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BMP-Responsive Protease HtrA1 Is Differentially Expressed
in Astrocytes and Regulates Astrocytic Development and
Injury Response
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Astrocytes perform a wide array of physiological functions, including structural support, ion exchange, and neurotransmitter uptake.
Despite this diversity, molecular markers that label subpopulations of astrocytes are limited, and mechanisms that generate distinct
astrocyte subtypes remain unclear. Here we identified serine protease high temperature requirement A 1 (HtrA1), a bone morphogenetic
protein 4 signaling regulated protein, as a novel marker of forebrain astrocytes, but not of neural stem cells, in adult mice of both sexes.
Genetic deletion of HtrA1 during gliogenesis accelerates astrocyte differentiation. In addition, ablation of HtrA1 in cultured astrocytes
leads to altered chondroitin sulfate proteoglycan expression and inhibition of neurite extension, along with elevated levels of transform-
ing growth factor-� family proteins. Brain injury induces HtrA1 expression in reactive astrocytes, and loss of HtrA1 leads to an impair-
ment in wound closure accompanied by increased proliferation of endothelial and immune cells. Our findings demonstrate that HtrA1 is
differentially expressed in adult mouse forebrain astrocytes, and that HtrA1 plays important roles in astrocytic development and injury
response.
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Introduction
Although there are many molecular labels that identify morpho-
logically, biochemically, and functionally diverse populations of

neurons, molecular markers that label subpopulations of astro-
cytes are limited, and mechanisms that generate distinct astrocyte
subtypes remain unclear. Astrocytes, stereotypically defined by
their stellate morphology, are classically categorized as “fibrous”
or “protoplasmic” based on morphological differences and ana-
tomical locations (Golgi, 1885; Kimelberg, 2009). Molecular and
electrophysiological analyses of developing and mature astro-
cytes have demonstrated heterogeneity among the astroglial pop-
ulation (Batter and Kessler, 1991; Chvatal et al., 1995; Zhou et al.,
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Significance Statement

Astrocytes, an abundant cell type in the brain, perform a wide array of physiological functions. Although characterized as mor-
phologically and functionally diverse, molecular markers that label astrocyte subtypes or signaling pathways that lead to their
diversity remain limited. Here, after examining the expression profile of astrocytes generated in response to bone morphogenetic
protein signaling, we identify high temperature requirement A 1 (HtrA1) as an astrocyte-specific marker that is differentially
expressed in distinct adult mouse brain regions. HtrA1 is a serine protease that has been linked to cerebral autosomal recessive
arteriopathy with subcortical infarcts and leukoencephalopathy, a small blood vessel disease in humans. Understanding the role
of HtrA1 during development and after injury will provide insights into how distinct astrocyte populations are generated and their
unique roles in injury and disease.
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2006; Sosunov et al., 2014), which was made more evident by
genomic scale expression profiling of astrocytes from different
developmental time points and brain regions (Bachoo et al.,
2004; Cahoy et al., 2008; Yeh et al., 2009; Zhang et al., 2014).
However, researchers are just beginning to discover molecular
markers that identify functionally unique or disease-associated
astroglial subtypes (Ben Haim and Rowitch, 2017; John Lin et al.,
2017; Liddelow et al., 2017). Additional functionally relevant mo-
lecular markers is essential for the understanding of astrocyte
subtype development and function.

Molecular mechanisms of astrocyte specification and diver-
sity have been studied extensively using cultured neural stem cells
(NSCs) and glial restricted progenitors (GRPs; Raff et al., 1984;
Rao et al., 1998; Herrera et al., 2001). Cells expressing the astro-
cytic intermediate filament glial fibrillary acidic protein (GFAP)
can be generated from NSCs and GRPs by two different classes of
cytokines, the leukemia inhibitory factor (LIF)/ciliary neu-
rotrophic factor (CNTF) family and the bone morphogenetic
proteins (BMPs; Lillien et al., 1988; Gross et al., 1996; Johe et al.,
1996; Richards et al., 1996; Takizawa et al., 2001). Upon ligand
binding, LIF/CNTF activates Janus kinase–signal transducer and
activator of transcription (JAK–STAT) pathways, whereas BMPs
signal primarily through Smad pathways (Stahl et al., 1994; Liu et
al., 1996). A transcriptional complex that contains both STAT
and Smad proteins regulates GFAP expression, leading to the
conclusion that both pathways contribute to astrogliogenesis
through convergent mechanisms (Nakashima et al., 1999; Sun et
al., 2001). However, while BMP signaling promotes the genera-
tion of stellate, postmitotic astrocytes from NSCs, LIF signaling
promotes a bipolar, radial glia-like cell that maintains a stem cell
phenotype (Bonaguidi et al., 2005). In addition to cellular and
molecular differences, BMP and CNTF signaling generate func-
tionally and molecularly distinct astrocytes that respond differ-
ently to injury when transplanted (Davies et al., 2008). These
findings suggest that differential cytokine responsiveness plays an
important role in astrocyte specification as well as in astrocyte
diversity.

Our goals in this study were to find novel molecular markers
expressed specifically in differentiated astrocytes, and to reveal
genes that participate in cytokine-specific generation of astrocyte
diversity during development. We identified the serine protease
high temperature requirement A 1 (HtrA1) as an BMP signaling
responsive molecular marker of astrocytes in the adult mouse
forebrain. Here we show that HtrA1 is important for postnatal
astrogliogenesis as well as for astrocytic morphology and extra-
cellular matrix (ECM) protein regulation. In addition, deletion of
HtrA1 increases microglia and endothelial cell proliferation after
brain injury. Mutation in HtrA1 has been linked to the human
small blood vessel disease cerebral autosomal recessive arteriopa-
thy with subcortical infarcts and leukoencephalopathy (CARA-
SIL). Our demonstration of astrocyte specificity of HtrA1 also
suggests CARASIL may be astrocytic in origin, and that HtrA1
functions in astrocytes may play important roles in cerebrovas-
cular health.

Materials and Methods
Animals. For the microarray analysis and subsequent expression charac-
terization, CD1 mice (Harlan Laboratories) of either sex at the appropri-
ate ages were used for NSC isolation and mRNA in situ hybridization
(ISH). HtrA1-null mice (Supanji et al., 2013) were maintained as
heterozygotes in a C57BL/6J background and genotyped by PCR with tail
DNA. Generation of GFAP-Cre; BMPR1 fx/fx mice has been previously
described (Garcia et al., 2004; Sahni et al., 2010). All mice were housed in

groups and maintained on a 12 h light/dark cycle with ad libitum access
food and water. All experiments were performed with both male and
female mice in each condition and analyzed without sex separation. Han-
dling and treatment of animals were in accordance with Northwestern
University Institutional Animal Care and Use Committee regulations
and policies.

Transcriptome profiling by microarray. Passage 1 dissociated NSCs were
infected with retrovirus expressing green fluorescent protein (GFP)
under the control of either CMV or GFAP promoters as previously de-
scribed (Bonaguidi et al., 2005). Three days after infection, GFP-
expressing cells in CMV-GFP retrovirus-transduced neurospheres were
isolated by fluorescent-activated cell sorting (FACS) and processed for
total RNA collection. GFAP-GFP retrovirus-transduced cells were plated
for differentiation in EGF (1 ng/ml) with BMP4 (20 ng/ml) or LIF (20
ng/ml) plus Noggin (250 ng/ml; to block endogenous BMPs) for 7 d
before GFP-expressing cells were isolated by FACS. Total RNA was im-
mediately extracted after FACS from GFP-expressing cells using an
RNAqueous Micro RNA isolation kit (Thermo Fisher Scientific). RNA
from four replicates of all experimental conditions was examined by
Nanodrop-1000 (Nanodrop Technologies) and Bioanalyzer (Agilent
Technologies) before proceeding to cDNA amplification and labeling
using the Ovation kit (NuGEN) according to the manufacturer’s proto-
cols. Gene expression profiles among the treatment groups were com-
pared using the mouse WG-6 v1.1 microarray beadchip (Illumina).
Hybridization and scanning of the beadchip array was performed by the
Northwestern University genomic core facility with an Illumina BeadAr-
ray reader and preprocessed by the Illmina BeadStudio software. The
microarray data has been deposited in the NCBI Gene Expression Om-
nibus (GEO; http://ncbi.nlm.nih.gov/geo/) and is accessible through
GEO accession number GSE67942.

Quantitative real-time PCR. Total RNA was isolated from mouse brain
tissue or cultured cells using RNAqueous-4PCR RNA isolation kit
(Thermo Fisher Scientific). cDNA was generated with 1 �g of total RNA
using thermoscript reverse transcriptase (Thermo Fisher Scientific), and
used in quantitative real-time PCRs (qRT-PCRs) with primers specific to
desired candidate genes and SYBR Green master mix (Applied Biosys-
tems). PCRs were performed in a Realplex2 thermal cycler (Eppendorf).
Gene expression levels were standardized with GAPDH as the internal
control, compared among experimental groups, and represented as fold
changes relative to expression in the control group. At least three inde-
pendent experiments were performed for all qRT-PCR studies.

