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Abstract

Neuron-secreted factors induce astrocytic expression of the glutamate transporter, GLT-1
(EAAT?2). In addition to their elaborate anatomic relationships with neurons, astrocytes also have
processes that extend to and envelop the vasculature. Although previous studies have demonstrated
that brain endothelia contribute to astrocyte differentiation and maturation, the effects of brain
endothelia on astrocytic expression of GLT-1 have not been examined. In the present study, we
tested the hypothesis that endothelia induce expression of GLT-1 by co-culturing astrocytes from
mice that utilize non-coding elements of the GLT-1 gene to control expression reporter proteins
with the mouse endothelial cell line, bEND.3. We found that endothelia increased steady state
levels of reporter and GLT-1 mRNA/protein. Co-culturing with primary rat brain endothelia also
increases reporter protein, GLT-1 protein, and GLT-1-mediated glutamate uptake. The Janus
kinase/signal transducer and activator of transcription 3, bone morphogenic protein/transforming
growth factor B, and nitric oxide pathways have been implicated in endothelia-to-astrocyte
signaling; we provide multiple lines of evidence that none of these pathways mediate the effects of
endothelia on astrocytic GLT-1 expression. Using transwells with a semi-permeable membrane, we
demonstrate that the effects of the bEND.3 cell line are dependent upon contact. Notch has also
been implicated in endothelia-astrocyte signaling /in vitroand in vivo. The first step of Notch
signaling requires cleavage of Notch intracellular domain (NICD) by y-secretase. We demonstrate
that the y-secretase inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester (DAPT) blocks endothelia-induced increases in GLT-1. We show that the levels of NICD are
higher in nuclei of astrocytes co-cultured with endothelia, an effect also blocked by DAPT. Finally,
infection of co-cultures with shRNA directed against recombination signal binding protein for
immunoglobulin kappa J (RBPJ), a Notch effector, also reduces endothelia-dependent increases in
eGFP and GLT-1. Together, these studies support a novel role for Notch in endothelia-dependent
induction of GLT-1 expression.
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Signaling from endothelial cells has been shown to affect astrocyte specification and maturation.
We show that co-culturing astrocytes with endothelial cells increases expression of the glial
glutamate transporter GLT-1 as well as expression of a transcriptional reporter in a contact-
dependent mechanism. This increase is dependent on Notch signaling, as inhibition of the Notch
pathway by treatment with -y-secretase inhibitor or knock-down of RBPJ prevents the endothelia-

induced increase in GLT-1.
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Introduction

Glutamate, the main excitatory neurotransmitter in the nervous system, executes its
functions by activation of ionotropic and metabotropic glutamate receptors (Zhou & Danbolt
2014). Clearance of extracellular glutamate is crucial, as over-activation of glutamate
receptors induces neuronal death by a process known as “‘excitotoxicity’ (Roberts & Davies
1987; Frandsen et a/. 1989). Glutamate clearance is carried out by a family of five Na*-
dependent transporters: glutamate transporter 1 (GLT-1, also called EAAT?2), glutamate/
aspartate transporter (GLAST, also known as EAAT1), excitatory amino acid carrier 1
(EAACL, also called EAAT3), and excitatory amino acid transporters 4 and 5 (EAAT4 and
EAATDS) (for reviews, see Danbolt 2001; Vandenberg & Ryan 2013; Martinez-Lozada et al.
2016). GLT-1 contributes up to 90% of total glutamate clearance in the forebrain (for
reviews, see Robinson 1998; Danbolt 2001).

