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Lineage development is a stepwise process, governed by stage-specific regulatory factors and associated markers. Astrocytes are
one of the principle cell types in the CNS and the stages associated with their development remain very poorly defined. To identify
these stages, we performed gene-expression profiling on astrocyte precursor populations in the spinal cord, identifying distinct
patterns of gene induction during their development that are strongly correlated with human astrocytes. Validation studies
identified a new cohort of astrocyte-associated genes during development and demonstrated their expression in reactive astro-
cytes in human white matter injury (WMI). Functional studies on one of these genes revealed that mice lacking Asef exhibited
impaired astrocyte differentiation during development and repair after WMI, coupled with compromised blood– brain barrier
integrity in the adult CNS. These studies have identified distinct stages of astrocyte lineage development associated with human
WMI and, together with our functional analysis of Asef, highlight the parallels between astrocyte development and their reactive
counterparts associated with injury.
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Introduction
Development of cell lineages follows a sequential series of dif-
ferentiative steps, commencing with the specification of stem

cells toward a given cellular identity and culminating with the
differentiation of lineage-specific progenitors into mature
populations that execute specific physiological functions. In
the CNS, the paradigm of stepwise lineage differentiation is
best exemplified during the differentiation of neuronal (Lu etReceived May 23, 2016; revised Sept. 12, 2016; accepted Sept. 18, 2016.
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Significance Statement

Astrocytes play a central role in CNS function and associated diseases. Yet the mechanisms that control their development
remain poorly defined. Using the developing mouse spinal cord as a model system, we identify molecular changes that occur
in developing astrocytes. These molecular signatures are strongly correlated with human astrocyte expression profiles and
validation in mouse spinal cord identifies a host of new genes associated with the astrocyte lineage. These genes are present
in reactive astrocytes in human white matter injury, and functional studies reveal that one of these genes, Asef, contributes
to reactive astrocyte responses after injury. These studies identify distinct stages of astrocyte lineage development and
highlight the parallels between astrocyte development and their reactive counterparts associated with injury.
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al., 2015; Toma and Hanashima, 2015) and oligodendrocyte
lineages (Emery, 2010; Goldman and Kuypers, 2015; Bergles
and Richardson, 2016), where the expression of specific genes
at distinct phases of development allows for the discrimina-
tion of progenitor and mature populations. Understanding
these fundamental properties of CNS lineage development is
crucial for the construction of a more comprehensive atlas of
CNS development, which will ultimately lend greater insight
into normal and pathological states.

The other principal cell type in the CNS is the astrocyte
and, despite their relative abundance, whether they possess an
analogous, stepwise developmental program in vivo remains
poorly defined (Rowitch and Kriegstein, 2010; Molofsky et al.,
2012; Chaboub and Deneen, 2013; Molofsky and Deneen,
2015). The developing spinal cord represents a well character-
ized model for examining astrocyte development, where spec-
ification is demarcated by induction of GLAST (glutamate/
aspartate transporter), Aldh1l1, and NFIA (nuclear factor I-A)
at embryonic day (E) 12.5 (Deneen et al., 2006; Cahoy et al.,
2008) and differentiation is indicated by expression of matu-
ration makers, including GFAP, glutamine synthase (GS), and
aldolase C at �E18.5 (Bachoo et al., 2004; Molofsky et al.,
2012; Anlauf and Derouiche, 2013; Chaboub and Deneen,
2013). Markers and regulatory factors associated with the in-
tervening time points between E12.5 and E18.5 remain unde-
fined, though recent profiling studies in the developing spinal
cord identified specific gene-expression patterns during this
interval (Molofsky et al., 2013). These findings suggest that
astrocytes are endowed with stage-specific developmental
programs, though rigorous analysis of temporal and spatial
gene-expression patterns during this interval are necessary to
prove this model in vivo.

Astrocytes play crucial roles in a wide range of CNS func-
tions (Sofroniew and Vinters, 2010; Molofsky et al., 2012;
Chaboub and Deneen, 2013; Molofsky and Deneen, 2015) and
are associated with nearly every form of neurological disease,
from glioma and neurodegenerative disorders to autism and
injury (Molofsky et al., 2012; John Lin and Deneen, 2013;
Molofsky and Deneen, 2015). Under these pathological states,
astrocytes can become reactive, demonstrating increased
proliferation, hypertrophic morphologies, and induction of
GFAP expression (Sofroniew, 2009; Anderson et al., 2014).
These properties of reactive astrocytes are also key features of
astrocyte development. Therefore, many of the processes that
oversee the development of astrocytes are also likely to con-
tribute to the production of their disease-associated, reactive
analogues. Despite these parallels, how developmental pro-
cesses are reused during the production of reactive astrocytes
and how the associated factors contribute to CNS injury or
disease pathogenesis remain poorly defined.

To identify these intermediate stages of astrocyte develop-
ment, we used the GLAST-dsRed reporter mouse line (Regan et
al., 2007) and FACS-based approaches to access populations
across the E12.5–postnatal day (P) 7 interval in the spinal cord.
Gene-expression profiling studies revealed stage-specific induc-
tion patterns and identified Asef, Tom1l1, Mfge8, and Gpr37l1 as
new markers of the intermediate stages of astrocyte development.
We validated expression of these astrocyte genes in human white
matter injury (WMI) and performed functional studies implicat-
ing Asef in astrocyte development and response after WMI. Put
together, our study identifies new stages of astrocyte lineage de-
velopment and their associated markers, and demonstrates that
these processes are conserved and contribute to CNS injury.

Materials and Methods
Mouse lines. The Glast-dsRed transgenic mouse line was obtained from
Dr. Jeffrey Rothstein at Johns Hopkins University (Regan et al., 2007).
The Asef knock-out (KO) mouse line was obtained from Dr. Tetsu
Akiyama from the University of Tokyo (Kawasaki et al., 2009). We
crossed the Asef KO mouse with the Aldhl1-GFP mouse (Gene Expres-
sion Nervous System Atlas) to generate Aldh1l1-GFP;Asef �/� and
Aldh1l1-GFP;Asef �/� mice used to study the loss of Asef on glia devel-
opment. Wild-type ICR (imprinting control region) mice were obtained
from Charles River for developmental time course of spinal cord expres-
sion. E12.5 and E14.5 embryos were harvested and fixed overnight in 4%
PFA then immersed in 30% sucrose overnight. For E16.5 and E18.5
embryos, mothers were perfused with 1� PBS then 4% PFA. Embryos
were postfixed for 2 h, then immersed overnight in 30% sucrose. P4 and
P7 pups perfused with 1� PBS then 4% PFA, followed by 2 h 4% PFA
postfix and overnight 30% sucrose. All procedures were approved by the
Institutional Animal Care and Use Committee at Baylor College of Med-
icine and conform to the US Public Health Service Policy on Human
Care and Use of Laboratory Animals.