Stab wound injury. Eight-to-10-week-old age-matched HtrA1 wild-
type and mutant mice of both sexes were secured on a stereotaxic injec-
tion frame (Kopf, model 900) and anesthetized with isofluorane. The
skull opening was made with a dental drill. Stab wound injury was per-
formed with a scalpel in the right neocortex (bregma from �0.8 to �2.8
mm; laterolateral, 1.5 mm; 0.9 mm deep). Mice were killed at 3 and 7 d
after injury for immunohistochemical (IHC) analyses. Postinjury prolif-
eration was measured with the injection of a single dose of EdU (50
mg/kg body weight; Thermo Fisher Scientific) 4 h before death. To ana-
lyze the lesion area, coronal cryostat sections of 400 �m distance rostral
and distal of the injury site were collected and examined to identify the
lesion center, the location with the largest lesion area. Four sections 50
�m apart surrounding the lesion center were quantified for changes in
lesion area, neurovascular morphology, and proliferation.

NSC and astrocyte cultures. NSCs from the subventricular zone (SVZ)
of postnatal day (P) 1 mice were isolated and cultured as neurospheres
using standard protocols (Bonaguidi et al., 2005). Primary astrocytes
were dissected from P2 mice and cultured as monolayers as previously
described (McCarthy and de Vellis, 1980; Sahni et al., 2010). For cocul-
ture studies, astrocytes transduced with GFP-tagged scrambled shRNA
or HtrA1 shRNA lentivirus were FACS purified then plated at 50,000
cells/well onto 12 mm poly-D-lysine (PDL)-coated glass coverslips in
10% fetal bovine serum (FBS) containing astrocyte growth media as
described. At 7 d after FACS, astrocytes were either harvested for Western
blot analyses or used for neuronal coculture studies. Before the start of
cocultures, astrocytes were adapted for serum-free conditions by cultur-
ing in astrocyte growth media containing 5% FBS for 16 h. On the fol-
lowing day, 20,000 freshly dissected cortical neurons from P1 C57BL/6
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mice were plated on top of the astrocytes, and cultured without serum in
neurobasal media with N2 and B27 supplements along with penicillin–
streptomycin– glutamine (Thermo Fisher Scientific) for 7 d before fixing
with 4% paraformaldehyde (PFA) and proceeding with further analysis.
For treatment of cultured astrocytes with recombinant HtrA1 (R&D
Systems), serum-derived cultured astrocytes were adapted for serum-
free conditions as described and incubated in serum-free astrocyte media
with or without recombinant HtrA1 (250 ng/ml) for 3 h. Protein was
then extracted and analyzed by Western blots. For generating human
NSCs and astrocytes from embryonic stem cells or induced pluripotent
stem cells, we followed the protocol described by Duan et al. (2015) with
the following modifications: before Passage 6 (day 165), NSCs are treated
with LIF (20 ng/ml) for 7 d to enrich for glial progenitors. Cells are then
dissociated and plated at 100,000 cells/well on PDL-coated 12 mm glass
coverslips for 3 d before switching to differentiation media with BMP4
(10 ng/ml) for 7 d followed by FGF1 (50 ng/ml) for 7 d. Cells are fixed (on
day 185) with 4% PFA and used for immunocytochemical analyses.

Bioinformatics analysis. Raw signal intensity data from Illumina Bead-
Studio version 3 for individual probes were analyzed by the Northwest-
ern University bioinformatics core facility using the R/Bioconductor
lumi package, which corrected for small sample size variance via an em-
pirical Bayesian method and performed normalization with internal
controls. Probes with all sample values near or at background levels were
marked “absent” and removed, leaving 21,217 probes for further analy-
sis. Probes marked as “Present” were examined for differential expres-
sion among experimental groups using stringent statistical criteria with
Bonferroni FDR p values �0.05 and fold-change �2-fold.

ISH. Brain tissue was collected from mice that were transcardially
perfused with cold phosphate buffer saline (PBS) and 4% PFA followed
by 2 h postfix with 4% PFA. Brains were cryoprotected in 30% sucrose
overnight, and stored at �80°C in OCT compound (Tissue-Tek) until
use. Cryosections measuring 20 �m (Leica CM3050) from desired brain
regions were washed three times with PBS with 0.02% Triton X-100
(PBST) and treated with Proteinase K (1 �g/ml) for 5 min. Sections were
then washed three times in PBST and fixed in 4% paraformaldehyde
(PFA) and 0.1% glutaraldehyde for 30 min. Following three PBST
washes, Digoxygenin (DIG)-labeled antisense mRNA probes (1:150 in
hybridization buffer) were added onto the slides which were then cov-
ered with siliconized glass coverslips and placed in a humidified hybrid-
ization chamber at 68°C overnight. Slides were washed at 68°C on day 2
with high stringency wash buffer (5� SSC with 50% formamide and
0.1% SDS) twice and low stringency wash buffer (2� SSC with 50�
formamide) three times, followed by three Tris-buffered saline with 0.1%
Tween (TBST) washes before incubation overnight in anti-DIG alkaline
phosphotase antibody (Roche; 1:2000) in 5% goat serum. On day 3, slides
were washed in TBST�2 mM levamasole three times and transferred into
NBT-BCIP (Roche) containing developing solution from 6 h to over-
night. Upon signal detection, slides were dehydrated through an ethanol
gradient, cleared in xylene, and mounted in Histomount (Zymed) for
storage and analysis.

IHC. Tissue sections measuring 10 �m were prepared and washed with
PBST as described for the ISH protocol before incubation with primary
antibodies diluted in PBST with 5% goat serum at 4°C overnight. Pri-
mary antibodies used were as follows: rabbit anti-GFAP (1:1000; Dako
Cytomation), mouse anti-GFAP (1:1000; Sigma-Aldrich), chicken anti-
GFAP (1:1000; Abcam), rabbit anti-GFP (1:1000; Thermo Fisher Scien-
tific), chicken anti-GFP (1:1000; Abcam), mouse anti-CSPG (CS-56,
1:1000; Sigma-Aldrich), rabbit anti-collagen IV (1:500; Abcam), rat anti-
CD31 (1:500; Millipore), mouse anti-PDGFR� (1:1000; Abcam), rabbit
anti-HtrA1 (1:200; Abcam). Following primary incubation, tissue sec-
tions were washed three times in PBST and then incubated in fluorescent
secondary antibody (1:500; Thermo Fisher Scientific) in PBST with 5%
normal goat serum and DAPI nuclear stain for 1 h at room temperature.
After a second set of PBST washes, sections were mounted in ProLong
Gold antifade reagent (Thermo Fisher Scientific). EdU staining followed
secondary antibody washes and was performed according to the manu-
facturer’s instructions (Thermo Fisher Scientific). Stained sections were
imaged on a confocal microscope (Leica SP5).

Protein extraction and Western blotting. Protein was extracted from astro-
cyte cultures using M-PER (Mammalian Protein Extraction Reagent;
Pierce) with Halt protease and phosphatase inhibitor mixture (Thermo
Fisher Scientific) and stored at �80°C until use. To correctly resolve
chondroitin sulfate proteoglycans (CSPGs), including neurocan,
samples were treated with Chondroitinase ABC (1:20 of 10 U/ml stock;
Seikagaku Bioscience) at 37°C for 90 min before further processing. Ten
micrograms of protein were boiled in strong denaturing conditions for
10 min and loaded onto 4 –20% polyacrylamide gels (Biorad). Protein
was transferred onto polyvinylidene difluoride membranes at 4°C for 1 h,
followed by blocking in 5% nonfat dry milk in TBST for 1 h at room
temperature. Membranes were then incubated with primary antibody in
blocking solution overnight at 4°C. After washing, membranes were
incubated with the appropriate horseradish peroxidase-conjugated sec-
ondary antibody (1:2000 in blocking solution; Santa Cruz Biotechnol-
ogy) and developed using Pierce Enhanced Chemiluminescent Western
Blotting Substrate (Thermo Fisher Scientific). The following primary
antibodies were used: sheep anti-neurocan (1:500; R&D Systems), mouse
anti-CSPG (CS-56, 1:1000; Sigma-Aldrich), rabbit anti-HtrA1 (1:500;
Abcam), mouse anti-BMP4 (1:1000; Millipore), rabbit anti-trans-
forming growth factor-� (anti-TGF�; 1:1000; Abcam), and mouse anti-
GAPDH (1:5000; Millipore).

Lentiviral construct production and transduction. Plasmid DNA
(pGIPz)-containing short hairpin RNA (shRNA) sequences targeted to
mouse HtrA1 were purchased (GE Dharmacon) and used to produce
lentiviral particles as previously described (Bond et al., 2014). Viral trans-
ductions were performed on P1 NSCs dissociated into single cells at a
density of 5 � 10 4/ml in 50 ml of neurosphere growth media for 12 h
before lentivirus was added (at a titer of 1 � 10 8 colony formation
units/ml) and incubated at 37°C for 48 h. The transduced cells were
then isolated by FACS and plated for differentiation studies or protein
isolation as previously described. Lentiviral transduction of P2 astro-
cytes was performed in 80% confluent monolayer cultures before
Passage 2 for 48 h. Cells were then shaken and dissociated for FACS
isolation, followed by plating at 5 � 10 4/ml in astrocyte growth media
for subsequent studies.

