
SCIENTIFIC COMMENTARY

Human stem cell-derived ventral midbrain 
astrocytes exhibit a region-specific secretory 
profile

This scientific commentary refers to 
‘Human stem cell-derived astrocytes ex-
hibit region-specific heterogeneity in 
their secretory profiles’, by Clarke 
et al. (https://doi.org/10.1093/brain/ 
awaa258) in Brain.

It was recently reported in the 
journal Brain that human-induced 
pluripotent stem cell (hiPSC)-derived 
astrocytes display neuroinflammatory 
characteristics that correlate with their 
specific regional identities within the 
central nervous system (CNS).1 By 
generating hiPSC-derived dorsal fore-
brain and ventral spinal cord astro-
cytes, Clarke et al.1 demonstrated 
distinctive changes in protein secretion 
unique to each specific regional astro-
cyte population following inflamma-
tory stimulation. These findings 
emphasize that, like neurons, the re-
gional identity of astrocytes pre- 
determines their functional responses 
in the adult CNS, and crucially, that 
this emerging relationship between re-
gional identity and functional idiosyn-
crasy also extends to the distinctive 
neuroinflammatory responses of astro-
cyte populations.1 Here, we present 
data that support and extend these ob-
servations, establishing that 
hiPSC-derived ventral midbrain astro-
cytes also demonstrate unique changes 
in their secretome in response to 
inflammation.

In Parkinson’s disease, neurodegen-
eration occurs in the substantia nigra, 
a structure within the ventral midbrain, 
where gradual loss of dopamine 

neurons leads to symptoms primarily 
associated with movement. As in 
many neurodegenerative conditions, 
neuroinflammation is a feature of 
Parkinson’s disease, and has recently 
been shown to pre-empt classic disease 
symptoms.2 Postmortem studies, as 
well as work in animal and in vitro 
models, have confirmed the pivotal na-
ture of the relationship between astro-
cytes and microglia in the progression 
of neuroinflammation in Parkinson’s 
disease, and the crucial implications 
for this on the advancement of disease 
pathology.3 Therefore, as with other 
neurodegenerative conditions, it is es-
sential that we appreciate the changing 
molecular relationships between astro-
cytes and neurons in areas of the brain 
that are primary sites of pathology in 
Parkinson’s disease, namely, the ventral 
midbrain.

In the healthy nervous system, as-
trocytes are neuroprotective, support-
ing neuronal function and survival.4

However, in a neuroinflammatory 
scenario, signals mediated by micro-
glia induce astrocytic transformation 
to a reactive phenotype.5 This shift is 
characterized by increased cytokine se-
cretion, transcriptional and morpho-
logical changes and alterations to 
astrocyte function (e.g. phagocytosis) 
to promote neuronal survival.5 In 
chronic neurodegenerative diseases 
such as amyotrophic lateral sclerosis 
and Parkinson’s disease, such protection 
is temporary, with ensuing chronic astro-
cyte reactivity, reduced neuronal support 

and ultimately, astrocyte-mediated 
neuronal toxicity.3,5 Astrocyte-secreted 
proteins amplify neuroinflammatory sig-
naling, setting up a feedback loop pro-
moting sustained neurodegeneration.3,5

It is hypothesized that these neurotoxic 
effects are a result of evolutionary antag-
onistic pleiotropism, where astrocytes 
evolved to provide protection against 
acute disease or injury, but are less well- 
equipped for post-reproduction stage 
protection in later life, a trait that is re-
grettably laid bare by the chronic nature 
of aging-related neurodegenerative dis-
eases such as Parkinson’s disease.4

By recapitulating the signals required 
for differentiation of astrocytes in the 
embryonic ventral midbrain, and using 
methodologies in line with Clarke 
et al.,1 we have previously published a 
method for the generation of ventral 
midbrain astrocytes from hiPSCs6

(Fig. 1A). In brief, hiPSCs were exposed 
to dual SMAD inhibition through the 
addition of SB431542 (10 μM; Tocris) 
and LDN193189 (100 nM; Tocris) to 
induce neural fate, in combination 
with ventralizing factor Sonic hedgehog 
(SHH-C24ii; 200 ng/ml, Tocris) and 
the WNT activator CHIR99021 
(0.8 μM; Tocris) required for midbrain 
induction.6,7 After 10 days, these fac-
tors were replaced with GDNF, BDNF 
(20 ng/mL; Peprotech) and ascorbic 
acid (200 μM; Merck), which support 
expansion of the resulting ventral mid-
brain neural progenitor population.6,7