Decreased expression of GLT-1 is observed in animal models and in post-mortem samples
from patients with many different neurologic disorders, including amyotrophic lateral
sclerosis, Alzheimer’s disease, Huntington’s disease, and epilepsy (for reviews, see Sheldon
& Robinson 2007; Fontana 2015; Miladinovic et a/. 2015). This led to the suggestion that
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drugs targeting GLT-1 up-regulation might have a therapeutic benefit (Dunlop 2006; Sheldon
& Robinson 2007; Fontana 2015; Takahashi et a/. 2015). In fact, Rothstein and colleagues
identified ceftriaxone in a screen of molecules that increase GLT-1 expression and
demonstrated that it delays the onset of neurologic impairment in an animal model of
amyotrophic lateral sclerosis (ALS) (Rothstein et al. 2005). Ceftriaxone has subsequently
been tested in several other animal models of neurologic disease and injury, including
hypoxia-ischemia and stroke (Chu et a/. 2007; Lipski et al. 2007; Thone-Reineke et a/. 2008;
Lai et al. 2011; Inui et al. 2013; Hu et al. 2015), multiple sclerosis (Melzer et al. 2008),
seizure (Jelenkovic et al. 2008), and alcohol abuse (Alhaddad et al. 2014; for review, see
Fontana 2015). Additionally, the pyridazine-based compound LDN/OSU-0212320 was
identified in a high-throughput screen of EAAT?2 translational activators (Colton et a/. 2010).
This small molecule delays motor function decline in a mouse model of ALS and prevents
excitotoxic neuronal death after pilocarpine-induced status epilepticus (Kong et al. 2014).
These reports clearly demonstrate that understanding the endogenous mechanisms that
control GLT-1 expression is essential for appropriately targeting GLT-1 regulation.

GLT-1 is enriched in astrocytes, where its expression increases dramatically during synapse
formation in both rodents and in humans (Rothstein et a/. 1994; Danbolt 1994; Chaudhry et
al. 1995; Furuta et al. 1997; Regan et al. 2007). Almost twenty years ago three different
groups demonstrated that co-culturing astrocytes with neurons increases GLT-1 expression
in astrocytes (Gegelashvili et al. 1997; Schlag et al. 1998; Swanson et al. 1997). This effect
of neurons is mimicked by transferring media from cortical neuronal cultures (Gegelashvili
et al. 1997) or by separating neurons and astrocytes in a transwell configuration (Schlag et
al. 1998), suggesting that secreted factors contribute to this effect. Although membranes
isolated from neurons were not sufficient to induce expression of GLT-1 in original studies
(Schlag et al. 1998), more recently Yang et al., demonstrated that neuron membrane
fractions also induce expression of GLT-1 in astrocytes (Yang et al. 2009).

In addition to having processes that surround synapses, astrocytes have specialized endfeet
that contact blood vessels (for reviews, see Bushong et al. 2004; Abbott et al. 2006; Cheslow
& Alvarez 2016). While astrocyte differentiation coincides with and induces synaptogenesis
(Ullian et al. 2001), astrocyte migration and development also correlate with angiogenesis
temporally and spatially (Caley & Maxwell 1970; Marin-Padilla 1995; Zerlin & Goldman
1997). It has been shown that astrocytes affect blood vessel growth and blood brain barrier
formation and stability (Igarashi et al. 1999; Lee et al. 2003; Gerhardt et al. 2004; Ma et al.
2013 for reviews, see Abbott et a/. 2006; Alvarez et al. 2013; Obermeier et al. 2013;
Cheslow & Alvarez 2016), and several groups have demonstrated that brain endothelial cells
induce the expression of several astrocytic proteins (Covacu et al. 2006; Imura et al. 2008;
Mi et al, 2001; Zerlin & Goldman 1997), but none of these studies have examined the effects
of endothelia on expression of GLT-1.