Quantification and statistical analyses. Images acquired on a confocal
microscope (Leica SP5) were exported to National Institutes of Health
ImageJ for cell counting and integrated pixel-density analysis. Measure-
ment of astrocyte morphological properties was performed with Cell
Profiler software (Carpenter et al., 2006) using the MeasureObjectSize-
Shape module. Quantification of endothelial cell density, branching,
length, and uniformity in the neocortex was performed using the Ang-
iotool software (Zudaire et al., 2011) with an intensity threshold of 11/
255, vessel diameter of 15, and remove small particle setting of 40.
Quantification results were presented as mean � SEM, generated from
�3 independent trials per experimental condition. Differences among
experimental groups were evaluated with unpaired Student’s t test for
two group experiments and one-way ANOVA with Tukey’s post hoc test
for pairwise comparisons in three group experiments using Microsoft
Excel with XL Toolbox plugin.

Results
BMP and LIF generate morphologically and molecularly
distinct astrocytes
Previous work has demonstrated that BMP and LIF generate mo-
lecularly and morphologically distinct astrocytes (Bonaguidi et
al., 2005). To examine the genome-wide molecular differences
between astrocytes specified by BMP or LIF signaling, we cul-
tured NSCs derived from P1 mouse brain during the period of
active cortical astrogliogenesis. NSCs were transduced with a ret-
rovirus containing GFP under the control of the mouse GFAP
promoter, then differentiated in the presence of either BMP4 or
LIF with Noggin, a BMP signaling inhibitor (Fig. 1A). After 7 d in
culture, GFP-expressing cells in each experimental condition dis-
played clearly distinctive morphologies (Fig. 1B). Total mRNA
from GFP-expressing cells was collected and used for gene
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Figure 1. Genomic scale expression analysis by cDNA microarray revealed differential expression profiles of BMP-induced and LIF-induced astrocyte subtypes and identified novel astrocyte
markers. A, Schematic diagram of gene expression microarray experimental design. B, Cellular morphology of each experimental group as visualized by GFP expression after viral transduction.
LIF-induced cells acquire a radial morphology whereas BMP-induced cells acquire a stellate morphology after 7 d in culture. C, Heatmap of the top 1108 genes that are differentially expressed during
astrogliogenesis with experimental groups and replicate numbers listed on the right of the heatmap. Opposing expression profiles are found between BMP-induced astrocytes and NSCs in
neurospheres. LIF-induced GFAP � cells are more similar to NSCs in overall profile than to BMP-induced astrocytes. Summary of differentially expressed genes, as well as expression of astrocytic
genes, are listed in Figures 1-1, 1-2, 1-3 , 1-4 and 1-5 (available at https://doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-1, https://doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-2, https://doi.org/
10.1523/JNEUROSCI.2031-17.2018.f1-3, https://doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-4, https://doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-5) . D, The list of 14 genes expressed by
BMP4-induced astrocytes that show �10-fold enrichment in astrocytes compared with neurons and oligodendrocytes. Blue highlights indicate genes known to be (Figure legend continues.)
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expression profiling by a cDNA microarray that contained 45,281
probes for transcripts found in the mouse genome. To identify
differentially expressed genes, probes with �2-fold change in
intensity and a false discovery rate (FDR)-adjusted p value of �0.05
in pairwise comparisons were considered as positives and selected
for further analysis. The number and the identities of differentially
expressed genes in pairwise comparisons of each experimental group
are summarized in Fig. 1-1 (available at https://doi.org/10.1523/
JNEUROSCI.2031-17.2018.f1-1) anddetailed inFigs.1-3,1-4and1-5
(available at https://doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-3;
https://doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-4; https://
doi.org/10.1523/JNEUROSCI.2031-17.2018.f1-5) Heatmap comp-
arison of the 1108 differentially expressed genes among the three
experimental groups revealed clearly opposing expression pro-
files between BMP4-induced astrocytes and the neurosphere-
derived progenitors (Fig. 1C). Examination of known astrocytic
genes also confirmed that many accepted markers of astrocytes
are more highly expressed in the BMP4-treated group (Fig. 1-2,
available at https://doi.org/10.1523/JNEUROSCI.2031-17.2018.
f1-2), providing further support for candidates from BMP-induced
genes as potential markers of differentiated astrocytes.

BMP4-regulated microarray candidates revealed known and
novel astrocyte-enriched genes
Our interest in the diversity among differentiated astrocytes in
the cerebral cortex prompted us to focus first on genes upregu-
lated in the BMP4-treated group. To identify astrocyte-enriched
genes in this group, we compared 121 genes that were �5-fold
higher in the BMP4 group relative to the neurosphere group and
cross-referenced them with genes identified as 10-fold enriched
in astrocytes compared with neurons and oligodendrocytes (Ca-
hoy et al., 2008). Fourteen genes that fit these criteria were se-
lected (Fig. 1D), and qRT-PCR was performed to independently
verify gene-expression changes observed by the microarray (Fig.
1E; data not shown). mRNA expression in vivo was first inspected
using the Allen Brain Atlas mouse brain expression database
(Lein et al., 2007) and validated by in-house ISH (Fig. 1F,G).
Three candidates, homeodomain-only protein (Hopx), high
temperature requirement A1 (HtrA1), and F3, show expression
patterns that resemble the distribution of astrocytes in the cere-
bral cortex or in the hippocampus (Fig. 1F,G). These findings
suggest that select genes expressed by BMP4-induced astrocytes
may identify subpopulations of astrocytes or distinguish astro-
cytes from NSCs in the adult mouse forebrain.

HtrA1 is expressed in mouse and human astrocytes
We chose to focus on the serine protease HtrA1 for further anal-
ysis due to its known roles in TGF-� family signaling and ECM

protein organization (Oka et al., 2004; Hadfield et al., 2008;
Chamberland et al., 2009). To better determine whether HtrA1
mRNA is localized to astrocytes, we investigated HtrA1 expres-
sion in vivo by mRNA ISH. HtrA1 mRNA in the adult mouse
forebrain is strongly expressed in astrocytes located in the cere-
bral cortex and the hippocampus. HtrA1 mRNA is also present in
the thalamus and the hypothalamus but its expression there is
weaker (Fig. 2A,F). Colocalization with GFAP by IHC found that
the majority of HtrA1� cells in cortical layer 1 express GFAP
(86.34 � 5.42%; Fig. 2H), and that none of the HtrA1� cells
express the neuronal cell marker NeuN (0 of 1961; Fig. 2I). We
also did not detect HtrA1 mRNA in oligodendrocytes or their
precursors marked by Olig2 expression in the same cortical re-
gion during the period of cortical oligodendroglial differentia-
tion (0 of 537; Fig. 2J). In deeper cortical layers, where most
astrocytes lack GFAP expression but still express S100� and alde-
hyde dehydrogenase 1L1 (Aldh1L1), HtrA1 expression is limited
to cells with stellate morphology (Fig. 2K, arrowheads) and does
not overlap with NeuN or Olig2 (Fig. 2L,M, arrowheads). ISH
also revealed a small difference in the level of HtrA1 mRNA ex-
pressed in the upper cortex (cortical layers 1–3) versus deeper
cortex (cortical layers 4 – 6; Fig. 2C). This difference in HtrA1
transcript is also observed when comparing mRNA isolated from
upper and deeper cortical tissue by qRT-PCR, which concur-
rently detected differential expression in GFAP but not in Tuj1 as
expected (Fig. 2G). However, HtrA1 mRNA is rarely detected in
GFAP-expressing white-matter astrocytes in the corpus callosum
(Fig. 2C, dotted lines, N, arrowheads, N�), nor is it highly ex-
pressed in the medial thalamus or hypothalamus (Fig. 2E,F).
These findings suggest that HtrA1 mRNA is differentially ex-
pressed by astrocytes in multiple forebrain regions.

More interestingly, we found that HtrA1 mRNA is not ex-
pressed in adult mouse brain NSCs of the anterior SVZ (Fig.
2O,O�, arrowheads), making HtrA1 a rare astrocyte marker that
distinguishes between postmitotic astrocytes and adult NSCs. It is
sparsely distributed in the subgranular zone (SGZ) of the hip-
pocampus (Fig. 2P,P�), unlike transcripts enriched in hippocam-
pal NSCs, such as Hopx (Fig. 1G). Examination of HtrA1 mRNA
with GFAP IHC revealed that the great majority of the HtrA1�

cells (92.3 � 5.4%) in the SGZ do not display radial morphology,
a hallmark of hippocampal NSCs. Together, mRNA expression
analyses by ISH suggest HtrA1 may be a potential marker of
specific populations of differentiated astrocytes in the adult
mouse forebrain.

We also examined HtrA1 protein distribution by performing
immunocytochemistry (ICC) in GFAP� cells derived from NSCs
differentiated for 7 d in BMP4 or LIF with Noggin. Corroborating
the qRT-PCR data, we observed markedly higher levels of HtrA1
protein in BMP4-induced GFAP� cells compared with LIF with
Noggin-induced GFAP� cells. (Fig. 3A). HtrA1 protein is de-
tected in both cytosol and nuclei of cultured astrocytes, consis-
tent with previous reports of HtrA1 subcellular localization in
other cell types (Wang et al., 2012). This expression pattern is
eliminated when the antibody was preabsorbed with a HtrA1
peptide (Fig. 3A). Similar protein expression is also detected in
FBS-derived primary mouse astrocytes (Fig. 3B), where HtrA1
immunofluorescent (IF) signal diminishes when transitioned
into a serum-free media and is upregulated with BMP4 treatment
(Fig. 3B,C). Western blot analysis of HtrA1 protein in these con-
ditions also reveals similar expression changes (Fig. 3D). These
findings suggest that HtrA1 protein expression is regulated by
BMP4 signaling in postnatal astrocytes.