From Day 30 onwards, the midbrain 
neural progenitor cells underwent 
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Figure 1 Generation of functional, mature ventral midbrain astrocytes from hiPSCs. (A (i)) Schematic modified from Clarke et al.1 of 
the regional patterning of the developing nervous system in relation to the body axes. Ventral midbrain identity is indicated by co-expression of 
ventrally expressed transcription factors FOXA2, LMX1A and LMX1B with midbrain specific transcription factor EN1, shown here in relation to 
the dorsal forebrain and ventral spinal cord. FB, forebrain; MB, midbrain; HB, hindbrain; VM, ventral midbrain; SC, spinal cord. (A (ii)) Overview of 
the differentiation of hiPSCs into ventral midbrain astrocytes. Ventral midbrain identity was induced through dual SMAD inhibition using SB431542 
(10 μM) and LDN193189 (100 nM), with co-ordinate exposure to regional patterning factors SHH-C24ii (200 ng/ml) and CHIR99021 (0.8 μM) for 
10 days, generating a progenitor population.6–9 After 10 days, these factors were replaced with GDNF, BDNF (20 ng/mL) and ascorbic acid 
(200 μM) which supported maintenance of the progenitors. From Day 30, cells were expanded in media containing human EGF and LIF (20 ng/mL), 
for a minimum 60 days of subsequent culture. From Day 90 onwards, mature ventral midbrain astrocytes were generated by exposure to human 
BMP and LIF (20 ng/mL) for 10 days.6 DIV, days in vitro; NPC, neural progenitor cell; APC, astrocyte progenitor cell. (B) Immunofluorescence on 
mature hiPSC-derived ventral midbrain astrocytes demonstrated expression of astrocyte markers GLAST and S100β, ventrally expressed 
transcription factors FOXA2, LMX1A and LMX1B and the midbrain expressed transcription factor EN1. Astrocytes were co-stained with nuclear 
stain DAPI. 99.5 ± 2.3% cells expressed FOXA2 and 97.4 ± 0.43% expressed S100β (n = 3, SEM). Scale bar = 25 μm. (C) Quantitative PCR 
demonstrated expression of midbrain marker EN1 (i), mature astrocyte marker ALDH1L1 (ii) and midbrain enriched, mature astrocyte marker 
DRD2 (iii). 2−ΔΔCt method of quantification, represented as relative expression, n = 3. One-way ANOVA, Tukey test for multiple comparisons. 
*P ≤ 0.05. AU, arbitrary units. (D) We generated forebrain astrocytes from hiPSCs, indicated by co-expression of GFAP and forebrain marker 
TBR1 (i). Quantitative PCR demonstrated the ventral midbrain enriched gene DRD2 is specifically upregulated in ventral midbrain astrocytes, 
compared to their forebrain counterparts (ii) 2−ΔΔCt method of quantification, represented as relative expression, n = 10 (forebrain), 5 (ventral 
midbrain). Unpaired t-test. ****P ≤ 0.0001. (E) Calcium imaging of ventral midbrain astrocytes quantifying changes in Fluo4-AM signal: example 
traces of cells with (i) vehicle alone; (ii) in the presence of quinpirole; (iv) in response to glutamate alone (no responses, n = 9 coverslips) and (v) 
with glutamate in the presence of sulpiride (responsive cells = 35.91% ± 7.94, n = 11 coverslips). Ventral midbrain astrocyte responsiveness to (iii) 
quinpirole, and (vi) to glutamate in the absence and presence of sulpiride (unpaired t-test. ***P ≤ 0.001).
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extended expansion in culture under 
specific conditions to promote astrocyte 
fate (Fig. 1A(ii)). This was achieved by 

transferring cells into ASTRO media 
(Advanced DMEM/F12 + Glutamax,  + 
2 ×  NEAA,  + 1 ×  N2,  + 0.1 ×  B27, 

all Thermo Fisher Scientific) containing 
human EGF and LIF (20 ng/mL; 
Peprotech). From Day 90 onwards, 

