisk.
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Since neither an “A1 toxic” nor an “A2 neuroprotective” phenotype could be clearly identified for astro-
cytes treated with FGF18, while those treated with FGF2 showed mostly down-regulation of “A1 toxic” 
phenotype-related genes, we examined the effect of FGF2- and FGF18-treated astrocytes on MN survival. 
Astrocytes treated for 6 days with either FGF2 or FGF18 promoted the survival of Hb9::GFP MNs (Fig. 4b). This 
was also the case for non-treated astrocytes, and astrocytes treated with FBS or CNTF. Interestingly, astrocytes 
treated with BMP4, which is commonly used to generate astrocytes from stem cells and which promotes GFAP 
expression, failed to promote the survival of Hb9::GFP MNs (Fig. 4b).

Collectively, our data show that FGFs differentially regulate astrocyte maturation and growth, and that FGF2- 
and FGF18-treated astrocytes are not toxic to MNs, in vitro.

Discussion
Maturation of astrocytes is associated with the increase and decrease of GLT1 and GFAP levels, respectively. Such 
phenotype can be induced in vitro by treatment of astrocytes with FGF1 family members FGF1 or FGF219. Here, 
we confirmed these findings and further analyzed the mechanism of action of FGF2 in cultured astrocytes. FGF2 
elicited different effects on the expression of canonical astrocytic genes, over time. While long-term treatment of 
astrocytes with FGF2 progressively increased levels of GLT1, short-time exposure led to a reduced expression of 
Slc1a2 and several others astrocytic genes. Additionally, the expression of astrocyte canonical genes, Slc1a3, Gja1 
(encoding for connexin 43), Glul (encoding for glutamine synthetase) and Id3 was induced while the expression 
of Gfap, Vimentin and Aldh1l1 were strongly downregulated upon FGF2 treatment (Fig. 1h). These changes show-
ing the differential expression of certain genes over time, may be consequent to the transcriptional adaptation 
of astrocytes to a new environment or an effect of the initiation of cell proliferation. GO enrichment analysis of 
the whole transcriptome revealed that most enriched genes were associated with intracellular processes and cell 
division. The increased proliferation of astrocytes has been observed in cell cultures treated with FGF2. Indeed, 
FGF2 is the most common growth supplement and is known to regulate proliferation, differentiation, migration, 
and survival of different cell types55,56.

FGF2 and FGF1 belong to the FGF1 subfamily; the effects of the other 7 FGF subfamily members in induc-
tion of astrocyte maturation was previously not known. Here, we screened for inducers of astrocyte maturation. 
The screen employed members of the other FGF subfamilies with paracrine effect and neurotrophic and dif-
ferentiation factors, including BMP4 and CNTF, common inducers of astrocyte differentiation. We identified 
several additional FGF members that significantly enhanced astrocytic Slc1a2 expression in vitro. Notably, FGF2, 
FGF4, FGF6 and FGF9 induced cell proliferation, whereas FGF16 and FGF18 did not. None of the other factors 
studied affected GLT1 level, although BMP4 elicited an increase in Gfap and Aqp4 expression, in line with pre-
vious reports57. Among FGFs with reduced proliferative capacities, FGF18 showed a greater potential effect on 

Factor Final concentration Provider

mFGF2 50 ng/mL Thermo Fisher

hFGF2 50 ng/mL R&D

hFGF2 50 ng/mL PeproTech

hFGF4 50 ng/mL PeproTech

hFGF5 50 ng/mL PeproTech

hFGF6 50 ng/mL PeproTech

hFGF7 50 ng/mL PeproTech

hFGF8 50 ng/mL PeproTech

hFGF9 50 ng/mL PeproTech

hFGF10 50 ng/mL PeproTech

hFGF16 50 ng/mL PeproTech

hFGF17 50 ng/mL PeproTech

hFGF18 50 ng/mL PeproTech

hFGF20 50 ng/mL PeproTech

hFGF20 50 ng/mL R&D

hBDNF 50 ng/mL R&D

hEGF 50 ng/mL R&D

hNT3 50 ng/mL R&D

hGDNF 50 ng/mL R&D

hIGF1 50 ng/mL R&D

hCNTF 50 ng/mL R&D

hMANF 50 ng/mL R&D

hNGF 50 ng/mL R&D

hBMP4 50 ng/mL Invitrogen

FBS 10% Thermo Fisher

Retinoic acid 10 µM Sigma

Table 1. list of compounds employed in the study.
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astrocytes to induce GLT1 than FGF16. Therefore, we investigated the differences in gene expression patterns 
underlying the FGF18 treatment and compared them to those induced by FGF2 treatment. Similar to FGF2, 
FGF18 induced the upregulation of Slc1a2 and downregulation of Gfap. Increased and decreased levels of EAAT2 
and GFAP, respectively, and increase level of BMP7, common target of FGF2 and FGF18 (Fig. 3f), were also 
identified by Western blot following treatment of human astrocytes (Fig. S4 and data not shown). In addition, 
some other astrocyte-related genes54 were regulated in the same manner as FGF2-treated cells. Interestingly, 
the expression of Aldh1l1, a key enzyme for nucleotide biosynthesis and cell division58 that is selectively and 