4

(Figure legend continued.) expressed by both astrocytes and NSCs, and gray highlights indi-
cate genes that failed in vivo validation by ISH. Yellow highlights mark the final three candidates
for further expression analyses. E, Expression analysis by microarray and qRT-PCR of Hopx,
HtrA1, and F3. Expression levels are presented as fold change relative to the neurosphere group
(FC; n 	 4 per group). Comparison of qRT-PCR results between BMP and neurosphere groups
revealed significant increases (*) of the three candidates in BMP astrocytes. F, Low-
magnification ISH of Hopx, HtrA1, and F3 mRNA in P56 mouse neocortex and hippocampus
(Allen Brain Atlas). G, High-magnification view of Hopx, HtrA1, and F3 mRNA in the dorsal
cortex and the dentate gyrus of P60 mice as validated by in-house ISH. Hopx is found in both
astrocytes (arrow) and NSCs in the SGZ (arrowhead) of the dentate gyrus (DG) but not in other
cortical astrocytes. HtrA1 and F3 are found in astrocytes (arrows) but not in NSCs of the DG
(arrowheads). All data presented as mean � SEM. ABA, Allen Brain Atlas; Scale bars: B, 50 �m;
F, 400 �m; G, 50 �m. *p � 0.01.
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To determine whether HtrA1 is also expressed in human as-
trocytes, we generated astrocytes from human embryonic stem
cells and induced pluripotent stem cells using a previously re-
ported differentiation protocol with some modifications (Duan
et al., 2015). Briefly, LIF and BMP4 treatments were used to
promote astroglial lineage commitment and cell-cycle exit, and
further maturation of astrocytes was induced with the addition
of FGF1 (Roybon et al., 2013). We did not detect HtrA1 in

vimentin-expressing neural progenitor cells before astrocyte dif-
ferentiation (Fig. 3E). In both BMP4-alone and BMP4/FGF1
conditions, HtrA1 expression is detected in GFAP-expressing
and S100�-expressing astrocytes, where it shares similar protein
distribution with its mouse ortholog (Fig. 3F,G). qRT-PCR anal-
ysis of HtrA1 mRNA in BMP4/FGF1-induced astrocytes and un-
treated NSC controls also supports the ICC observations (data
not shown). These findings provide additional evidence that as-

Figure 2. HtrA1 mRNA ISH reveals region and cell type-specific expression. A, Representative expression pattern of HtrA1 mRNA (blue) in P60 adult mouse forebrain (n 	 8). Boxes
indicate areas of interest in C–F. B, Schematic diagram of HtrA1-expressing cells in the adult mouse forebrain. Red dots represent areas where HtrA1 mRNA is detected. Boxes indicate
areas of interest as shown in H–N�. C–F, Higher-magnification views of HtrA1 mRNA expression in dorsal neocortex (C), hippocampus (D), medial thalamus (E), and medial hypothalamus
(F). Dotted lines demarcate boundaries between the cortex and corpus callosum in C and the hippocampus and thalamus in D. G, HtrA1 expression comparison between upper and deeper
cortex by qRT-PCR shows a small (1.5-fold) but significant difference ( p 	 0.005, n 	 6). GFAP and Tuj1 were used as positive and negative controls for differential expression
respectively. H, I, HtrA1 mRNA with GFAP (H) or NeuN (I) immunostaining in cortical layers 1 and 2 of adult mouse cortex demonstrates that HtrA1 is specifically expressed in astrocytes
but not neurons (arrowheads). J, HtrA1 mRNA (dark blue) with IF staining of Olig2 (green) in P14 mouse cerebral cortex. No HtrA1 expression was observed in Olig2-expressing
oligodendrocyte progenitors and oligodendrocytes (white arrowheads) in the upper layers of the dorsal cortex where HtrA1 is strongly expressed. K, L, HtrA1 mRNA with GFAP (K) or NeuN
(L) IHC in cortical layer 4 where HtrA1 mRNA is detected in GFAP-negative cells with stellate morphology (K, arrowheads) and does not colocalize with NeuN (L, arrowheads). M, Similarly,
Olig2 � cells also lack HtrA1 expression in deeper cortical layers (white arrowheads). N, N�, HtrA1 mRNA is rarely detected in the corpus callosum (CC) where GFAP is strongly expressed
(N, arrowheads). Dotted line demarcates the boundaries for CC in N�. O, O�, HtrA1 mRNA is not detected around the lateral ventricle (O�, white arrowhead), where GFAP-expressing adult
NSCs reside in the SVZ (arrowheads). P, P�, HtrA1 mRNA is highly expressed in the dentate gyrus (DG) of the hippocampus. However, expression is sparse in the SGZ, where
GFAP-expressing NSCs reside (P, arrowheads). Scale bars: A, 400 �m; C–F, 100 �m; H–N�, 50 �m; O–P�, 100 �m.
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trocytic expression of HtrA1 is both responsive to BMP signaling
and evolutionarily conserved.

HtrA1-LacZ reporter confirms astrocyte-specific expression
of HtrA1 in mouse forebrain
To further investigate cell-type specificity of HtrA1 expression in
the mouse brain, we acquired and examined a mouse reporter
line that expresses �-galactosidase (�-gal) under the control of
endogenous HtrA1 regulatory elements (Brown and Moore,
2012). We found that in the cerebral cortex of adult mice, nearly
all (98.7 � 0.9%) �-gal-expressing cells also express the pan-
astrocytic marker Aldh1L1 (Fig. 4A–A
). Conversely, nearly all
(97.8 � 1.14%) Aldh1L1� cells express �-gal in the adult dorsal
cortex, supporting the notion that HtrA1 is expressed in astro-

cytes. In addition to Aldh1L1, �-gal is also detected in 94.3 �
3.1% of S100�� cells (Fig. 4B–B
) and 88.6 � 4.4% of layer 1
GFAP� astrocytes (Fig. 4C–C
). Coimmunostaining with anti-
bodies against NeuN (Fig. 4D–D
) and adenomatous polyposis
coli (APC; Fig. 4E–E
) shows no �-gal expression in neurons (0 of
4640 NeuN� cells) and oligodendrocytes (0 of 608 APC� cells).
Examination of �-gal expression in endothelial cells, pericytes,
and microglia by coimmunostaining with CD31 (0 pf 523 CD31�

cells; Fig. 4F–F
), PDGFR� (0 of 403 PDGFR�� cells; Fig. 4G–
G
), and Iba1 (0 of 420 Iba1� cells; Fig. 4H–H
) antibodies re-
spectively also show no overlapping expression in the cerebral
cortex. In addition, examination of �-gal in areas of adult
neurogenesis with nestin costaining confirmed the absence of

Figure 3. Characterization of HtrA1 expression in cultured mouse and human astrocytes. A, Representative IF images of P1 NSCs differentiated for 7 DIV in either LIF plus Noggin or BMP4. HtrA1
antibody (green) detected both cytosolic and nuclear signals in both LIF plus Noggin-differentiated and BMP4-differentiated GFAP-expressing cells (red). However, staining signal is significantly
stronger in BMP4-induced astrocytes. Elevated HtrA1 immunoreactivity in BMP4-induced astrocytes is eliminated when a HtrA1 peptide is used for blocking the antibody before primary incubation.
B, Representative IF images of HtrA1 protein (green) and GFAP (red) detected in primary astrocytes isolated from P2 mouse cortex using standard culturing protocol with 10% FBS (left). Serum
withdrawal for 24 h (middle) followed by the addition of BMP4 for 24 h (right) increases the expression level of HtrA1. C, Quantification of HtrA1 IF revealed a significant difference in HtrA1 protein
levels between serum-free and BMP4-treated primary astrocytes (n 	 3, p 	 0.008), A.U., Arbitrary Unit. D, Representative micrograph of Western blots showing HtrA1 protein expression in
astrocytes cultured in FBS containing media, serum-free media (SF), or serum-free media with 20 ng/ml BMP4 (SF�BMP4). GAPDH is used as a loading control. D, F, G, Representative IF images of
human HtrA1 protein (green, arrows) in NSCs marked by vimentin (D, red), and BMP4-induced or BMP4/FGF1-induced astrocytes marked by GFAP or S100� (F, G, red). Scale bar, 25 �m; *p � 0.05.
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HtrA1 expression in NSCs, both in the SVZ (Fig. 4I–I
) and the
SGZ (Fig. 4J–J
). Together, these findings support our mRNA
expression analysis and provide further evidence for HtrA1 as
an astrocyte-specific marker in the adult mouse cerebral
cortex.