FACS and RNA profiling. Glast-dsRed spinal cords were harvested at six
different time points, and dissociated with papain (Worthington Bio-
chemical) and mechanical force. Single cells were incubated with
�-CD15/LexA antibody (Developmental Studies Hybridoma Bank) for
1–2 h at room temperature, washed three times with 1� PBS, and then
incubated for 1 h at room temperature with secondary antibody anti-
mouse Alexa Fluor 488 (Invitrogen). After three 1� PBS washes, the
samples were sorted using BD FACSAria cell sorter (BD Biosciences).
After sorting, cells were spun down and washed in cold 1� PBS twice and
cells were frozen at �80°C. RNA extraction was performed using
QIAshredder and RNA easy miniprep kits (Qiagen). RNA was then sent
to Miltenyi Biotec for microarray using Agilent Whole Mouse Genome
Oligo Microarrays (one color). The control �/� populations from each
time point were isolated in duplicate. All other populations were isolated
in triplicates. Data can be accessed in the Gene Expression Omnibus
repository, accession number GSE80826.

Bioinformatics. Expression array data were processed using Limma
packages in R. Data were background corrected and quantile normalized
before analysis. Differential expression analysis was performed to iden-
tify genes with significantly altered expression (�4-fold change in ex-
pression with p � 0.01) at each of the time points. The set of top
differential genes found for any treatment group were clustered, using a
supervised approach as described previously (Creighton et al., 2008).
Expression heat maps were generated using JavaTreeView (Saldanha,
2004). For visual display, expression profiles of biological triplicates
within each experimental group were averaged together. Using the cen-
tered datasets, for each human astrocyte or oligodendrocyte dataset and
Glast-dsRed spinal cord profile, we computed the global interprofile cor-
relation (by Pearson’s), using all genes in common between the two
datasets (Zhang et al., 2014, 2016). For visual display, global correlation
profiles of biological triplicates within each Glast-dsRed population
group were averaged together.

In situ hybridization. Nonradioactive in situ hybridization (ISH) was
performed as previously described (Deneen et al., 2006). The mouse
probes mGlast, mFGFR3, mPDGFR�, mouse myelin proteolipid pro-
tein, mouse myelin basic protein (mMBP) were previously described
(Deneen et al., 2006). All other probes were made from expressed se-
quence tags obtained from Dharmacon for mTom1l1 (EcoRI/T3),
mMfge8 (EcoRI/T3), mAsef (EcoRI/T3), and mGpr37l1 (NotI/SP6).
Double ISH was performed using �-Digoxigenin-POD (Roche) for our
candidate genes and �-Fluorescein-POD (Roche) for Glast, and devel-
oped with TSA Plus Cy5 Fluorescence and TSA Plus Fluorescein Fluo-
rescence Systems (PerkinElmer). Double ISH/immunohistochemistry
(IHC) was performed as previously described (Deneen et al., 2006).
Briefly, ISH was performed first and developed with �-Digoxigenin-
POD (Roche) and TSA Plus Cy5 Fluorescence System (PerkinElmer),
then fluorescence staining was performed using �-GFAP (rabbit,
DAKO) or �-GS (mouse, Millipore), with anti-mouse or anti-rabbit
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Alexa Fluor 488 (Invitrogen). All fluorescent slides were then counter-
stained with DAPI and mounted in Vectashield (Vector Laboratories).

IHC. IHC on frozen tissue was performed as previously described
(Deneen et al., 2006; Kang et al., 2012; Lee and Deneen, 2012; Lee et al.,
2015). Briefly, tissue was incubated in PBS, followed by antigen retrieval
when needed, blocking, and primary antibody incubation overnight at
4°C. The following antibodies were used: �-GFAP (rabbit, DAKO;
mouse, Millipore), �-GS (mouse, Millipore), �-olig2 (rabbit, Millipore),
�-iba1 (rabbit, Wako Pure Chemical Industries), �-AQP4 (rabbit, Mil-
lipore), �-dystroglycan (�-DAG; mouse, Leica), �-albumin (rabbit,
Abcam), �-fibrinogen-FITC (Dako), �-SNTA1 (Alomone Labs),
�-PDGFR� (rabbit, Abcam), �-MBP (mouse, Covance), and �-BrDU
(rat, Abcam). �-CD45-FITC was a gift from Dr. Margaret Goodell (Bay-
lor College of Medicine). We used Alexa Fluor 488 or Alexa Fluor 568
(Invitrogen) for secondary antibodies.

IHC on paraffin tissue was previously described (Fancy et al.,
2012). Adult brain tissues from multiple sclerosis (MS) patients were
obtained from the tissue bank at the Rocky Mountain MS Center at
University of Colorado. Hypoxic ischemic encephalopathy (HIE) tis-
sue was obtained through Dr. Carrie Mohila at Texas Children’s Hos-
pital. Briefly, after deparaffinization, tissue was subjected to antigen
retrieval for 7 min in 1� Na citrate, pH 6.0, followed by 15 min of 3%
H2O2 incubation, blocking, and finally primary antibody incubation
overnight. The following antibodies were used: �-asef (rabbit, Pro-
teintech), �-tom1l1 (rabbit, Thermo Fisher Scientific), �-mfge8
(goat, Santa Cruz Biotechnology), and �-Gpr37l1 (mouse, MaB
Technologies). Following washes, slides were incubated with
ImmPRESS HRP anti-mouse, anti-rabbit, or anti-goat (Vector Labo-
ratories). Colorimetric reaction was done using ImmPACT DAB per-
oxidase (Vector Laboratories). Slides were counterstained with Harris
Hematoxylin (Poly Scientific R&D), rehydrated, and mounted using
Permount (Fisher Chemicals). For double fluorescence IHC, we la-
beled Asef, Tom1l1, and Gpr37l1 with ImmPRESS AP anti-mouse or
rabbit followed by Vector Red Alkaline Phosphatase colorimetric re-
action, which fluoresces in the red channel. Next, GFAP staining was
performed and visualized with Alexa Fluor 488 (Invitrogen). Slides
were counterstained with DAPI and mounted in Vectashield.

Induction of demyelination with lysolecithin in mouse spinal cord.
Lysolecithin-induced demyelinated lesions were generated as previously
described (Fancy et al., 2012; Lee et al., 2015). Briefly, 1% solution of
lysolecithin (Sigma-Aldrich) was injected into the ventral white matter of
the spinal cord of 10 –12-week-old female Asef �/� and Asef �/� mice.
Mice were perfused at 10 d postlesion (dpl) with 1� PBS and 4% PFA,
postfixed overnight in PFA, and immersed in 30% sucrose overnight.
Spinal cords were analyzed by ISH and fluorescence IHC.