In the present study, we provide the first demonstration that endothelia increase astrocytic
expression of GLT-1. We show that this effect is dependent upon contact and is blocked by
an inhibitor of y-secretase as well as knock-down of the transcription factor RBPJ.
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Materials and Methods

Animals

A colony of transgenic 8.3 tdTomato /BAC eGFP GLT-1 (“dual reporter”) mice, which are
homozygous for both traits, were maintained at the animal facility of the Children’s Hospital
of Philadelphia (Regan et a/. 2007; Yang et al. 2011b). For studies involving astrocytes or
endothelial cells prepared from rats, the Sprague-Dawley strain (RRID:RGD_734476,
Charles River Laboratories, Wilmington, MA) was used as described below. All studies were
approved by the Institutional Animal Care and Use Committee of the Children’s Hospital of
Philadelphia and followed the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals. Animals were housed in standard controlled temperature, humidity,
and light, and had ad /ibitum access to food and water.

Primary enriched astrocyte cultures

Mice of both sexes and 1-3 days of age were used to prepare astrocyte-enriched cultures as
previously described (Li et al. 2006; Ghosh et al. 2016). Briefly, mouse brain cortices were
dissociated by trypsin and trituration into a single-cell suspension and plated at a density of
approximately 2.5 x 10° cells/mL in 75 cm? flasks. The media was changed every 3-4 days.
After 7-10 days (when cells were ~90% confluent), A2B5 hydridoma supernatant (1:50
dilution; from the laboratory of Dr. Judy Grinspan, Children’s Hospital of Philadelphia) and
Low Tox-M rabbit complement (Cederlane, Burlington, Canada) were used to eliminate
A2B5-positive oligodendrocyte precursors that express GLT-1 (Zelenaia et al. 2000). After
2-3 days of recovery, the astrocytes were split into 6- or 12-well culture plates for
experiments. The wells were randomly assigned to different groups.

Culture of the bEND.3 endothelioma cell line

The mouse brain endothelioma cell line bEND.3 was purchased from American Type
Culture Collection (cat. # CRL-2299, RRID:CVCL_0170; Manassas, VA). These cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L D-glucose
(Thermo Fisher Gibco, Waltham, MA) and supplemented with 10% defined heat-inactivated
fetal bovine serum (FBS) (GE Healthcare Hyclone, Marlborough, MA), 4 mM L-glutamine,
and 1 mM sodium pyruvate at 37°C and 5% CO». Cells were never used past passage 30 as
per the vendor’s recommendation to ensure similar expression of endothelial markers across
experiments. Two lots of bEND.3 cells were used during the course of these studies with no
differences in effect noted.

Primary enriched rat brain endothelial cells (RBEC)

Primary endothelial cells were prepared from gray matter blood vessels from adolescent 3
week-old rats (both sexes) as previously described, with modifications (Takata et a/. 2013,;
Welser-Alves et al. 2014). Rats were anesthetized with isofluorane and euthanized by rapid
decapitation. The brains were harvested into ice-cold Hank’s buffered saline solution and the
brainstem, cerebellum, and white matter were removed. The meninges were also removed
and the remaining tissue was finely chopped with a sterile razor blade and incubated in 1
mg/mL collagenase and 100 ug/mL DNase (Roche, Indianapolis, IN) at 37°C for 1.5 hours,
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with occasional agitation. The tissue was triturated until a homogenous suspension was
obtained and then centrifuged at 600 x g for 10 minutes. The enzyme-containing media was
removed and replaced with 25% bovine serum albumin (BSA; Sigma, St. Louis, MO) in
DMEM (Thermo Fisher Gibco), resuspended, and spun at 1475 x g for 10 minutes. The
myelin-containing layer on top and the BSA were removed, the cells were washed in media,
and then plated on culture dishes coated with 5 ug/cm? (75 ug/mL) collagen (Corning,
Corning, NY) and 1 pg/cm? (15 pg/mL) fibronectin (Corning) in media containing 4 pg/mL
puromycin (Thermo Fisher Gibco) to select for endothelial cells. This media was replaced
with media without puromycin after 3 days. The cells were allowed to grow to confluence
(~10-14 days) and then split onto 6- or 12-well plates for further studies. Media for RBEC
was DMEM/F12 (Thermo Fisher Gibco) supplemented with 10% heat-inactivated FBS (GE
Healthcare Hyclone), 1% penicillin/streptomycin (Thermo Fisher Gibco), and 30 mg of
endothelial cell growth supplement from bovine neural tissue (Sigma).