Figure 2 Reactive hiPSC-derived ventral midbrain astrocytes demonstrate a characteristic neuroinflammatory protein 
secretion profile. (A) Quantitative PCR demonstrates upregulation of the following markers of astrocyte reactivity in response to 24 h 
exposure to either TNFα (30 ng/mL), IL1α (3 ng/mL), C1q (400 ng/mL) or IL1β (3 ng/mL) or IL6 (250 ng/mL): (i) ICAM2; (ii) PTX3; (iii) C3; (iv) LCN2. 
Exposure to IL6 did not result in increases in these markers. 2−ΔΔCt method of quantification, represented as relative expression, n = 5 (C3, n = 3). 
One-way ANOVA, Dunnett test for comparison to control. *P ≤ 0.05, **P ≤ 0.01. AU, arbitrary units. (B) Tandem mass tag (TMT) analysis of 
astrocyte conditioned media in response to (i) TNFα, IL1α, C1q; (ii) IL1β. N = 4. Proteins that increased above 2-fold (threshold indicated by the 
dashed line) are represented in red, P < 0.05; proteins that increased less than 2-fold, are represented in orange, P < 0.05; proteins that decreased 
less that 2-fold are represented in blue, *P < 0.05. (C) Exposure to either TNFα, IL1α, C1q or IL1β results in increased secretion of a profile of 
proteins including cytokines, chemokines, metalloproteinases (MPs), growth factors (GF) and a number of proteins which have ascribed functions 
relating to inflammation. Listed proteins had over a 1-fold change and *P < 0.05 in one of both treatments. n = 4. Unpaired t-test. (D) Validation by 
ELISA demonstrates significantly increased IL6 secretion in response to TNFα, IL1α, C1q or IL1β. n = 3. One-way ANOVA, ****P < 0.0001.
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mature ventral midbrain astrocytes 
were generated by exposure to human 
BMP and LIF (20 ng/mL; Peprotech/ 
Proteintech) for 10 days. BMP4 and 
LIF are required for the generation of 
mature astrocytes in vivo and in vi-
tro.10,11 The hiPSC line NAS2 used in 
this study was kindly provided by 
Professor Tilo Kunath, University of 
Edinburgh.12

Ventral midbrain astrocyte identity 
was confirmed by co-expression of ven-
tral midbrain expressed transcription 
factors FOXA2,13 LMX1A14 and 
LMX1B14 and the midbrain transcrip-
tion factor Engrailed-1 (EN1)15,16

with astrocyte markers (GLAST, 
S100β) (Fig. 1B and Supplementary 
Figs 1A–E). Quantification revealed 
that 99.5 ± 2.3% cells expressed 
FOXA2 (n = 3, SEM), and 97.4 ±  
0.43% cells expressed S100β, confirm-
ing the high efficiency of our protocol 
to generate ventral midbrain astrocytes.

We used quantitative PCR to profile 
the temporal acquisition of ventral 
midbrain astrocyte identity through-
out the protocol. Midbrain identity 
was induced at the earliest stages of 
the differentiation protocol as con-
firmed by upregulation of midbrain 
marker EN1 (Fig. 1C(i)), indicative 
of accurate rostrocaudal patterning. 
This confirms our previous findings 
demonstrating robust ventral mid-
brain differentiation under these spe-
cific conditions.6–8 Expression of 
EN1 was maintained in the ventral 
midbrain astroglial progenitors and 
in the mature astrocytes, indicating 
that ventral midbrain astrocytes retain 
regional identity (Fig. 1C(i)). Maturity 
of the astrocytes was confirmed by up-
regulation of the mature astrocyte 
marker, ALDH1L1, following expos-
ure to BMP4 and LIF (Fig. 1C(ii)). 
The dopamine receptor D2 gene 
(DRD2) was also upregulated upon 
maturation (Fig. 1C(iii)). Its protein 
product, DRD2, is expressed at high le-
vels in the substantia nigra and is critic-
al both for dopaminergic signaling and 
for astrocyte neuroinflammatory 
modulation in the adult rodent ventral 
midbrain.17,18 For comparison, we gen-
erated forebrain astrocytes from 
hiPSCs using the methodology 

described but in the absence of pattern-
ing molecules SHH and CHIR99021. 
Forebrain astrocyte identity was con-
firmed by expression of astrocyte mark-
er GFAP and forebrain specific 
transcription factor TBR1 (Fig. 1D(i)
and Supplementary Fig. 1F). As ex-
pected, DRD2 expression was highly 
enriched in ventral midbrain astrocytes, 
thus confirming the specificity of 
ventral midbrain astrocyte identity in-
duced using the described protocol 
(Fig. 1D(ii)).