Oligodendrocyte precursor cell culture and differentiation. Oligodendrocyte
progenitor (OLP) culture and differentiation were performed as described
previously (Fancy et al., 2012; Glasgow et al., 2014; Lee et al., 2015). Briefly,
Asef KO and Het E14.5 cortices were dissected, dissociated, and cultured in
DMEM/F12, B27 supplement (Invitrogen ), and 10 ng/ml EGF (R&D Sys-
tems) and 10 ng/ml bFGF (R&D Systems). Neurospheres were allowed to
form for 4–6 d. Dissociated neurospheres were then plated on poly-D-
lysine-coated coverslips in oligosphere proliferation media (OPM)
composed of neural precursor medium supplemented with 10 ng/ml plate-
let-derived growth factor (PDGF; Peprotech), but without EGF. After 2 d,
OLPs were induced to differentiate by replacing OPM with basal chemically
defined medium supplemented with 15 nM tri-iodothyronine (Sigma-
Aldrich), 10 ng/ml ciliary neurotrophic factor (Peprotech), and 5 mg/ml
N-acetyl-L-cysteine (Sigma-Aldrich) for 7 d. Some wells were treated with
BrDU (Sigma-Aldrich; 10 �M) for 1 h before harvesting. Cells were then
fixed and stained by fluorescence IHC.

Coimmunoprecipitation. Human HEK293T were maintained in
DMEM, in the presence of 10% FBS and penicillin/streptomycin. A
3xFlag human Asef construct was obtained from Dr. Akiyama (Univer-
sity of Tokyo) and subcloned into 3xFlag-pcDNA. GFP-Rac1 was ob-
tained from Dr. Kimberley Tolias (Baylor College of Medicine). Human
influenza hemagglutinin (HA) SNTA was obtained from the Dana Far-
ber/Harvard Cancer Center DNA Resource Core, and subcloned into
3xHA-PCS2. A combination of 5 �g of each constructs (and empty con-

struct), with a maximum of 15 �g of DNA, was transfected using Super-
fect (Qiagen). Lysates were quantified using Bradford assay and the same
amount of protein was used for immunoprecipitation. We performed
immunoprecipitation using anti-HA (rat, Roche), and analyzed by SDS-
PAGE/immunoblotting using anti-flag (mouse, Sigma-Aldrich), anti-
GFP (rabbit, Genetex), and anti-HA (rabbit, Santa Cruz Biotechnology).

Evans blue quantification. Evans blue was quantified as previously de-
scribed (Menezes et al., 2014). Briefly, 6-month-old mice or P20 pups
were injected with a filtered 2% Evans blue solution in PBS by intraperi-
toneal injection (150 �l/10 g of body weight). Twenty-four hours later,
mice were perfused with 1� PBS, and spinal cords were harvested,
weighed, and incubated with 500 �l of formamide for 24 h at 65°C at 750
rpm. Next day, samples were centrifuged for 30 min at 13,200 rpm and
absorbance was read at 600 nm. In parallel, a standard curve of Evans
blue was performed to calculate the amount of Evans in ng/�l/mg of
tissue.

Results
Prospective isolation of astrocyte precursors in the
developing spinal cord
To begin dissecting the intermediate stages of astrocyte develop-
ment, we performed in vivo temporal gene-expression profiling
of astrocyte precursor cells from the spinal cord of Glast-dsRed
mice (Regan et al., 2007). Glast is a glutamate transporter and its
induction coincides with the gliogenic switch and continues into
mature astrocytes in the spinal cord (Deneen et al., 2006). We
chose six time points between mE12.5, the initiation of gliogen-
esis, and mP7, an early postnatal stage where astrocytes express
mature markers. During this developmental interval, Glast-
expressing cells emerge from the ventricular zone (VZ), populat-
ing both the mantle zone and the white matter (Fig. 1A–D).
However, a subset of Glast-expressing cells remains in the VZ,
where progenitor cells are located, marking cell populations in
various lineages and differentiative states during spinal cord
development.

To subfractionate prospective Glast-expressing astrocyte pre-
cursors from other potential Glast-expressing lineages, we used
the cell-surface marker LexA/CD15, which has been used previ-
ously to purify astrocytes and various progenitor populations
(Capela and Temple, 2002, 2006; Imura et al., 2006). Upon dis-
section of glast-dsRed spinal cords, we incubated dissociated cells
with the CD15 antibody before FACS isolation. We isolated three
populations at each time point: Glast-dsRed�/CD15� (hence-
forth �/�), Glast-dsRed�/CD15� (henceforth �/�), Glast-
dsRed�/CD15� (henceforth �/�; Fig. 1E–H). At E12.5,
however, we only analyzed CD15� populations (data not shown).
Overall, these data demonstrate that combining CD15 with the
Glast-dsRed mouse line is a suitable approach for prospectively
isolating subpopulations of glial precursor populations in the
developing spinal cord.

Astrocyte precursors demonstrate stage-specific
gene-induction patterns
To delineate the molecular changes that occur over the E12.5–P7
interval, we FACS-isolated each population, performed microarray
analysis from the prepared RNA, and subjected the resulting datasets
to bioinformatics analysis (see Materials and Methods). To confirm
that these populations are endowed with molecular features of glial
cells, we assessed the expression of a cohort of established astrocyte
and oligodendrocyte genes within each �/� and �/� population
across the time course. As indicated in Figure 1I, the �/� popula-
tions were enriched for oligodendrocyte genes, while the �/� pop-
ulations were enriched for astrocyte genes. Comparison with human
astrocyte and oligodendrocyte gene-expression datasets revealed a
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similar association between the �/� and �/� populations and the
astrocyte and oligodendrocyte lineages (Fig. 1J; Zhang et al., 2014,
2016). Interestingly, in both mouse and human datasets, the �/�
population demonstrated a gradual extinction of astrocyte-
associated genes (Fig. 1I,J). The enrichment of astrocyte-associated
genes in the �/� population supports the use of CD15 as a means of
enriching the bulk Glast-dsRed population for astrocytes and their
precursors.

We identified dynamic and stage-specific patterns of gene
induction in both the �/� and �/� populations across
the E14.5–P7 developmental interval (Fig. 2). Focusing on
the �/� population because it is enriched in established as-
trocyte gene signatures, we found that most changes in gene
expression occurred relatively early in this population, with
two broad groups of genes induced at E14.5 and E16.5 (Fig.
2A; Tables 1, 2). Gene ontology analysis of these groups re-
vealed enrichment for genes associated with cell proliferation,
cytoskeletal regulation, and cell adhesion (Fig. 2B; Tables 1, 2).
Subsequent gene ontology analysis of the E18.5 and P4 –P7

induction groups demonstrated enrichment for genes with
metabolic and channel-associated functions (Fig. 2B; Tables 3,
4). Together, these gene induction patterns suggest two phases
of astrocyte precursor differentiation across this interval: (1)
proliferative/migratory and (2) metabolic/physiological.