Figure 4. Effect of FGF18 on astrocyte cultures. (a) Heat map representing the expression of pan-reactive, A1- 
and A2-specific genes, for each analyzed condition. Data are represented as fold change up (red colored squares) 
or down (blue colored squares). Significant changes are marked with an asterisk. (b) Quantification of the total 
number of Hb9::GFP MNs and the mean outgrowth per MN after 2 days in co-culture with astrocytes treated 
with FGF18, FGF2, FBS, BMP4, CNTF or non-treated. Mean ± SEM; n = 3 independent experiments. P values: 
**P < 0.01; ****P < 0.0001. Scale bar = 50 μm. (c) Representative images of Hb9::GFP MNs after 2 days in co-
culture with astrocytes treated with FGF18, FGF2, FBS, BMP4, CNTF and non-treated astrocytes. (d) Summary 
of our findings; FGF2, FGF4, FGF6, FGF9, FGF16 and FGF18 trigger GLT1 expression; FGF2, FGF4, FGF6 
and FGF9 also promoted astrocyte growth. BMP4 triggers GFAP expression; BMP4-treated astrocytes failed to 
support the survival of MNs.

https://doi.org/10.1038/s41598-019-46110-1


9Scientific RepoRts |          (2019) 9:9610  | https://doi.org/10.1038/s41598-019-46110-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

very significantly decreased in mature spinal cord astrocytes through transcriptional inactivation of the Aldh1l1 
promoter59, elevated and downregulated following treatment with FGF2 and FGF18, respectively. Interestingly, 
Slc1a3, which characterizes immature differentiating cells confined to an astrocytic fate in the early postnatal 
brain60, was highly upregulated by FGF2. Hence, we cannot rule out the possibility that some of the observed 
changes in gene expression may be consequent, at least partly, for the enhanced proliferation induced by FGF2 
treatment. Therefore, examining astrocyte response to treatment after several days is highly relevant to under-
stand the long-term effect of the several compounds tested.

We also examined markers associated with an “A1 toxic” or an “A2 neuroprotective” phenotype32. FGF2 mostly 
decreased the expression of genes associated with an “A1 toxic” phenotype, and FGF2-treated astrocytes sup-
ported the survival of hb9::GFP MNs. This finding is in line with the recent use of FGF2 to protect both neurons 
and oligodendrocytes from the “A1 toxic” phenotype in vitro32. Interestingly, BMP4, a factor commonly employed 
to generate astrocytes from neural progenitors, rendered the astrocytes “toxic” to hb9::GFP MNs. Further analysis 
of the transcriptome of BMP4-treated astrocytes should indicate whether they can be categorized as “A1 toxic”.

FGF2 and FGF18 are secreted factors in the FGF1 and FGF8 subfamilies, respectively, that mediate signaling 
via FGF receptors. Although both ligands recognize the same receptors, but with different affinity, the ability of 
FGF2 to induce Slc1a2 expression was more prominent. This may reflect different degrees of selectivity and activ-
ity of the FGF receptors for different FGFs. For example, FGF2 binds with a high affinity to FGFR1, while FGF18 
preferentially binds to FGFR326,61. In contrast to FGFR3, signaling through FGFR1 induces proliferation in both 
embryonic and human adult stem cells and is important for neurogenesis and proliferation and fate specification 
of radial glial cells in the cortex and hippocampus62–65. Our data also demonstrated that FGF2 treatment induced 
higher proliferation of astrocytes compared to FGF18 treatment.