We next sought to determine whether �-gal expression in
HtrA1-LacZ mice reflects differential expression of HtrA1 ob-
served at the mRNA level. We examined the level of �-gal expres-
sion in different forebrain regions of adult mice, including the
cerebral cortex, hippocampus, corpus callosum, and thalamus,
and found that not all astrocytes express �-gal at the same levels.
Quantification of �-gal IF in cortical layers 1–3 (IF, 2344.57 �
150.59 A.U.) versus layers 4 – 6 (IF, 1659.54 � 99.3 A.U.) shows a
significant difference in the integrated signal intensity (Fig. 5A,B,G;
p 	 0.003), suggesting that HtrA1 expression is differentially reg-
ulated in upper and deeper layers of the dorsal neocortex. In
contrast, no difference in S100� IF (layers 1–3, 1780.38 � 69.16
A.U.; layers 4 – 6, 1662.23 � 95.39 A.U.; p 	 0.223 A.U.) was
detected in the same regions (Fig. 5A�,B�,G). GFAP IF is known to

be stronger in the upper cortex, and our integrated intensity
quantification confirms this finding (layers 1–3 IF, 1825.74 �
105.76; layers 4–6 IF, 1103.85 � 39.41; p 	 8e-04; Fig. 5A
,B
,G). In
addition to the neocortex, all three astrocyte markers were
strongly expressed in the lateral dentate gyrus of the hippocam-
pus (Fig. 5C–C
,G). However, �-gal IF was greatly reduced in the
corpus callosum (832.99 � 107.96) whereas GFAP, but not
S100�, was strongly expressed (Fig. 5D–D
,G). In the dienceph-
alon, only S100� is consistently expressed in the dorsal thalamus
(Fig. 5E�,G) and the hypothalamus (Fig. 5F�,G), where GFAP is
strongly expressed in select populations (Fig. 5E
,F
,G) and
HtrA1-�Gal is expressed at low levels (dorsal thalamus, 1063.4 �
42.27; hypothalamus, 1232.77 � 57.83; Fig. 5E–G).

To further analyze regional differences in HtrA1 expression,
we quantified the percentage of Aldh1L1-expressing astrocytes
that coexpress HtrA1 in the above-mentioned brain regions in-
dependent of expression levels. Consistent with the signal inten-
sity analysis, we found that dorsal brain regions, including the
hippocampus (99.35 � 0.65%), cortical layers 1–3 (97.51 �

Figure 4. HtrA1 expression is astrocyte specific. A–H�, Representative micrographs showing expression of HtrA1 �-gal reporter (green) with molecular markers of different neural and
non-neural cell types in the dorsal cortex of adult mouse (n 	 6, red). �-Gal is found to colocalize with known astrocyte markers, including Aldh1L1 (A–A�), S100� (B–B�), and GFAP (C–C�), where
these markers are expressed. �-Gal expression does not colocalize with neuronal marker NeuN (D–D�), oligodendrocyte marker APC (E–E�), endothelial cell marker CD31 (F–F�), pericyte marker
PDGFR� (G–G�), or microglia marker Iba1 (H–H�). I–J�, IF imaging of �-gal (green) in germinal zones of the adult mouse brain did not show any colocalization with NSC marker nestin (red) in the
anterior SVZ (I–I�) or the SGZ of the hippocampus (J–J�). DAPI is shown in blue in all panels. Scale bar, 20 �m.
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0.86%), and cortical layers 4 – 6 (94.09 � 3.24%), show a higher
percentage of Aldh1L1� cells expressing HtrA1 compared with
ventral brain regions, including the thalamus (42.92 � 6.58%)
and hypothalamus (28.71 � 2.67%; Fig. 5H). Similarly, cell
counts in the corpus callosum also revealed low numbers of
Aldh1L1� astrocytes expressing HtrA1 (6.63 � 3.19%; Fig. 5H).
Similar results were obtained for the percentage of S100� cells
that express HtrA1 in different forebrain regions (data not shown).
Although there are some minor discrepancies between �-gal ex-
pression and ISH findings, possibly due to differences in �-gal
protein and HtrA1 mRNA stability, the HtrA1-LacZ reporter
analyses support our previous conclusion that HtrA1 is differen-
tially expressed by astrocytes in different regions of the adult
mouse forebrain. Furthermore, HtrA1 expression does not mir-
ror expression of known astrocyte markers GFAP and S100�, and
the combinatorial expression of the three markers may be used to
identify subpopulations of forebrain astrocytes.

HtrA1 expression in NSCs inhibits postnatal astrogliogenesis
Developmentally, we observed HtrA1 mRNA first at embryonic
day 14 enriched at the cortical hem (Fig. 6A), the most dorsal

neurogenic region that receives high levels of BMP signaling (Fu-
ruta et al., 1997). Weaker signal is also detected in the ventral
forebrain, which may be neuronal in origin (Launay et al., 2008).
At P0, HtrA1 expression is found most strongly in the dorsolat-
eral SVZ and weakly in the dorsal cortex (Fig. 6B). As more as-
trocytes populate the neocortex, the number of cortical HtrA1�

cells increases from P7 to P14 and the expression in the SVZ is lost
(Fig. 6C,D). The evolving expression profile of HtrA1 during the
perinatal period correlates well with the timeline of astrogliogen-
esis, leading us to ask whether HtrA1 has a role in astrocyte dif-
ferentiation. We harvested and cultured postnatal NSCs from
HtrA1-deleted mice and littermate controls, and differentiated
the cells for 3 and 7 d in vitro (DIV) in the presence or the absence
of BMP4 or Noggin. We first quantified the number of GFAP-
expressing, nestin-expressing, or EdU-expressing cells in NSCs
differentiated for 3 DIV without any cytokines and found a sig-
nificant increase in the number of GFAP-expressing cells (Fig.
6E,E�,H; control, 14.3 � 2.15%; mutant, 28.39 � 1.97%; p 	
0.0038) and a reduction in nestin-expressing cells when HtrA1 is
ablated (Fig. 6E,E�,I; control, 69.64 � 3.55%; mutant, 42.04 �
8.16%; p 	 0.037). In addition, the numbers of total EdU� (con-

Figure 5. HtrA1 is differentially expressed by astrocytes in different forebrain regions. A–F�, IF images of �-gal (green), S100 � (red), and GFAP (magenta) expression in the forebrain of adult
HtrA1-LacZ reporter mice (n 	 3). Examination of multiple brain regions including upper (layers 1–3; A–A�) and deeper (layers 4 – 6; B–B�) neocortex, corpus callosum (C–C�), dentate gyrus of the
hippocampus (D–D�), dorsal thalamus (E–E�), and ventral hypothalamus (F–F�) revealed varying levels of IF in multiple brain regions. G, Quantification of integrated signal density of IF for each
protein in each brain region. Comparison of upper and deeper cortical layers reveals a significant difference ( p 	 0.003) in �-gal expression level, A.U., Arbitrary Unit. H, Quantification of the
percentage of Aldh1L1-expressing cells that also express �-gal in different brain regions of adult HtrA1-LacZ reporter mice (n 	 3). **p � 0.01. Scale bar, 50 �m.
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trol, 19.79 � 3.9%; mutant, 4.99 � 3%; p 	 0.02) and
nestin�EdU� (control, 19.41 � 3.89%; mutant, 4.28 � 2.41%;
p 	 0.038) proliferating cells were also significantly reduced (Fig.
6J). Addition of BMP4 abolished the differences between control
and mutant samples (Fig. 6F,F�,H–J), suggesting that sufficiently
high levels of BMP4 overcome the inhibitory effects of HtrA1 on
astrocyte differentiation. Conversely, blocking BMP signaling with
Noggin prevented the increase of GFAP� cells and the decrease of
nestin� stem cells observed in HtrA1 mutants (Fig. 6G,G�,H–J),
suggesting that HtrA1 mediates astrocyte specification at least partly
through inhibition of BMP signaling. Together, these findings sug-
gest that HtrA1 expression in perinatal NSCs negatively regulates
NSC differentiation into GFAP� astrocytes.

To further validate these findings in vivo, we investigated
whether HtrA1 deletion also alters astrogliogenesis in the postna-

tal mouse brain. Since GFAP only labels a subpopulation of as-
trocytes in the developing and adult mouse brain, we examined
the number of Aldh1L1-expressing (Aldh1L1�) astrocytes in
both the dorsal neocortex and the CA1 region of hippocampal
primordium at P1. To identify dividing astrocyte progenitors,
EdU was administered 4 h before death and the number of
Aldh1L1�EdU� cells was quantified. In both brain regions,
more Aldh1L1� astrocytes were found in HtrA1 mutants com-
pared with the wild-type controls (Fig. 7A–B�, arrows, C). Inter-
estingly, we also observed a significant increase in the number of
Aldh1L1�EdU� cells in the same brain regions (Fig. 7A–B�, ar-
rowheads, D), supporting the idea that HtrA1 may regulate as-
trocyte differentiation through astrocyte precursor expansion
that occurs away from germinal zones (Ge et al., 2012). However,
no significant differences were observed at P7 in the total number

Figure 6. Deletion of HtrA1 in postnatal NSCs promotes astrocytic differentiation and maturation. A–D, Representative micrograph of HtrA1 mRNA expression by ISH during mouse forebrain
development at embryonic day 14 (A) and at P0, P7, and P14 (B–D; n 	 4 per age). E–G�, Representative micrographs of HtrA1 intact (HtrA1 �/�; E–G; n 	 5) or deleted (HtrA1 �/�; E�, F�, G�;
n 	 4) NSCs after 3 DIV differentiation. IF stainings of GFAP (green), nestin (red), and EdU (white) illustrate that GFAP � astrocytes are significantly increased while nestin � NSCs and EdU � cells
are significantly reduced in HtrA1 �/� mice. H–J, Quantification of the number of GFAP � (H), nestin � (I), and EdU � (J) cells as a percentage of total DAPI � cells at 3 DIV in NSC cultures from
HtrA1 �/� and HtrA1 �/� mice. Scale bars: A–D, 200 �m; E–G�, 50 �m. *p � 0.05.
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of Aldh1L1� astrocytes between HtrA1-null mice and the wild-
type controls in either the cortex or the hippocampus (Fig. 7E–
F�,G), suggesting that loss of HtrA1 does not lead to long-term
changes in the total number of astrocytes. Quantification of
Aldh1L1�EdU� at P7 revealed significant reduction in cortical as-
trocyte precursors in HtrA1 mutants (Fig. 7E–F�, arrowheads, H),
suggesting that earlier increases in precursor divisions may result in
premature termination of cortical astrocyte generation. Together,
these findings suggest that HtrA1 may regulate the tempo of cortical
astrocyte differentiation in the postnatal forebrain.