Dopaminergic signaling capacity of 
the hiPSC-derived ventral midbrain as-
trocytes was confirmed by calcium im-
aging, demonstrating responsiveness to 
the dopamine receptor agonist quinpir-
ole (Fig. 1E(i–iii)). Ventral midbrain as-
trocytes were responsive to the 
neurotransmitter glutamate only when 
dopaminergic signaling was inhibited 
by the dopamine receptor antagonist 
sulpiride (Fig. 1E(i–iii)). This recapitu-
lates findings by Xin et al.17 in astrocytes 
in the adult rodent midbrain. These data 
are consistent with a mature ventral 
midbrain astrocyte phenotype, thus sug-
gesting our methods generate a compre-
hensive experimental model of 
astrocytes in the adult ventral midbrain. 
Therefore, we employed this model to 
investigate responses to neuroinflamma-
tion, and how these compared to those 
recorded in dorsal forebrain and ventral 
spinal cord astrocytes.1

We exposed the ventral midbrain 
astrocytes to the same combination 
of inflammatory stimuli as used in 
Clarke et al.,1 specifically, TNFα/ 
IL1α/C1q. We also treated with IL1β 
and IL6 as these cytokines are elevated 
in Parkinson’s disease.5,19–21 The re-
active transformation was confirmed 
following TNFα/IL1α/C1q and IL1β 
treatments by upregulation of genes 
known to be associated with the react-
ive state,5,19 but IL6 treatment was in-
effective (Fig. 2A). We therefore 
selected TNFα/IL1α/C1q and IL1β ex-
posures for further investigation into 
the reactive astrocyte phenotype.

To investigate how their regional 
identity influences the reactive pheno-
type, we carried out secretome analysis 
of hiPSC-derived ventral midbrain as-
trocytes using tandem mass tag 

(TMT) spectroscopy to compare astro-
cyte conditioned media after 24 h in the 
absence or presence of neuroinflamma-
tory stimulants (Fig. 2B(i, ii)). Analysis 
of the TNFα, IL1α, C1q and IL1β trea-
ted populations revealed increased se-
cretion of proteins encoded by genes 
previously described as unique markers 
of human astrocyte reactivity,5,19

namely, PTX3, SERPINA3, ICAM1 
and C3 (Fig. 2B). This further validated 
the accuracy of our ventral midbrain 
astrocytes in recapitulating the charac-
teristics of endogenous astrocytes in 
neuroinflammation.

Detailed secretome analysis re-
vealed some commonalities in the pro-
teins secreted by ventral midbrain 
astrocytes (Fig. 2B and C), when com-
pared with dorsal forebrain and ven-
tral spinal cord astrocytes.1 It was 
striking that treatment with either 
TNFα/IL1α/C1q, or IL1β, generated 
similar changes in protein secretion 
by ventral midbrain astrocytes 
(Fig. 2B and C). Like their dorsal fore-
brain and spinal cord counterparts, 
when treated with TNFα/IL1α/C1q 
(or indeed with IL1β), ventral mid-
brain astrocytes demonstrated in-
creased secretion of the cytokines IL8 
and IL6, the chemokines CCL2, 
CXCL1, CXCL10 and CCL5, the me-
talloprotease MMP9 and the growth 
factor G-CSF (Fig. 2C). These proteins 
may represent a universal neuroin-
flammatory astrocyte signature. We 
also saw large increases in secretion 
of the chemokine CCL2 and the metal-
loprotease TIMP1 (Fig. 2C). By con-
trast, Clarke et al.1 reported no 
changes in levels of these specific pro-
teins in either of the regional astrocyte 
populations examined, suggesting that 
CCL2 and TIMP1 characterize the un-
ique ventral midbrain neuroinflamma-
tory astrocyte secretome. Clarke et al.1

highlighted elevated secretion of IL1α 
and IL6 with respect to astrocyte- 
mediated inflammation, which was 
more pronounced in dorsal forebrain 
reactive astrocytes than in spinal cord 
reactive astrocytes. However, our se-
cretome data revealed increased IL6 
secretion without accompanying IL1α 
secretion in reactive ventral midbrain 
astrocytes (Fig. 2B and C). We provide 
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validation of this result by ELISA, 
which demonstrated the same increase 
in IL6 secretion by reactive ventral 
midbrain astrocytes, but the complete 
absence of IL1α secretion (Fig. 2D; en-
dogenous IL1α negligible by ELISA— 
data not shown). The differences in 
our data when compared to that of 
Clarke et al.1 demonstrate the unique 
neuroinflammatory characteristics of 
the ventral midbrain class of astrocytes 
in this experimental setting.