Co-culture of astrocytes and endothelial cells

In experiments in which astrocytes and endothelial cells were cultured together directly,
endothelia [either bEND.3 cells (ATCC) or primary rat brain endothelial cells] were split 1:3
(from a just-confluent plate) onto 6- or 12-well plates 2—-3 days prior to the astrocytes being
split (1:1.5, from a fully-confluent plate) directly on top of the endothelia. In transwell
(Corning) experiments, bEND.3 cells were either split onto the top or onto the underside of
polyester transwell inserts (4.67 cm? of cell growth area, 0.4 pm pore size) and allowed to
adhere for 2 hours, at which time the inserts were placed in 6-well plates. Astrocytes were
split onto either the bottom of the 6-well plate (9.5 cm? of cell growth area) or onto the
upper side of the transwell inserts (see Figure 5a). Co-cultures were maintained for 10-14
days, with complete media changes every 3-4 days, after which the cultures were shaken in
radioimmunoprecipitation assay (RIPA) buffer for 1.5 hours and scraped to harvest the
protein for Western blot analysis.

Western blot analysis

Cell lysis and collection of protein were performed as described previously (Li et al. 2006;
Ghosh et al. 2011; Ghosh et al. 2016). For Western blot analysis, 15-20 g of protein were
loaded in each lane and resolved on 10% or 12% SDS-polyacrylamide gels by
electrophoresis. The protein was transferred onto polyvinylidine fluoride membranes
(transblot apparatus, Bio-Rad Laboratories, Hercules, CA) and blocked for 30 minutes with
5% non-fat dry milk blocking buffer. Membranes were then probed with mouse anti-eGFP
(clone N86/8, UC Davis/NIH NeuroMab Facility Cat# 75-414 RRID:AB_2532048; 1:1,000
dilution), rabbit anti-GLT-1 (J.D. Rothstein, Johns Hopkins University; Maryland; USA Cat#
GLT-1a RRID:AB_2314565; C-terminal-directed; 1:5,000 dilution) (Rothstein et al. 1994),
mouse anti-GLAST (clone ACSA-1, Miltenyi Biotec Cat# 130-095-822
RRID:AB_10829302; 1:200 dilution; Bergisch Gladbach, Germany), mouse anti-STAT3
(Cell Signaling Technology Cat# 9139 RRID:AB_331757; 1:1000 dilution, Danvers, MA),
rabbit anti-pSTAT3 (Cell Signaling Technology Cat# 9145 RRID:AB_2491009; 1:1,000
dilution), rabbit anti-RBPJ (Cell Signaling Technology, Cat# 5313, RRID: AB_2665555;
1:1,000 dilution), mouse anti-B-actin (Cell Signaling Technology Cat# 3700,
RRID:AB_2242334; 1:10,000 dilution), or a combination of these antibodies in 1% milk
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blocking buffer. After washing three times in 1% blocking buffer, the membranes were
probed with secondary antibodies (either anti-mouse or anti-rabbit fluorescently conjugated
antibodies, 1:10,000 dilution, L1-COR Biosystems, Lincoln, NE) for 45 minutes in 1%
blocking buffer. The membranes were washed three more times and visualized using a LI-
COR Odyssey Infrared Imaging System. All data generated from Western blots were
normalized to total protein. As p-actin immunoreactivity was quantified and analyzed for all
experiments and found to be unchanged in all cases (data not shown), data were also
normalized to B-actin immunoreactivity to control for possible uneven transfer. In most
cases, GLT-1 and GLAST were probed on the same immunoblots, and thus their
corresponding actin immunoblots are the same and are duplicated in Figures 1b—e, 3b—c, and
6b—c.