HtrA1 alters astrocyte morphology and ECM
protein expression
Since the expression of HtrA1 is heterogeneous among astrocytes
in different brain regions, we next used an established cultured
astrocyte model to discover whether HtrA1 plays any role in as-
trocyte physiology and function. We first generated a GFP-tagged
lentivirus expressing an shRNA to specifically knockdown
HtrA1, and validated the reduction of protein production by
Western blots (Fig. 8A). We found that HtrA1 expression is
clearly detected in cultured astrocytes derived and maintained in

Figure 7. In vivo analysis of astrocyte differentiation in HtrA1-deleted mice reveal increase in astrogliogenesis at P1. A–B�, Representative IF staining of Aldh1L1 (green) and EdU (magenta) in
P1 brains of HtrA1 �/� (n 	 3) and HtrA1 �/� (n 	 5) mice. Areas of analysis include the dorsomedial neocortex (A, A�) and the CA1 region of the hippocampal primordium (B, B�; dotted line
demarcates CA1 and dentate gyrus). Aldh1L1 � cells (arrows) and Aldh1L1 �EdU � precursors (arrowheads) are both significantly increased in both regions in HtrA1 �/� mice. C, Quantification of
Aldh1L1 � cells in the neocortex and the CA1 region of the hippocampus at P1. D, Quantification of Aldh1L1 �EdU � in the neocortex and the CA1 region of the hippocampus. A significant increase
in both dividing and nondividing Aldh1L1 � cells were detected in HtrA1 �/� mice. E–F�, Images of the neocortex (E, E�) and hippocampus (F, F�) stained with Aldh1L1 (green) and EdU (magenta)
at P7 in HtrA1 �/� (n 	 3) and HtrA1 �/� (n 	 3) mice. G, H, Quantification of Aldh1L1 � and Aldh1L1 �EdU � cells in P7 neocortex and hippocampus. A reduction in Aldh1L1 �EdU � cells
(arrowheads) in the neocortex of P7 HtrA1 �/� mice was observed. All data presented as mean � SEM. Statistical significance was measured by unpaired Student’s t test. Scale bar, 50 �m. *p � 0.05.
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media containing FBS, and the level of expression is reduced
significantly when transduced with shRNA-expressing lentivirus
(Fig. 8A). We transduced cultured mouse cortical astrocytes with
shRNA-expressing lentivirus and examined their morphology at
7 d and the effects on neurite outgrowth in cortical neuron co-

cultures at 14 d. Morphologically, we found that astrocytes with
reduced HtrA1 exhibited more stellate GFAP-expressing pro-
cesses compared with control astrocytes, which acquired a more
fibroblast-like morphology as expected from serum-containing
astrocyte growth conditions (Fig. 8B). Quantification of cell size,

Figure 8. Loss of HtrA1 leads to morphological, biochemical, and functional changes in astrocytes. A, Validation of HtrA1 shRNA lentivirus efficiency by Western blot analysis. B, Representative
micrograph of astrocyte (GFAP; top, red) and cortical neuron (�III tubulin; bottom) coculture studies with GFP-tagged scrambled or HtrA1 shRNAs (top, green). C, Quantification of morphological
changes of HtrA1 knockdown (HtrA1 KD, n 	 179) and control (scrambled, n 	 78) cultured astrocytes. Significant changes were observed in compactness ( p 	 0.008), cell area ( p 	 0.042), and
process number ( p 	 3.4E-6). D, Quantification of cortical neurite length under culture conditions without an astrocyte monolayer (No AML) or with astrocytes transduced with scrambled (Control
AML) or HtrA1 shRNA (HtrA1 KD AML). Significant reduction of neurite outgrowth ( p 	 0.0145) was observed when HtrA1 expression is reduced in astrocytes (n 	 4). E, Western blot for neurocan
in cultured astrocytes transduced with either scrambled control, HtrA1 shRNA #1, or HtrA1 shRNA #1 and #2 (n 	 3). Lower panel graph represents quantification of relative signal intensity to the
scrambled shRNA control condition, demonstrating that HtrA1-deficient astrocytes express significantly higher neurocan ( p 	 0.003). F, IF staining of GFAP-expressing (green) and Aldh1L1-
expressing (red) astrocytes in cortical layer 1 of 6-month-old wild-type control (n 	 4) and HtrA1-null mutant (n 	 5) mice. G, Quantifications of GFAP and CSPG signal intensity, GFAP-expressing
cells, and Aldh1L1-expressing cells in cortical layer 1 of HtrA1 control and mutant mice. H, IF staining of CSPG (green, CS-56 antibody) and collagen IV (red) in HtrA1 mutant mice shows an increase
in CSPG expression while collagen IV expression remains unchanged. I, Western blots of BMP4 and TGF-� from HtrA1 �/� and HtrA1 �/� astrocytes after 7 d of differentiation. Two bands were
detected that correspond to the preprocessing form (�200 kDa for BMP4; 150 kDa for TGF-�) and the mature dimer (�65 kDa for BMP4; 50 kDa for TGF-�). Deletion of HtrA1 led to a near twofold
but not statistically significant increase in pro-BMP4 and mature BMP4, while pro-TGF-� and mature TGF-� are significantly increased and reduced respectively. All data presented as mean � SEM.
Statistical significance measured by one-way ANOVA with Tukey’s post hoc test for A, D, and E, and Student’s t test for C, G, and H. Scale bar: B, 25 �m; F, H, 50 �m; *p � 0.05; **p � 0.01.
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shape variance, and process number validated this observation (Fig.
8C). When HtrA1-knockdown astrocytes were cultured with cor-
tical neurons, reduced neurite length (40.1 � 4.1 �m) was ob-
served compared with neurons cultured with control astrocytes
(59.5 � 4.7 �m, p 	 0.0145; Fig. 8B,D). These findings suggest
that HtrA1 in astrocytes regulates cellular morphology and mod-
ulates neuronal– glial interactions.

Previous studies on the function of HtrA1 as a protease have
reported the cleavage of multiple ECM proteins by HtrA1, in-
cluding members of the CSPG family (Chamberland et al., 2009).
Elevated expression of CSPGs after injury is known to inhibit
neurite outgrowth in the CNS (Inatani et al., 2001; Jones et al.,
2003), which led us to investigate whether changes in CSPG
expression contribute to the reduced cortical neurite length ob-
served in cocultures with HtrA1-reduced astrocytes. We exam-
ined the protein expression of the CNS-enriched CSPG neurocan
in cultured astrocytes with and without HtrA1 knockdown, and
found that the level of neurocan protein is significantly increased
in astrocytes with reduced HtrA1 (251.67 � 8.01% compared
with control, p 	 0.00013; Fig. 8E). Conversely, incubating cul-
tured wild-type astrocytes with recombinant HtrA1 protein leads
to a reduction in the level of CSPGs, detectable by either pan-
CSPG or neurocan-specific antibodies (data not shown). These
findings support the idea that altered ECM, including increased
levels of CSPGs, such as neurocan, may contribute to inhibition
of neurite outgrowth observed in coculture with HtrA1-deficient
astrocytes.

We next sought to validate our in vitro findings by examining
astrocytes in adult HtrA1 mutant mice, focusing on the GFAP�

cells in layer 1 of the dorsomedial cortex. At 6 months, HtrA1
mutant mice show increased GFAP intensity (control, 754.3 �
91.79; mutant, 1124.05 � 77.2) and an enlarged, hypertrophic
cellular morphology (Fig. 8F,G). However, quantification of
GFAP-expressing cells in layer 1 revealed similar numbers in
HtrA1 mutants and control mice (Fig. 8G). To distinguish the
role of HtrA1 in astrocyte differentiation from its role in regula-
tion of GFAP expression, we examined the same brain region for
changes in the expression of the pan-astrocytic marker Aldh1L1
and found no significant difference between HtrA1 mutant and
control mice (Fig. 8F,G). Similar to our findings in vitro, exam-
ination of CSPG expression in HtrA1�/� cortical layer 1 revealed
an increase in signal intensity (Fig. 8G,H; control, 989.32 � 60.9;
mutant, 1290.04 � 54.45), while the basement membrane-
enriched collagen IV expression surrounding the vasculature ap-
peared unaffected (Fig. 8H). Finally, since HtrA1 has been shown
to regulate expression of TGF� family proteins in other organs
(Oka et al., 2004), we asked whether astrocytes lacking HtrA1
exhibit changes in both BMP4 and TGF� protein expression.
Western blot analyses using protein harvested from HtrA1-null
cultured astrocytes revealed significant increases in both BMP4
and TGF� precursor proteins (Fig. 8I; pro-BMP4 and pro-
TGF�), suggesting that HtrA1 participates in the cleavage of the
immature forms of BMP4 and TGF� proteins. Interestingly, we
observed a marked reduction in the mature TGF� but a trend
toward increased levels of mature BMP4 in HtrA1-deleted astro-
cytes (Fig. 8I), suggesting that HtrA1 may differentially regulate
the levels of mature BMP and TGF� family members. These ob-
servations suggest that HtrA1 may be functionally important for
the regulation of ECM and TGF� family proteins in astrocytes.