Asef, Tom1l1, Mfge8, and Gpr37l1 are expressed in astrocyte
precursors
The bioinformatics analysis resulted in lists of genes from each
of the �/� induction groups (Tables 1– 4), from which we
extracted candidate markers and regulatory factors that contrib-
ute to astrocyte precursor development. The criteria for identify-
ing these candidates include strong enrichment in a given �/�
induction group coupled with cross-referencing of established
databases (Cahoy et al., 2008; Molofsky et al., 2013) and Allen
brain atlas resources. We focused our attention on genes that had
not been characterized previously in astrocyte precursors and
those that demonstrated dynamic patterns of induction during
this interval. To validate the expression dynamics of candidates,

Figure 1. Isolation and expression profiling of Glast-dsRed populations. A–D, Glast-dsRed expression in the developing spinal cord. E–H, FACS plots showing prospective isolation of Glast-dsRed/
CD15� (�/�) and Glast-dsRed/Cd15� (�/�) populations across the E14.5–P7 interval. I, Heatmap analysis demonstrating expression of established astrocyte and oligodendrocyte lineage
genes in the �/� and �/� populations. J, Heat map showing intersample Pearson’s correlations (red, positive; bright red or blue denotes r value �0.1 or ��0.1, respectively) between
microarray profiles of Glast-dsRed populations and mRNA-Seq profiles from independent gene expression samples of human astrocytes and oligodendrocytes (Zhang et al., 2014).
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we used ISH to ascertain the temporal and spatial expression of
the following genes: Asef/Arhgef4, Tom1l1, Mfge8, and Gpr37l1.
Asef/Arhgef4 is a guanine exchange factor involved in colon can-
cer and cell migration via the small GTPases cdc42 and Rac1
(Kawasaki et al., 2000, 2003). Initially, Asef is induced in the VZ at
the onset of gliogenesis at E12.5 (data not shown) and its expres-
sion is continuously upregulated in the mantle zone and white
matter during the E14.5–P7 interval (Fig. 3A–D). Tom1l1 is a
modulator of several signaling pathways, including the EGFR

pathway (Li et al., 2005; Franco et al., 2006). ISH analysis indi-
cated that Tom1l1, like Asef, is induced in the VZ during the
gliogenic switch and its expression is maintained in presumptive
astrocyte precursors that populate the mantle zone and white
matter (Fig. 3G–J). Mfge8 is an inflammatory protein that is
secreted by astrocytes and microglia (Kinugawa et al., 2013; Mills
et al., 2015) and that remains uncharacterized during CNS devel-
opment. We found that Mfge8-expressing cells appear at �E16.5,
specifically in the mantle zone/gray matter, where they remain

Figure 2. Identification of gene induction groups in astrocyte precursors. A, Heatmap analysis of the gene-expression changes across the E12.5–P7 interval in the �/� populations. B, Gene
ontology analysis of each induction group and the associated p values for gene sets associated with a given ontology in the �/� populations. C, Heatmap analysis of the gene-expression changes
across the E12.5–P7 interval in the �/� populations. D, Gene ontology analysis of each induction group and the associated p values for gene sets associated with a given ontology in the �/�
populations.

Table 1. Top genes induced at E14.5 in �/� population

Probe ID Gene symbol
Relative fold change
at E12.5 �/�

Relative fold change
at E14.5 �/�

A_51_P355427 Timp4 1.26 7.07
A_51_P170463 Gpr17 0.70 6.53
A_52_P124734 Cybrd1 0.87 5.80
A_55_P2034585 Gm6145 0.44 5.69
A_51_P271311 Slc6a11 1.07 5.66
A_66_P136095 Ctnna3 0.09 5.41
A_51_P176352 Ndrg2 1.10 5.20
A_51_P268193 Slc7a10 0.17 5.13
A_51_P330044 Cyp2j9 0.65 4.93
A_51_P258690 Scrg1 0.14 4.74
A_55_P1959228 Slc4a4 �0.16 4.63
A_51_P437240 Emp2 0.60 4.63
A_51_P312336 Slc14a1 0.88 4.61
A_55_P2156304 Kcnj16 1.09 4.47
A_55_P2026405 Foxb1 1.29 4.42
A_55_P1996674 Itih3 �0.07 4.37
A_51_P473953 Arhgef26 0.99 4.35
A_51_P255682 Mfge8 1.65 3.97
A_55_P1959606 Tom1l1 0.58 3.12
A_51_P260504 Arhgef4 0.36 2.84

Table 2. Top genes induced at E16.5 in �/� population

Probe ID
Gene
symbol

Relative fold change
at E14.5 �/�

Relative fold change
at E16.5 �/�

A_51_P336060 Lcat 1.98 4.17
A_52_P625640 Trim9 1.95 4.07
A_51_P456465 Cldn10 1.77 4.30
A_51_P249193 Gsg1l 1.77 3.24
A_55_P1954231 Lrtm2 1.73 3.51
A_52_P304720 Crlf1 1.72 4.94
A_52_P1008476 Pou3f3 1.63 3.12
A_55_P1963154 Folh1 1.61 3.26
A_52_P651248 Zdhhc2 1.59 4.24
A_66_P108276 Gsg1l 1.56 3.86
A_51_P184300 Dtna 1.55 3.38
A_55_P2036392 Slc39a12 1.54 3.09
A_52_P317393 Gpr56 1.53 3.27
A_52_P153291 Ackr4 1.53 4.20
A_55_P2110725 Bai2 1.47 3.18
A_55_P1991960 Nwd1 1.45 3.17
A_55_P2120060 Dab1 1.43 3.90
A_51_P513311 Rxrg 1.35 3.45
A_55_P2066299 Gpr137b 1.34 3.12
A_66_P110490 Polr3h 1.33 3.39
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into postnatal stages (Fig. 3M–P). Gpr37l1 is a G-protein-
coupled receptor recently shown to bind the neuroprotective and
glioprotective factor prosaposin (Marazziti et al., 2013; Meyer et
al., 2013) and to affect cerebellar development (Marazziti et al.,
2013). Our analysis revealed that Gpr37l1 expression begins after
birth in the early postnatal time points (P4; data not shown) in
both the gray and white matter (Fig. 3S–V). Through our ISH
analysis, we identified subsets of genes that are dynamically ex-
pressed during developmental gliogenesis in the spinal cord.