Taken together, our data suggest that members of FGF family could enhance astrocytic GLT1 levels and pre-
vent astrocyte reactivity indicated by the decrease of Gfap expression. Our findings are relevant to the elaboration 
of robust therapeutic strategies for the treatment of NDDs associated with impaired GLT1 function that could also 
be beneficial to MNs. For example, in vivo delivery of FGF18, loss of which in MNs leads to malformation of the 
neuromuscular junction66, could potentially delay MN die-back and prevent excitotoxic processes. Importantly, 
we introduced a new method to produce non-reactive/mature astrocytes to study astrocyte biology, development 
and maturation. Several protocols have been established to generate astrocytes from stem cells to model neu-
rodegeneration, but most of them produce young, immature astrocytes that display low glutamate transporter 
levels67,68. Moreover, our approach provides a valuable platform for evaluation of the cross-talk between mature 
astrocytes and other brain cell types as well as for screening agents that could block astrocytic growth, which is 
characteristic for glioblastoma69.

Experimental Procedures
Ethics. All methods and experimental procedures were carried out in accordance with European and Swedish 
national rules and approved by Lund University. The derivation of mESC was approved by the ethical committee 
of Lund and Malmö (permissions #M43-15 and #M69-16).

Derivation of mouse embryonic stem cell and maintenance. Wildtype mESC (C57BL/6 back-
ground) cell line was derived as previously described (Chumarina et al., 2017). Derivation of the Hb9::GFP mESC 
line has been reported (Wichterle et al., 2002). Mouse ESCs (mESCs) were maintained on a monolayer of irradi-
ated CF1 feeders (Globalstem), in mESC culture medium composed of DMEM medium, 15% fetal bovine serum 
(FBS), penicillin/streptomycin (P/S; 100 Units/mL and 100 mg/mL, respectively), 2 mM L-glutamine (GIBCO), 
100 mM non-essential amino acids (NEAA, GIBCO), 1% nucleosides (Millipore), 10% FBS (Millipore), 
β-mercaptoethanol (110 μM), and leukemia inhibitor factor (LIF, 10.000 units/mL; Millipore, ESG1106). Cells 
were maintained at 37 °C, 5% CO2, and regularly passaged using 0.5% trypsin (Millipore).

Generation of mouse embryonic stem cell-derived motor neurons. The protocol for generating 
mESC-derived motor neurons was previously published (Wichterle et al., 2013). Briefly, mESC are trypsin-
ized at confluency, counted and seeded at the concentration 100.000 to 200.000 cells/mL in low adherent 
cell culture dish in DFNK medium composed of advanced DMEM/F12 (44%), neurobasal medium (44%), 
KSR (10%), L-glutamine (2 mM), Penicillin-Streptomycin (100 Units/mL and 100 mg/mL, respectively) and 
β-mercaptoethanol (11 μM). The day after (=D2), culture medium was changed by gently spinning down (0.2 
rcf) the cultures to collect the EBs, which were then placed back into the low-adherent cell culture flasks with 
fresh DFNK medium. On day 3, to induce spinal cord patterning and production of motor neurons, the medium 
was changed and replaced with DFNK medium supplemented with RA (1 μM) and SAG (0.5 μM). Two days 
later, the medium was once again changed with fresh DFNK containing RA plus SAG. On day 7, the EBs con-
taining between 50–70% Hb9::GFP-positive motor neurons were ready for dissociation and plating for further 
experiments.

Generation of mouse and human embryonic stem cell-derived astrocytes. The protocol for gen-
erating mESC-derived astrocytes (mESC-astrocytes) was previously published (Roybon et al., 2013). Phase 1: 
Generation of MN cultures, as described above. Phase 2: on day 7 of differentiation, EBs are mechanically dis-
sociated and grown in neurosphere medium composed of DMEM/F12 (Thermo Fisher), 2% B27 supplement, 
2 mM L-glutamine, 100 mM non-essential amino acids, P/S (100 Units/mL and 100 mg/mL, respectively) and 
2 mg/mL heparin (Sigma-Aldrich), supplemented with FGF2 (20 ng/mL) and EGF (20 ng/mL) for 2 weeks. 
Neurospheres, which contain growing neural progenitors, were mechanically passaged on day 14 to generate 
secondary neurospheres. Phase 3: on day 21, neurospheres were dissociated into a single cell suspension using 
trypsin/EDTA (1X), filtered (cell strainer size 70 μM), and neural progenitors were seeded on culture vessels 
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coated with poly-ornithine (100 μg/mL) and laminin (2 μg/mL) in neuropshere medium supplemented with 10% 
FBS; medium was changed twice per week. If confluency was reached on day 28, cultures were passaged. The pres-
ence of immature astrocytes was determined by immunocytochemistry on day 35 (Fig. 1B). Human ESC-derived 
astrocytes were generated as previously described19,70.