We also recorded increased secre-
tion of a unique array of additional 
proteins by reactive ventral midbrain 
astrocytes, that were not secreted by 
forebrain or ventral spinal cord astro-
cytes.1 These included the neuromodu-
latory cytokines SPP1 (also known as 
OSTEOPONTIN) and LIF, the che-
mokines CXCL2, CXCL3, CXCL5 
and CXCL6 and the metalloproteinase 
MMP7 (Fig. 2C). SPP1 is particularly 
interesting in the context of neuroin-
flammation in Parkinson’s disease, as 
this cytokine is elevated in the brains 
of Parkinson’s disease patients and 
has a direct impact on the survival of 
dopaminergic neurons.22 In addition, 
metalloproteinases (MMP-7, TIMP-1 
and MMP-9) have multifaceted roles 
in neuroinflammation, neuronal sur-
vival and neurogenesis.23

A further observation relating to the 
regional identity of the hiPSC-derived 
ventral midbrain astrocytes emerged 
when comparing with data in a recent 
paper by Kostuk et al.24 that character-
ized the transcriptome of adult mouse as-
trocytes from two subregions of the 
ventral midbrain: the substantia nigra 
and the ventral tegmental area. Several 
of the most abundant proteins present 
in the secretome of our hiPSC-derived 
ventral midbrain astrocytes are encoded 
by genes that Kostuk et al.24 identified 
as enriched specifically in astrocytes 
of the substantia nigra [Col1a1, Tnc 
(encodes TNC and TNCVP) and 
Postn] (Supplementary Table 1). 
Interestingly, TNC is also expressed at 
high levels in astrocytes isolated from 
postmortem samples of the human 
substantia nigra.25 However, we 
also recorded numerous secreted pro-
teins that were associated with 
the ventral tegmental area in mouse in 

the Kostuk et al.24 study (CCL2, IL6, 
GREM1, CXCL1 and TGFB2) 
(Supplementary Table 1). This suggests 
a degree of subregional heterogeneity 
in our hiPSC-derived ventral midbrain 
astrocyte.

Our data revealed a number of pro-
teins demonstrating minor reductions 
in secretion in response to TNFα/ 
IL1α/C1q or IL1β; however, we saw 
little conservation in these changes 
across the two treatment groups. Of 
potential interest, one of these was 
the heat shock protein HSPB1, which 
was reduced in response to TNFα/ 
IL1α/C1q. HSPB1 is highly expressed 
in astrocytes, is an established regula-
tor of neuroinflammation, as well as 
demonstrating changes in expression 
related to both aging and neurodegen-
erative diseases, including Parkinson’s 
disease.26 Also reduced in the secre-
tome of TNFα/IL1α/C1q treated ven-
tral midbrain astrocytes were 
neurodegeneration-implicated proteins, 
CLU, APOE (minimal reduction) and 
IQCK27,28 (Fig. 2B). These proteins 
are interesting candidates for further in-
vestigation in relation to astrocyte- 
mediated neuroinflammation in disease 
progression. For instance, Guttenplan 
et al. (2021) recently demonstrated 
that mouse CLU mediates neurotoxicity 
of reactive rat astrocytes alongside 
APOE through association with specific 
lipids.29

Together these findings highlight 
how astrocyte-mediated changes in 
the brain can play pivotal roles in the 
progression of neurodegeneration in 
Parkinson’s disease, underscoring the 
importance of considering astrocyte 
regional functional identity for under-
standing localized diseases such as 
Parkinson’s disease and amyotrophic 
lateral sclerosis. Crucially, it is clear 
that astrocyte reactivity is characterized 
by regionally encoded changes in pro-
tein secretion profiles (Fig. 2C), so un-
derstanding the molecular basis of 
such regionally encoded functional het-
erogeneity in astrocyte populations will 
be essential for the development of 
future neuromodulatory clinical strat-
egies in diseases including Parkinson’s 
disease and amyotrophic lateral 
sclerosis.1
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