We next sought to confirm that these factors colocalize in
Glast-expressing populations and further establish their expres-
sion in specific glial sublineages. Toward this end, we performed
double-fluorescence ISH with these genes and Glast at either
E16.5 or P4 for Gpr37l1, finding that each marker was predomi-
nately coexpressed with Glast (Fig. 3E,K,Q,W). Next, we assessed
their coexpression with differentiated astrocyte markers, GFAP

or GS, using ISH combined with immunostaining. For Asef,
Tom1l1, and Gpr37l1, we confirmed colocalization with GFAP in
the white matter of P7 spinal cords (Fig. 3F,L,X). For Mfge8,
which is only expressed in the gray matter, we found colocaliza-
tion with GS (Fig. 3R). These ISH studies validate the temporal
profiling studies on astrocyte precursors and establish a set of new
astrocyte precursor markers in the developing and early postnatal
spinal cord.

Astrocyte precursor genes are expressed in human WMI
Many processes that oversee astrocyte development, including
proliferation and induction of GFAP, are reused after injury. To
test whether this group of astrocyte-associated genes are found in
human neurological diseases that contain a reactive astrocyte
component, we performed IHC on paraffin-embedded human
brain tissue obtained from the Rocky Mountain MS Center at
University of Colorado (MS lesion and controlateral white mat-
ter) and Texas Children’s Hospital (HIE lesions). Among these
genes, all are expressed in the adult human CNS, as seen by pos-
itive staining on the contralateral side (no MS lesions) of adult
brains (Fig. 4A,F,K,P) further validating the link between the
�/� astrocyte population and human astrocyte expression data-
sets (Fig. 1J). Next, we examined expression of our candidate
genes in WMI from both adult chronic inactive MS lesions and
fetal HIE lesions. As indicated in Figure 4, we found that ASEF,
TOM1l1, and MFGE8, but not GPR37l1, are expressed in the core
of MS lesions (Fig. 4C,H,M) and periplaque regions (Fig.
4B,G,L). Staining of HIE lesions revealed that ASEF, TOM1l1,
and GPR37l1 are present and colocalize with reactive astrocytes
(Fig. 4D,E, I, J,S,T). These data, in conjunction with our devel-
opmental studies, reinforce the parallels between glial develop-
ment and human neurological disorders, and implicate these
genes in the pathogenesis of MS and HIE.

Asef is required for AQP4 and SNTA1 expression in the
spinal cord
Because these candidate genes are expressed during astrocyte de-
velopment and in human WMI, we examined their contributions
to developmental and injury response. We focused on Asef, as the
germline KO is viable, and fertile, without any gross defects
(Kawasaki et al., 2000). Close examination of embryonic spinal
cord development did not reveal any defects or delays in astrocyte
or oligodendocyte specification, migration, or gross differentia-
tion (Fig. 5A,B,G,H,M–O,R–T). However, further examination
at E18.5 revealed a decrease in the expression of AQP4 in
Aldh1l1-GFP astrocytes (Fig. 5C,D, I,J). Because AQP4 is ex-
pressed at astrocyte end feet, we examined the expression of a
series of end-feet-associated proteins, finding that SNTA1, but
not �-DAG, expression is also reduced in Aldh1l1-GFP astro-
cytes in the absence of Asef (Fig. 5 E, F, K, L,Q–V ). Together,
these data indicate that Asef does not influence the specifica-
tion or gross differentiation of oligodendrocytes or astrocytes,
but is required for AQP4 and SNTA1 expression in astrocytes
during spinal cord development.

Asef influences blood– brain barrier integrity and associates
with SNTA1
Because Asef influences the expression of key astrocyte end-feet
proteins that have also been implicated in the generation and
maintenance of the blood– brain barrier (BBB), we next assessed
the integrity and permeability of the BBB using the Evans blue
assay. Analysis of P20 mice revealed no difference in the amount
of Evans blue extracted from the cortex or spinal cord of Asef�/�

Table 3. Top genes induced at E18.5 in �/� population

Probe ID
Gene
symbol

Relative fold change
at E16.5 �/�

Relative fold change
at E18.5 �/�

A_55_P1969032 Rgs9 1.05 3.95
A_55_P1981909 Ptprt 0.47 3.61
A_66_P105319 Gm15706 0.86 3.56
A_55_P1968858 Cadps 0.94 3.23
A_52_P118310 Chn1 0.95 3.05
A_55_P2152248 Cpe �0.96 3.01
A_51_P304125 Slc29a2 0.89 3.00
A_55_P2089076 Msmp 0.26 2.74
A_55_P2044602 Siah3 0.62 2.69
A_52_P11402 Lrrc24 0.92 2.69
A_55_P2157245 Gfap �1.19 2.69
A_51_P395373 Ptprt 0.50 2.66
A_55_P2014229 Sema4a �0.50 2.63
A_55_P2124741 Cyp2j13 �0.28 2.61
A_55_P2014760 Fam135b 0.77 2.58
A_55_P2120466 Snx11 0.95 2.37
A_52_P17982 B3gat1 0.20 2.37
A_52_P639402 Kcnk3 0.57 2.34
A_55_P1961720 Kcnt1 0.48 2.23
A_51_P445562 Chst10 �0.12 2.07

Table 4. Top genes induced at P4 –P7 in �/� population

Probe ID
Gene
symbol

Relative fold change
at E18.5 �/�

Relative fold change
at P4 �/�

A_51_P452768 Cyp4f14 0.35 3.74
A_55_P2059864 Igsf1 �0.77 3.62
A_52_P141687 Gpr37l1 0.84 3.55
A_51_P362066 Chi3l1 0.79 3.49
A_52_P655687 Egfl6 1.39 3.46
A_52_P174915 Gja1 0.54 3.20
A_55_P2199382 Gm10635 1.13 2.85
A_55_P1971025 Paqr6 1.36 2.83
A_55_P2184571 Il1rapl1 1.03 2.76
A_55_P2153743 Slc26a6 1.58 2.39
A_55_P2180934 Gm8273 0.74 2.36
A_55_P2110910 Flrt1 1.04 2.34
A_51_P257951 Retnla �0.36 2.33
A_51_P476960 Csmd3 0.65 2.30
A_55_P2161375 Galr1 1.11 2.29
A_55_P2090065 Myh15 0.24 2.25
A_52_P600946 Ccdc88c 1.58 2.25
A_55_P2032890 Gm6588 1.29 2.22
A_55_P2069974 Kctd1 0.55 2.20
A_66_P126110 Pcdh11x 1.12 2.19
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and Asef�/� mice (Fig. 6A), indicating that the developmental
establishment of the BBB is maintained. Interestingly, mice lack-
ing AQP4 and SNTA1 demonstrate BBB defects in adults (Neely
et al., 2001; Amiry-Moghaddam et al., 2004; Bragg et al., 2006;
Eilert-Olsen et al., 2012), suggesting that they play a role in main-
taining the homeostatic integrity of the BBB. Therefore, we per-
formed the Evans blue assay on 6-month-old Asef�/� and
Asef�/� mice, finding an increase in the amount of Evans blue
extracted from both the spinal cord and cortex of Asef�/� ani-
mals (Fig. 6A). Together these results suggest that the develop-
mental defects in the expression of key astrocyte end-feet proteins
in the Asef�/� mice manifests in the maintenance of BBB integ-
rity in the adult.