mESC-derived astrocytes and motor neurons co-culture. In order to investigate the influence of 
treated astrocytes on MN survival, Hb9::GFP MNs were co-cultured with non-treated astrocytes, or astrocytes 
treated with FGF18, FGF2, FBS, BMP4, or CNTF. Briefly, mESC-derived astrocytes aged for 35 days in vitro were 
plated on poly-ornithine/laminin 96-well plate at a density of 15,000 cells per well in neurosphere medium. After 
24 hours, medium was replaced with neurosphere medium containing FGF18, FGF2, FBS, BMP4 or CNTF. On 
day 6, mESC-derived Hb9::GFP-positive MNs were seeded on the astrocyte monolayer at density of 5,000 cells 
per well in DFNK medium. After 48 hours, live cultures were imaged using the plate Runner HD (Trophos). The 
total number of Hb9::GFP MNs and mean outgrowth per MN was quantified using Metamorph image analysis 
software (Molecular Devices), using the module Neurite Outgrowth.

Total RNA extraction. Astrocyte cultures were washed twice with PBS and stored at −80 °C. On the day 
of isolation of RNA, cultures were thawed on ice and total RNA was extracted using RNeasy mini kit (Qiagen) 
according to the manufacturer’s recommendation. RNA concentration and quality were measured using 
Nanodrop and total RNA was stored at −80 °C.

GeneChip microarray assay. Total RNA quality was checked using a bioanalyzer Agilent 2100 (Agilent). 
Sample preparation for microarray hybridization was carried out according to the Affymetrix GeneChip WT 
PLUS Reagent Kit User Manual (Affymetrix, Inc., Santa Clara, CA, USA). In brief, 200 ng of total RNA were used 
to generate double-stranded cDNA. 12 µg of subsequently synthesized cRNA was purified and reverse transcribed 
into sense-strand (ss) cDNA to which unnatural dUTP residues were incorporated. Purified ss cDNA was frag-
mented using a combination of uracil DNA glycosylase (UDG) and apurinic/apyrimidinic endonuclease 1 fol-
lowed by a terminal labeling with biotin. 3.8 µg of fragmented and labeled ss cDNA were hybridized to Affymetrix 
Mouse Gene 2.1 ST Array Plates. For hybridization, washing, staining and scanning an Affymetrix GeneTitan 
system, controlled by the Affymetrix GeneChip Command Console software v4.2, was used. Sample processing 
was performed at an Affymetrix Service Provider and Core Facility KFB - Center of Excellence for Fluorescent 
Bioanalytics (Regensburg, Germany; www.kfb-regensburg.de).

Microarray data analysis. Summarized probe set signals in log2 scale were calculated by using the RMA 
algorithm71 with the Affymetrix GeneChip Expression Console v1.4 Software. Bioconductor was used for the 
analysis of expression data. Unless specified, probe sets with a change ≥4.0-fold up or down were examined; anal-
ysis was performed using a student’s t test. Genes with p values lower than 0.05 were considered as significantly 
regulated. Volcano plots were drawn based on fold-change and p-values calculated for each gene. Gene Ontology 
term enrichment was performed with WebGestalt72 by using the entire dataset as background. The raw data are 
available in Supplementary Files and they can also be accessed by simple request to the corresponding author.

Screening for inducers of astrocytic GLT1. Confluent monolayers of mESC-derived astrocytes aged D35 
were used to screen for inducers of GLT1 expression. Astrocytes were seeded in poly-ornithine/laminin coated 
clear bottom 96-well microplates (Greiner Bio One), at the concentration 10,000 cells/well, in basic neurosphere 
medium. After 24 hours, wells were rinsed to remove dead cells and debris. Each condition was added manually to 
the wells using a P200 pipette, by replacing the basic neurosphere medium with basic neurosphere medium con-
taining the compounds. The final volume per condition equalled 200 μL. After a 6-day period the cultures were 
fixed with 4% paraformaldehyde and stained using antibodies raised against GLT1, GFAP, and AQP4. Nuclei were 
stained with DAPI. Whole-well images of stained cultures were captured using the plate Runner HD (Trophos) 
and analyzed for total cell number (based on DAPI staining). Marker expression and intensity staining were 
measured using Metamorph (Cell Scoring Application Module; Molecular Devices) image analysis software. Each 
screen was performed using astrocytes generated from a new differentiation starting from mESC stage. Since both 
wildtype and Hb9::GFP mESC lines responded to FGF2 treatment by increasing GLT1 expression, we plotted the 
values of 4 independent experiments (n = 3 for the wildtype mESC line and n = 1 for the Hb9::GFP line) together 
on the same graph, as mean ± SEM. The list and concentrations of the compounds added for each condition is 
presented in the Table 1 below. Data are presented as fold changes to control condition (=no compound in the 
medium).