Since mutation in HtrA1 in humans is linked to cerebral vas-
cular disease CARASIL, we asked whether loss of HtrA1 changes
the overall morphology and distribution of the cerebral vascula-
ture in 6-month-old adult mouse brains. Despite a significant

increase in GFAP immunoreactivity in the HtrA1 mutant cortex
(Fig. 9A,B), no change in the overall expression pattern and sig-
nal density of CD31, an endothelial cell marker, was observed in
the dorsal cortex (Fig. 9A,C). There were no changes in distribu-
tion or density of the pericyte marker PDGFR-� (Fig. 9A,D).
Based on CD31 expression, we next performed a series quantita-
tive analyses of cerebral vasculature properties that included ves-
sel density (Fig. 9E, vessel percentage area), vessel branching
frequency (Fig. 9E, junctions per area), number of vessel end-
points (Fig. 9E, endpoints per area), and total and average vessel
length, as well as vessel pattern uniformity (Fig. 9E, lacunarity).
We did not observe significant differences between controls and
HtrA1 mutants in any of these measures. Last, to address whether
increased GFAP immunoreactivity in the HtrA1 mutant cortex is
the result of altered neuroinflammatory responses, we examined
the morphology and number of microglia by CD11b and Iba1
IHC. Again, no differences were detected between HtrA1 mu-
tants and controls (Fig. 9F). These findings suggest that the over-
all distribution and morphology of the neurovascular and
neuroimmune cells were not significantly affected by the loss of
HtrA1 in young-adult mice.

HtrA1 in reactive astrogliosis regulates lesion area size and
proliferation after injury
The morphology of HtrA1-deficient astrocytes is reminiscent of
reactive astrocytes that surround lesions after injury, leading us to
investigate whether HtrA1 is involved in the astrocytic response
to injury. We first performed cortical stab wound injury in the
dorsal-medial cortex of wild-type mice, and examined the ex-
pression of HtrA1 by mRNA ISH at 3 d after injury. We found
that reactive astrocytes surrounding the lesion area expressed
high levels of HtrA1 (Fig. 10A), including deeper layer astrocytes
that normally have low GFAP and HtrA1 expression (Fig. 10A,
inset). The change in HtrA1 expression was accompanied by el-
evated BMP4 expression, which was strongly expressed by cells
surrounding the lesion after injury, in contrast to the gradient in
uninjured controls (Fig. 10B). Western blot analysis of injured
cultured astrocytes also confirmed increased levels of HtrA1 pro-
tein, along with increased levels of neurocan protein (Fig. 10C).

We next asked whether BMP signaling is necessary for HtrA1
expression in normal and injured astrocytes in vivo. We examined
HtrA1 expression in mice lacking BMP receptor 1a (BMPR1a) in
GFAP-expressing cells (GFAP-Cre; BMPR1a fx/�), and observed
a loss of HtrA1 expression in GFAP-expressing astrocytes in cor-
tical layer 1 (Fig. 10D, inset). However, deletion of BMPR1a did
not alter HtrA1 upregulation in reactive astrocytes (Fig. 10D,
inset), suggesting that molecular signals other than BMPs con-
tribute to increased HtrA1 expression after injury.

Since astrocytic responses after injury are critical for blood–
brain barrier repair and lesion reduction, we next asked whether
HtrA1 ablation affects the lesion area size or vascular repair at 3 d
after injury (Fig. 10E–G). Measurement of the lesion area sur-
rounded by GFAP immunostaining revealed a significant in-
crease in HtrA1 mutants compared with the controls (Fig. 10E,F;
control, 118,943 � 18,953 �m 3; mutant, 260,831 � 13,745 �m 3;
p 	 8.7E-7). The number of EdU� dividing cells near the lesion
area was also significantly increased (Fig. 10E,G; control, 30.46 �
6.62; mutant, 224.95 � 30.9; p 	 2.4E-7). Colabeling with EdU,
CD31, and GFAP revealed that proliferation was increased in
endothelial cells (Fig. 10G; control, 18.19 � 4.79; mutant,
69.22 � 9.04; p 	 0.02) but not in GFAP� astrocytes (Fig. 10G;
control, 0.40 � 0.47; mutant, 6.61 � 2.26; p 	 0.08). Further
analysis of EdU-incorporating cells surrounding the lesion re-
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vealed that Iba1-expressing microglia constitute most EdU�

cells, indicating that HtrA1 deletion leads to elevated inflamma-
tory responses (Fig. 10H, I). These findings suggest that HtrA1
expression in astrocytes regulates brain injury recovery by limit-
ing vascular and immune cell proliferation as well as controlling
lesion size.

Discussion
One of the goals of this study was to identify novel molecular mark-
ers of differentiated astrocytes. A common complication associated

with studying astrocyte differentiation
and diversity is that classic astroglial
markers, such as GFAP and astrocyte-
specific glutamate transporter (GLAST),
are also expressed by adult NSCs. S100�
and glutamate synthetase, two well ac-
cepted astrocyte markers not found in
NSCs, are expressed in ependymal cells,
neurons, and oligodendrocytes in the
CNS (Vives et al., 2003; Carlén et al., 2009;
Bernstein et al., 2014). Even Aldh1L1, a
more recent addition to the list of pan-
astrocytic markers, is also found in both
differentiated astrocytes and postnatal
NSCs (Foo and Dougherty, 2013). In
short, the identification of differentiated
astrocytes requires a combination of cur-
rently existing markers. We have demon-
strated here that HtrA1 is expressed by
mature astrocytes but not by adult NSCs.
This unique property will allow future
investigations to distinguish two func-
tionally distinct cell types that share sig-
nificant molecular similarities in the adult
mouse brain.

We have also demonstrated that HtrA1
mRNA is not found in neurons or cells in
the oligodendroglial lineage, and coex-
pression analysis of additional cell-type
markers in HtrA1-LacZ mice validated
this finding and confirms astrocyte speci-
ficity of HtrA1 expression. Two recent
RNAseq studies that examined neural and
non-neural cell types in the mouse brain
identified HtrA1 as astrocyte enriched
(Zhang et al., 2014; Zeisel et al., 2015).
However, one of the studies suggested
that HtrA1 may also be expressed at low
levels in oligodendrocyte precursors (OPCs)
and in endothelial cells during postnatal
development (Zhang et al., 2014). Our
HtrA1 mRNA in situ with OPC marker
Olig2 at P14 did not show any Olig2� cells
expressing HtrA1, and we did not detect
�-gal expression in endothelial cells in the
adult neocortex. This discrepancy may be
due to detectability of expression in our
method or limitations in cell-type isola-
tion in the published report. Regardless,
the ability to identify select astrocyte pop-
ulations will be beneficial in studying
astrocyte diversity, particularly when
combined with a pan-astrocyte-specific
marker, such as Aldh1L1, or with other

existing astrocyte subtype markers, such as GFAP.
Based on combinatorial expression of HtrA1, S100�, and

GFAP, we observed astrocytes that are HtrA1 hiGFAP hiS100� hi

(cortical layers 1–3 and hippocampus), HtrA1lowGFAPlowS100�hi

(cortical layers 4 – 6), HtrA1 lowGFAP hiS100� low (corpus callo-
sum), and HtrA1lowGFAPlowS100�hi (dorsal thalamus). Whether
these molecularly distinct astrocytes have a unique developmen-
tal origin is an intriguing question. Transgenic and adenovirus-
based fate-mapping of perinatal NSCs from different forebrain