Interestingly, both SNTA and ASEF have been shown to associate
with Rho-GTPases, suggesting that they may also associate with each
other (Bhat et al., 2014). Therefore, to further investigate this poten-
tial mechanism, we performed a series of coimmunoprecipitation
assays finding that SNTA and Asef coimmunoprecipitate, indicating
a biochemical association (Fig. 6B, lane 1). Furthermore, both pro-
teins also associate with Rac (Fig. 6B; lanes 2, 3), suggesting that
modulation of Rho-GTPase function may be linked to the BBB-
associated functions of these proteins in adult mice.

Asef is required for repair after WMI
As Asef is expressed in human WMI and regulates key astrocyte
features implicated in disease pathogenesis, we examined
whether it similarly contributes to repair in an associated animal-
injury model. We used lysolecithin lesioning of the adult spinal
cord, finding hypercellularity at the lesion site (Fig. 7A), which by
10 dpl was filled with oligodendrocyte precursor cells (OPCs) and
differentiated oligodendrocytes in Asef�/� mice (Fig. 7B–D). In

contrast, lesions in Asef�/� animals showed a significant delay in
oligodendrocyte differentiation at 10 dpl (Fig. 7H, I), with Olig2-
expressing OPCs residing at the periphery of the lesion (Fig. 7J).
These observations suggest that OPCs from KO animals are able
to proliferate and migrate to lesion sites and demonstrate an
impaired capacity to differentiate.

We therefore asked whether loss of Asef influences OPC dif-
ferentiation; however, in vitro culture of OPCs derived from
Asef�/� OPCs did not demonstrate impaired proliferation or
differentiation (Fig. 7M–P) and Asef�/� mice did not demon-
strate overt defects in oligodendrocyte differentiation during de-
velopment (Fig. 5N,O,Q,R). These observations suggest that
impaired differentiation after injury is secondary to other cellular
events in the primary lesion. While OPC differentiation and re-
myelination is the direct readout for WMI repair, other cell types,
including microglia and reactive astrocytes, influence the repair
process. Staining for markers of activated microglia or gross re-
active astrocytes did not reveal any significant differences be-
tween Asef�/� or Asef�/� animals (Fig. 7E,F,K,L), suggesting
the delay in oligodendrocyte differentiation after WMI in the
Asef�/� mouse is likely secondary to other cellular events.

Given our observations in the Asef�/� mouse during spinal
cord development, we assessed the expression of AQP4 and
SNTA1, finding that both are substantially reduced in Asef�/�

mice during repair (Fig. 8, compare B,C, E,F). These properties
of Asef�/� reactive astrocytes parallel their developmental coun-
terparts (Fig. 5C–F, I–L), leading us to further assess the expres-
sion of proteins associated with astrocyte end feet. Analysis of
�-DAG, a key protein localized to end feet and linked to injury
responses, revealed a significant decrease in the absence of Asef
(Fig. 8, compare A, D). Importantly, both SNTA1 and �-DAG

Figure 3. Expression of Asef, Tom1l1, Mfge8, and Gpr37l1 in astrocyte precursors. A–D, ISH demonstrating expression of Asef in the developing spinal cord. E, F, Coexpression of Asef with Glast
and GFAP. G–J, ISH demonstrating expression of Tom1l1 in the developing spinal cord. K, L, Coexpression of Tom1l1 with Glast and GFAP. M–P, ISH demonstrating expression of Mfge8 in the
developing spinal cord. Q, R, Coexpression of Mfge8 with Glast and GS. S–V, ISH demonstrating Gpr37l1 expression in the developing spinal cord. W, X, Coexpression of Gpr37l1 with Glast and GFAP.
Dashed boxed in B, H, and N correspond to E, K, and Q, respectively. Dashed boxes in D, J, P, and V correspond to F, L, R, and X respectively. Note that W corresponds to P4 spinal cord. Arrows denote
coexpression of a given gene with the listed marker.
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play a key role in the establishment and maintenance of the BBB
after injury (Bragg et al., 2006; 2010; Puwarawuttipanit et al.,
2006), suggesting that reactive astrocytes may not properly re-
model the BBB after WMI in the absence of Asef. Therefore, these
changes in the expression of key astrocyte end-feet proteins, cou-
pled with our observations that Asef�/� mice demonstrate im-
paired BBB integrity in the adult CNS (Fig. 6A), led us to
hypothesize that the BBB was also compromised after WMI. To
test this possibility, we stained for proteins associated with BBB
leakage, blood proteins (albumin and fibrinogen) and inflamma-
tory markers (CD45), finding that both were present at very high
levels in lesions from Asef�/� mice at 10 dpl (Fig. 8G–L). The
increased blood and inflammatory cells in lesions from the
Asef�/� mice suggest impaired BBB remodeling after WMI.
Given the deleterious effects of blood proteins on OPC differen-
tiation (Kremer et al., 2011), our observations further suggest
impaired OPC differentiation after injury is the result of the pres-
ence of these proteins in the lesion (Fig. 8M).

Discussion
In this study we performed gene-expression profiling on astro-
cyte precursor populations in the developing spinal cord, identi-
fying distinct patterns of gene induction across the E12.5–P7
developmental interval and validated the expression of a subset of
these genes in the astrocyte lineage. Applying these findings to
human neurological disease, we found that these developmental

genes are also expressed in reactive astrocyte populations in hu-
man WMI. Focusing our functional studies on Asef, we found
that it plays a critical role in the expression of AQP4 and SNTA1
in astrocytes, during development and after WMI. Collectively,
our studies identified distinct stages of astrocyte development in
the embryonic spinal cord that are relevant to human WMI and
revealed that Asef regulates astrocyte development and reactive
astrocyte responses after injury.

Using astrocyte lineage reporter mice, in conjunction with
FACS-based approaches, we prospectively isolated astrocyte pre-
cursor populations and identified distinct patterns of gene induc-
tion across embryonic and early postnatal development. Previous
studies have set out to molecularly characterize astrocyte precur-
sor populations in the developing spinal cord using the Aldh1l1-
GFP reporter mouse (Molofsky et al., 2013). Here, we used an
intersectional approach that combined the Glast-dsRed reporter
(Regan et al., 2007) with the antibody CD15, which allowed us to
interrogate two distinct populations: Glast�/CD15� (�/�) and
Glast�/CD15� (�/�). CD15 has been widely used for neural
precursor cell isolation and is also expressed by astrocytes (Ca-
pela and Temple, 2002, 2006; Imura et al., 2006). Consistent with
this we found that the �/� populations show strong correlation
with established astrocyte genes from both mouse and human
studies, validating this approach and further distinguishing it
from the other studies (Molofsky et al., 2013; Zhang et al., 2014).