Screening for inducers of GLT1 on motor neurons. Seven-day old Hb9::GFP motor neuron-containing 
EBs were dissociated and cells were seeded on poly-ornithine/laminin coated (100 μg/mL and 15 μg/mL, respec-
tively) clear bottom 96-well microplates (Greiner Bio One) at the concentration of 3,333 cells/well in DFNK 
medium supplemented with 10 μM of kenpaullone (Tocris). After 24 hours, wells were rinsed to remove dead cells 
and debris. As for astrocyte cultures, each condition was added manually to the wells using a P200 pipette. The 
concentration of the compound was similar to that used to test GLT1 induction. All compounds were tested in 
DFNK medium. The final volume per condition equalled 200 μL per well. Each condition was tested in duplicate 
wells. Hb9-GFP-positive MN survival was measured two days after adding the compounds. Whole-well images 
of stained cultures were captured using the plate Runner HD (Trophos) and analyzed for total motor neuron 
number (based on Hb9::GFP natural fluorescence) using the neurite outgrowth module of the Metamorph image 
analysis software (Molecular Devices) with optimized parameters (neurons were counted positive when neurite 
outgrowth was at least two times the size of the cell body). Each screen was performed using Hb9::GFP motor 
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neurons generated from a new differentiation starting from mESC stage. The screening was performed in dupli-
cate and by two separate investigators. Values were plotted as mean ± SEM. Data were changed to represent fold 
change to control condition (control condition = medium with no added compound).

Immunocytochemistry. ICC was carried out using standard protocols. The used antibodies were 
anti-GFAP (Rabbit polyclonal; 1:1,000; DAKO), anti-GFAP (mouse monoclonal; 1:1,000; Sigma); anti-AQP4 
(Rabbit polyclonal; 1:400; Santa Cruz), and anti-GLT1 (Jeffrey Rothstein laboratory). The secondary antibodies 
ALEXA-FLUOR-488, ALEXA-FLUOR-555 and ALEXA-FLUOR-647 (Thermo Fisher Scientific) were used at the 
dilution 1:400; DAPI (1:50,000) was used to stain nuclei (Thermo Fisher Scientific).

Western blotting. Briefly, protein concentrations were measured using Bradford Bio-Rad protein assay 
according to the manufacturer’s protocol (Bio-Rad, USA). The absorbance measurement was performed follow-
ing manufacturer’s protocol (Biochrom Asys Expert 96 micro plate reader, Cambridge, UK). 10 μg of proteins 
were loaded on 4–20% Mini-Protean TGX Precast Gels (Bio-Rad, USA) then transferred to nitrocellulose mem-
branes (Bio-Rad) using Trans-Blot Turbo System (Bio-Rad). Membranes were then blocked with 5% skim milk 
(Sigma-Aldrich) diluted in PBS-Tween 20 (Sigma-Aldrich). After blocking, the membranes were incubated with 
the primary antibodies listed in previous section and BMP7 antibody (Abcam; data not shown) at 4 °C, over-
night. Incubation with primary monoclonal anti-ß-Actin antibody (1:10,000; Sigma-Aldrich) was performed for 
20 minutes only. Membranes were incubated with peroxidase-conjugated secondary antibody (Vector Labs) and 
blots were developed using Clarity Western ECL Substrate (Bio-Rad) and the protein levels were normalized to 
actin.

Image acquisition and statistical analysis. High magnification images were acquired using an inverted 
epifluorescence microscope LRI-Olympus IX-73 equipped with a Hamamatsu ORCA Flash camera. Per exper-
iment, 3–4 random fields of view were counted using unbiased automated cell counting [Metamorph software, 
multi-wavelength cell scoring module (Molecular Devices)]. Images from up to 3 separate wells were ana-
lyzed. Sample groups were subjected to unpaired t-test. Whole-well images of stained astrocyte cultures and 
Hb9::GFP-positive MNs were captured using the Plate Runner HD (Trophos). For each experiment, duplicate 
wells were tested per condition. At least 3 independent experiments were performed (except for screening MN 
survival where 2 independent experiments were performed), and for each experiment, astrocytes and motor 
neurons were generated from mESC stage. The means of the sample groups were compared using one-or two-way 
ANOVA statistical test with Dunnett or Fisher-post hoc multiple comparisons test when all columns were com-
pared to control condition. All quantitative data were analyzed using Prism 7 (GraphPad). The null hypothesis 
was rejected at 0.05 for all ANOVAs and post hoc tests. Figures were generated using Canvas Draw for mac (v. 
1.0.1.; ACD systems).
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