Figure 9. Deletion of HtrA1 does not alter vascular or immune cell morphology or distribution in the young-adult mouse
neocortex. A, Representative micrographs illustrating the overall distribution and density of neurovascular unit components
marked by GFAP (green), CD31 (red), and PDGFR� (blue) in 6-month-old HtrA1 control (n 	 6) and null mutant cortex (n 	 4).
B–D, Graphs showing the integrated density quantification of astrocytes (B; GFAP � cells) and endothelial cells (C; CD31 � cells),
as well as pericyte numbers (D; PDGFR� � cells) in HtrA1 control and null mutant cortex. E, Quantification of blood vessel
properties in the cerebral cortex of 6-month-old adult HtrA1 �/� and HtrA1 �/� mice. CD31 IHC signal was used to measure vessel
properties listed on the y-axis of each graph. No significant differences were detected between HtrA1 mutant (n 	 6) and control
(n 	 4) mice. F, Representative images of microglia markers CD11b (red) and Iba1 (green) in HtrA1 control and mutant mouse
cortex. No significant differences were observed, suggesting HtrA1 deletion does not induce inflammatory responses in the
uninjured adult mouse forebrain. Scale bar, 50 �m. *p � 0.05.
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Figure 10. HtrA1 expression in reactive astrocytes regulates lesion size and proliferation after injury. A, Main panels illustrate ISH detection of HtrA1 mRNA (without GFAP IHC) in P60 wild-type
control (left, n 	 6) and injured (right, n 	 6) mice, which revealed an increase in HtrA1 expression surrounding the injury site 3 d after cortical stab wound injury. Insets shows HtrA1 mRNA in
cortical layer 4 where it is detected in low GFAP-expressing astrocytes in the control brain but becomes strongly expressed in high GFAP-expressing reactive astrocytes in the injured brain. B, ISH of
BMP4 mRNA in sections adjacent to A. The increase in HtrA1 in reactive astrocytes correlates with an increase in BMP4 surrounding the lesion. C, Western blot of HtrA1 and neurocan (Ncan) protein
in cultured cortical astrocytes with (�, n 	 3) and without injury (�, n 	 3). An increase in both HtrA1 and neurocan was found in injured astrocytes relative to the control astrocytes.
D, Representative micrographs of HtrA1 mRNA and GFAP protein expression in GFAP-Cre; BMPR1a1 fx/� mutant mice without (n 	 5) and with (n 	 4) cortical stab wound injury. Deletion of BMP
receptor 1a in astrocytes diminishes layer 1 HtrA1 expression but fails to reduce HtrA1 expression in reactive astrocytes after injury. E, IF colabeling of GFAP (green), CD31 (red), and EdU (blue) in the
lesion area of HtrA1 wild-type (n 	 4) and null mutant mice (n 	 3). Uninjured brains do not show significant differences in cerebral vasculature between wild-type and HtrA1-deleted neocortex.
F, Quantification of lesion area size in HtrA1 wild-type and null mutant mice. G, Quantification of total proliferating cells (EdU �), proliferating endothelial cells (CD31 �EdU �), and proliferating
astrocytes (GFAP �EdU �) in the lesion area of HtrA1 wild-type and null mutant mice. H, Representative images of EdU-incorporating microglia (Iba1), fibroblasts (FN), pericytes (PDGFR-�), and
oligodendrocytes (CNPase) in injured HtrA1 �/� and HtrA1 �/� mice. I, Quantification of EdU� cell types presented in J. All data presented as mean � SEM. Statistical significance was measured
by unpaired Student’s t test. Scale bar, 50 �m. *p � 0.05; ***p � 0.001.
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regions has demonstrated contributions of astrocytes from re-
gionally specific progenitors in a radial fashion (Tsai et al., 2012).
The broad nature of HtrA1 expression suggests that multiple
regional progenitors can give rise to HtrA1� astrocytes, and that
heterogeneity of HtrA1 expression may reflect differences in local
signals. The increase in expression in deeper-layer astrocytes after
injury suggests that HtrA1 can be modulated by changes in the
local environment. Another example of such a phenomenon is
the expression of Gli1 in astrocytes of the deeper cortical layers.
Ablation of Sonic hedgehog (Shh) signaling from neighboring
neurons significantly reduces Gli1 expression in deep-layer astro-
cytes without affecting total astrocyte numbers (Garcia et al.,
2010). In view of the antagonistic roles of Shh and BMP during
neuronal specification (Jessell, 2000), it is also intriguing that
there is a reciprocal pattern of expression between BMP-
regulated HtrA1 and Shh-regulated Gli1 in cortical astrocytes.
Future studies that examine how Shh signaling affects HtrA1
expression may provide new insights into the establishment of
cortical astrocyte diversity.

HtrA1 was also selected for further analysis because of its
known inhibitory role in TGF-� family protein signaling (Oka et
al., 2004). Our microarray and qRT-PCR results demonstrated
that HtrA1 expression is a target of BMP4 activation, suggesting
that increases in HtrA1 expression in astrocytes may act as an
autoregulatory response to modulate the levels of BMP and/or
TGF-� ligands through proteolysis. The increase of BMP4 in
HtrA1-null astrocytes, as well as the loss of HtrA1 in BMPR1a-
deleted layer 1 astrocytes, support this hypothesis. The intriguing
loss of HtrA1 expression in cortical layer 1 after BMPR1a deletion
likely reflects loss of a region-specific source of BMP ligand ex-
pression; for example, meningeal fibroblasts express high levels
of BMP ligands, including BMP7 (Choe et al., 2014). However,
the maintenance of HtrA1 expression in deeper cortical layer
reactive astrocytes in BMPR1a-deficient mice suggests that BMPs
are not the sole regulator of HtrA1 expression. TGF-� proteins,
which are also known cleavage targets of HtrA1, were shown to be
elevated in HtrA1-null astrocytes in our study. In many systems,
BMP4 and TGF-� signaling are often viewed as antagonistic in
nature (Zeisberg et al., 2003; Zode et al., 2009; Oshimori and
Fuchs, 2012). How HtrA1 is regulated by these cytokines and vice
versa in different cellular contexts is central to elucidating the role
of HtrA1 in astrocytes.

HtrA1 also is known for its cleavage of ECM proteins (Cham-
berland et al., 2009; Jones et al., 2011). This is consistent with our
observation of increased neurocan expression in HtrA1-knockdown
astrocytes, suggesting that astrocytic expression of HtrA1 inhibits
neurocan accumulation in astrocytes. Neurocan is also a known
target of TGF-� family signaling (Asher et al., 2000; Fuller et al.,
2007), making it unclear whether the increase in neurocan levels
in HtrA1-deficient astrocytes is a direct effect from reduced ECM
protein cleavage or the result of increased BMP signaling. Re-
gardless, coculture studies suggest that astrocyte expression of
HtrA1 is permissive for cortical neuron outgrowth, consistent
with influences of astrocytic HtrA1 on neighboring cells through
ECM modification. This finding also suggests that increased
HtrA1 in reactive astrocytes after injury may play a positive role
in the regeneration of neuronal processes.

In the context of brain injury, we found that loss of HtrA1
leads to an increase in lesion area size and higher proliferation in
CD31� and Iba1� cells. As we only detected increased HtrA1 in
reactive astrocytes after injury, these findings suggest astrocytic
HtrA1 noncell-autonomously modulates the injury milieu. Our
ISH of BMP4 and HtrA1 show concomitant increases in mRNA

levels 3 d after injury, raising the possibility of astrocytic HtrA1
acting as a negative feedback regulator of elevated TGF-� family
proteinsassociatedwiththeearlyinflammatoryresponse(Schachtrupet
al., 2010; Simon et al., 2017). We hypothesize that in the absence of
HtrA1, unchecked levels of TGF-� family proteins in the injury
milieu further simulates the immune response and angiogenesis,
resulting in increased proliferation of microglia and endothelial
cells in injured HtrA1-null mice. Alternatively, ECM modifica-
tions necessary for proper neurovascular unit remodeling may be
defective in the absence of HtrA1. Due to the feedback-inhibitory
relationship between TGF-�/BMP and HtrA1, deletion of HtrA1
likely results in prolonged elevation of TGF-�/BMP signaling in
the injury site, which may have long-term beneficial or detrimen-
tal effects on the recovery process. Further analyses of injury re-
sponses at additional time points following brain injury will be
critical in understanding how astrocytic HtrA1 modulates cytokine-
mediated and ECM-mediated recovery responses after injury.

Mutation in HtrA1 is linked to CARASIL, a rare small blood
vessel disease characterized by endothelial cell mineralization and
associated with high risks of stroke and cognitive impairments
(Hara et al., 2009). Several studies have hypothesized that the
pathology of CARASIL is the result of dysregulation of TGF-�
signaling (Hara et al., 2009; Shiga et al., 2011; Beaufort et al.,
2014), although a consensus on how HtrA1 modulates TGF-�
signaling has yet to be reached. Our study demonstrated that
HtrA1 in the adult mouse brain is only expressed by astrocytes
and is not detected in endothelial cells or pericytes surrounding
the vasculature. We also showed that HtrA1 deletion increases
the expression of astrocyte-produced TGF-� family proteins,
which is consistent with changes observed in CARASIL patients
(Hara et al., 2009). Dysfunction of astrocytic proteins has been
previously linked to neurodegenerative diseases with oligoden-
droglial and neuronal pathology (Marignier et al., 2010; Haidet-
Phillips et al., 2011). Our findings raise the possibility that
CARASIL may be astrocytic in origin. Our findings suggest dele-
tion of HtrA1 in astrocytes may increase TGF-� levels and altered
the ECM environment at the blood– brain barrier, which in turn
leads to the vascular pathology. In addition, heterogeneity of
HtrA1 expression among forebrain astrocytes may reflect, or re-
sult in, differential TGF-�/BMP signaling in different regions. A
recent report demonstrated that molecularly distinct astrocyte
subtypes respond differently to inflammatory stimuli from mi-
croglia, and this differential response can be modulated by
TGF-� signaling (Liddelow et al., 2017). Future studies that iso-
late and examine the interactions of HtrA1-expressing and
HtrA1-nonexpressing astrocytes with microglia or vascular en-
dothelial cells will provide insights into functional astrocyte di-
versity and may contribute to the treatment of brain injury and
cerebral vascular diseases.
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