Figure 4. ASEF, TOM1l1, MFGE8, and GPR37l1 are expressed in human WMI. A–C, IHC demonstrating expression of ASEF in adult human cortex (A) and in human MS plaques (B, C). D, E, Double
immunofluorescence in neonatal HIE reveals coexpression of ASEF and GFAP. F–H, IHC demonstrating expression of TOM1l1 in adult human cortex (F ) and in human MS plaques (G, H ). I, J, Double
immunofluorescence in neonatal HIE reveals coexpression of TOM1l1 and GFAP. K–M, IHC demonstrating expression of MFGE8 in adult human cortex (K ) and in human MS plaques (L, M ). N, O, IHC
for GFAP (N ) and MFGE8 (O) in neonatal HIE in adjacent section. No expression of Mfge8 is found in HIE with active gliosis. P–R, IHC demonstrating expression of GPR37l1 in adult human cortex (P)
and no expression in human MS plaques (Q, R). S, T, Double immunofluorescence in neonatal HIE reveals coexpression of GPR37l1 and GFAP. Arrows denote IHC detection of expression of a given
gene. U, Quantification of ASEF expression in MS and HIE; * and **p � 0.0001. V, Quantification of TOM1l1 expression in MS and HIE; * is not significant and **p � 0.005. W, Quantification of MFEG8
expression in MS; *p � 0.0001. X, Quantification of GPR37l1 expression in HIE; * and **p � 0.0001. Y, Luxol fast blue staining of human MS lesion. Dashed boxes denote periplaque (	) or plaque
(
) regions. Z, H&E stain on neonatal HIE tissue. Arrows denote reactive gliosis.
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Importantly, subfractionation of these Glast-dsRed populations
revealed that the �/� group is enriched in oligodendrocyte genes
(Fig. 2C,D), highlighting the fact that many of these broad astro-
cyte precursor markers (like Glast and Aldh1l1) are also ex-

pressed in OPCs during early development. Consistent with this
notion, at early time points the �/� population is enriched in
both oligodendrocyte and astrocyte genes and eventually loses its
antecedent astrocyte gene-expression pattern over the course of

Figure 5. Asef regulates astrocyte differentiation in developing spinal cord. A–L, Immunofluorescence staining of astrocyte lineage markers at E18.5 in Aldh1l1-GFP;Asef �/� and Aldh1l1-GFP;
Asef �/� mice. Aldh1l1-GFP;Asef �/� mice demonstrate reduced AQP4 (C, D vs I, J ) and SNTA1 expression (E, F vs K, L) compared with Aldh1l1-GFP;Asef �/� mice. M–O, R–T, ISH of astrocyte
precursor (Glast; M–R) and oligodendrocyte lineage makers (N–S, O–T ) at E18.5 in Aldh1l1-GFP;Asef �/� and Aldh1l1-GFP;Asef �/� mice. P, U, Immunofluorescence staining of pericytes markers
at E18.5. PDGFR� expression is no different in Aldh1l1-GFP;Asef �/� and Aldh1l1-GFP;Asef �/� mice. Q, V, Immunofluorescence staining of �-DAG at E18.5 show no difference between
Aldh1l1-GFP;Asef �/� and Aldh1l1-GFP;Asef �/� mice. Dashed boxes are blown up in adjacent panels and demonstrate colocalization of �-DAG in Aldh1l1-GFP-expressing cells.

Figure 6. BBB is compromised in the adult CNS in the absence of Asef. A, Analysis of the relative amount of Evans blue extracted from the spinal cord or cortex from P20 or 6-month-old mice. In
each case, for each genetic condition and time point, Evans blue was extracted and quantified as �g/�l/mg of tissue. The values presented are a relative comparison between Asef �/� and
Asef �/�. N � 4 for each genetic condition, at each time point. B, Immunoblot demonstrating coimmunoprecipitation of SNTA and ASEF from 293 cells transfected with tagged versions of these
proteins, with and without RAC transfection. Error bars in A are SEM and *p � 0.04 and **p � 0.007.
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lineage development across both mouse and human systems,
suggesting this is a conserved mechanism of lineage diversifica-
tion (Fig. 1 I, J; Tables 5–7). Indeed, key astrocyte fate determi-
nants, NFIA and NFIB, which are initially expressed in OPCs and
eventually downregulated, are dynamically expressed in the �/�
population (Fig. 1I; Fancy et al., 2012; Glasgow et al., 2014). These
observations suggest that many glial genes are initially expressed
in both lineages and are later compartmentalized into the differ-
ent sublineages.

Focusing on the �/� population, we identified four distinct
induction groups over the E12.5–P7 interval. These induction
groups can be broadly categorized based on their GO properties
into two functional stages of lineage development: proliferation/
migratory and metabolic/physiological (Fig. 2). Early induction
groups (E14.5/E16.5) demonstrate enrichment in cell cycle/pro-
liferation and cytoskeletonal genes, which follows the logic of
astrocyte differentiation in vivo, where astrocyte precursors mi-
grate and continue to proliferate outside germinal centers (Tien
et al., 2012). In contrast, the later induction groups (E18.5/P4 –
P7) are enriched in immune signaling, metabolic, and ion
channel activity genes, properties necessary to execute their phys-
iological and metabolic roles subserving neurons. This biphasic
wave of functional gene expression in the developing mouse spi-
nal cord is consistent with recent in vitro studies suggesting that
human astrocytes also contains two stages of lineage develop-
ment (Zhang et al., 2016).

Our validation studies revealed that Asef, Gpr37l1, Mfge8, and
Tom1l1 are dynamically expressed in developing astrocytes, mark
intermediate stages of lineage development, and are expressed in
broad subsets of astrocytes (i.e., gray vs white matter). The iden-
tification of markers associated with these intermediate stages of
astrocyte development has been elusive, as the field has relied on
markers associated with early specification (Glast, Aldh1l1,
NFIA) or differentiation (GFAP, aldolase C, GS). This has, in
turn, limited our basic understanding of lineage development
and how regulatory factors operate during this process. More-
over, each of the principal cell types in the CNS has a well defined
series of developmental markers associated with lineage develop-
ment (Emery, 2010; Goldman and Kuypers, 2015; Lu et al., 2015;
Toma and Hanashima, 2015; Bergles and Richardson, 2016) and
it will be important to further expand this cohort for astrocytes by
validating additional genes from these induction groups and in-
terrogating expression in developing astrocytes in other regions
of the CNS. Also, because many of the key properties of reactive
astrocytes have foundations in development, including prolifer-
ation and induction of GFAP, expanding the scope of these
markers and regulatory factors has critical implications for un-
derstanding the nature of reactive astrocytes and their contribu-
tions to neurological disease. The potential importance of these
parallel states is underscored by our observations that each of the
astrocyte precursor genes that we validated is also expressed in
reactive astrocytes in human WMI, either both MS and HIE, or

Figure 7. Loss of Asef results in delayed repair after WMI. A–L, Analysis of cellular responses after lysolecithin injury at 10 dpl in the adult spinal cord of Asef �/� (A–F ) and Asef �/� (G–L) mice.
Asef �/� mice demonstrate reduced expression of mature oligodendrocyte markers MBP and proteolipid protein compared with Asef �/� controls (B, C vs H, I ), coupled with a redistribution of
Olig2-expressing OPCs within the lesion (D vs J ). Expression of reactive astrocyte (F vs L) and microglia (E vs K ) markers within the lesion is unaffected. The images are representative of eight mice
for each genotype, of which 2–3 sections for each marker were analyzed from each of these mice. M, N, Immunostaining of differentiated OPCs derived from Asef �/� and Asef �/� mice, with
markers of mature oligodendrocytes (MBP) and precursors (Olig2). O, Quantification of the number of MBP-expressing cells across three experiments, performed in triplicate, indicates there is no
difference in OPC differentiation between these genetic conditions. P, Quantification of the number of Olig2-expressing OPCs labeled with BrdU across three experiments, performed in triplicate,
indicates that there is no difference in OPC proliferation between these genetic conditions.
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either lesion (Gpr37l1 vs Mfge8; Fig. 4). Therefore, by extension,
it’s possible that these different induction groups demarcate
varying states of astrocyte reactivity across different neurological
disorders, with the functions of their associated genes potentially
revealing new insights into disease pathogenesis.

Toward this we focused our functional studies on Asef, which
is a guanine exchange factor (GEF) for the Rho GTPase family
that was originally characterized in colon cancer and shown to
interact with adenomatous polyposis coli (Kawasaki et al., 2000).
At the cellular level, Asef influences cytoskeleton dynamics and
cell migration, through regulation of Rac or Cdc42 activity (Ka-
wasaki et al., 2003; Mitin et al., 2007; Murayama et al., 2007).
While recent studies have also implicated Asef in the regulation of
the lung– blood barrier (Meng et al., 2015; Tian et al., 2015), its

role in the CNS remains undefined. Here we show for the first
time that Asef is expressed in the astrocyte lineage and contrib-
utes to astrocyte maturation during development and reactive
astrocyte responses after WMI.

Analysis of astrocyte development in the spinal cord of the
Asef KO mouse revealed specific developmental phenotypes.
While proliferation, migration, and induction of maturation
marker GFAP are unaffected, we detected a substantial decrease
in the expression of AQP4 and SNTA1. Importantly, SNTA1
forms a complex with �-DAG and �-DAG, dystrophin, and dys-
trobrevin (Bragg et al., 2006, 2010; Boor et al., 2007; Bhat et al.,
2013) and contributes to membrane clustering of AQP4, Kir4.1,
or MLC-1 at astrocyte end feet (Nagelhus et al., 2004; Pu-
warawuttipanit et al., 2006; Boor et al., 2007; Masaki et al., 2010;

Figure 8. Impaired reactive astrocyte response in the absence of Asef. A–F, Immunofluorescence demonstrating expression of �-DAG, AQP4, and SNTA1 in Asef �/� (A–C) and Asef �/� (D–F )
mice; sections are from adult spinal cord lysolecithin lesions at 10 dpl. Asef �/� mice exhibit decreased expression of �-DAG (A vs D), AQP4 (B vs E), and SNTA1 (C vs F ) within lesions. G–L,
Immunofluorescence demonstrating expression of albumin, fibrinogen, and CD45 in Asef �/� (G–I ) and Asef �/� (J, K ) mice at 10 dpl. Asef �/� mice exhibit increased expression of serum/blood
proteins albumin and fibrinogen (G, H vs J, K ), as well as increased presence of immune cells marked by CD45 (I vs L). The images are representative of four mice for each genotype, of which 2–3
sections for each marker were analyzed from each of these mice. M, Summary of Asef function in reactive astrocytes and BBB remodeling after WMI.
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Lien et al., 2012), suggesting that decreased expression of AQP4
could be the result of Asef regulation of SNTA1. Indeed, SNTA1
has been shown to bind Rac (Bhat et al., 2014) and the association
between SNTA1 and Asef (Fig. 6B) supports a potential regula-
tory relationship between these proteins that contributes to BBB
homeostasis in the adult and after injury.

Because Asef is expressed in reactive astrocytes in human
WMI, we examined its role in the lysolecithin demyelinating
model, finding impaired OPC differentiation in its absence. This
delay in repair is likely the result of defects in BBB remodeling
after injury as the lesions in the Asef mutant contained enhanced
serum and blood proteins, which can suppress OPC differentia-
tion and survival (Kremer et al., 2011). At the molecular level, the
Asef mutants demonstrated decreased expression of SNTA1 and
�-DAG, which play key roles in BBB formation and function.
Moreover, we also witnessed decreased expression of AQP4. To-

gether, these data suggest that loss of Asef results in reduced
expression of key components of astrocyte end feet, which leads
to defective BBB remodeling and increased leakage of blood pro-
teins into the parenchyma, culminating in impaired regenera-
tion. Importantly, these results after adult WMI parallel our
observations in the adult spinal cord and cortex, where BBB in-
tegrity is also impaired (Fig. 6B), suggesting parallel regulatory
role in the normal and injured CNS.

However, our observations in the adult (normal or WMI) do
not completely recapitulate the developmental phenotypes of the
Asef mutants, where we did not witness defects in �-DAG expres-
sion or compromised BBB integrity at perinatal stages (Figs. 5, 7).
This highlights the fact that injury, pathology, or aging creates a
specialized sensitized cellular state that differs from development
and can directly influence gene expression or function. In the
context of Asef function and BBB, it’s conceivable that Asef reg-
ulation of �-DAG reflects an injury-specific relationship that af-
fects re-establishment of the BBB and highlights the likelihood
that distinct astrocyte-associated factors oversee BBB develop-
ment and its re-establishment after injury. Importantly several
genetic mouse models have found a correlation between altered
astrocyte end feet and BBB disruption (Bragg et al., 2006, 2010;
Lien et al., 2012; Alvarez et al., 2013; Menezes et al., 2014;
Giocanti-Auregan et al., 2016). This, coupled with the recent
observation of anti-Kir4.1 antibodies present in blood samples
from human MS patients (Srivastava et al., 2012), suggests that
alterations in astrocyte end feet can compromise BBB integrity,
and potentially participate in MS pathogenesis. Moving forward,
it will be important to discern how Asef influences the organiza-
tion of astrocyte end feet after injury and how this role is linked to
its established biochemical function.
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