Immunocytochemistry

Primary dual reporter astrocytes or bEND.3 cells were plated as described above onto sterile
coverslips coated with poly-D-lysine (50pg/mL) or with a mixture of collagen (5pg/cm?;
Corning) and fibronectin (1 ug/cm?; Corning). Where indicated, DAPT (10pM) was also
added to the culture media. Cultures were maintained for either 10-14 days (GLT-1 staining,
Fig. 2) or for 24 hours (NICD staining, Fig. 6d). The cells were washed once in 1X PBS and
then fixed with either ice-cold methanol or with 4% paraformaldehyde in PBS (10 min).
After three rinses in washing solution (0.4% triton X-100 in 1X PBS, 5 min each), cells were
treated with blocking solution (5% goat serum, in washing solution) for one hour at 23°C.
Cells were incubated overnight at 4°C with primary antibodies diluted in blocking solution,
either a mix of rabbit anti-GLT-1 (J.D. Rothstein, Johns Hopkins University; Maryland; USA
Cat# GLT-1a RRID:AB_2314565; C-terminal-directed; 1:250 dilution) (Rothstein et al.
1994) and rat anti-CD31 (BD Biosciences Cat# 550274, RRID:AB_393571; Clone MEC
13.3; 1:200 dilution; San Jose, CA) or a mix of mouse anti-GFAP (Cell Signaling
Technology Cat# 3670, RRID:AB_561049; 1:500) with rabbit anti-activated Notchl
(Abcam Cat# ab8925, RRID:AB_306863; 1:500; Cambridge, MA). We confirmed that this
antibody recognizes NICD by transiently transfecting human embryonic kidney
(HEK)-293T cells (ATCC Cat# CRL-11268, RRID:CVCL_1926) with 3XFlagNICD1 (a gift
from Raphael Kopan, addgene plasmid #20183) (Ong et a/. 2006) using a Ca%* phosphate
transfection kit (Clontech, Mountain View, CA). With the Abcam antibody, we observed a
clear increase in NICD staining in transfected cells compared with untransfected cells. After
rinsing three times in washing solution, coverslips were incubated in blocking solution
containing goat anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific Cat# A-11034,
RRID:AB_2576217) and donkey anti-rat Alexa Fluor 594 (Thermo Fisher Scientific Cat#
A-21209, RRID:AB_2535795) or goat anti-mouse Alexa Fluor 633 (Thermo Fisher
Scientific Cat# A-21052, RRID:AB_2535719) conjugates (1:250 dilution) for one hour at
room temperature. Nuclei were counterstained using a mounting medium with 4”,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories Inc, Burlingame, CA). Control
incubations without primary antibodies were included in each experiment to confirm the
absence of non-specific signal due to the secondary antibodies as well as to confirm
quenching of endogenous GFP fluorescence. Pictures were taken with a DMi8 Leica
confocal microscope equipped with a 40X objective (Leica Microsystems, Wetzler,
Germany) using the 405, 488, 594 and 633nm laser lines. For some images an additional 2x,
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3X, or 8x optical zoom was used. The imaging settings (laser power, gain, etc.) were the
same between conditions in each experiment, and all post-imaging processing was done in
parallel and was identical for each condition. The images were taken using sequential mode
to avoid cross-contamination of fluorophores.

Isolation of MRNA and Quantitative PCR

Astrocytes and bEND.3 cells were cultured as described above, and mRNA was harvested
after 14 days using the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the
manufacturer’s instructions. Equal amounts of isolated mRNA were reverse transcribed into
cDNA using a high capacity RNA-to-DNA kit (Applied Biosystems, Foster City, CA), and
one tenth of this reaction was used per quantitative polymerase chain reaction (QPCR).
Quantitative PCR was performed using Tagman primer-probe mixes (Applied Biosystems)
and a Stratagene Mx3005 gPCR system was used for detection.

Measurement of Na*-dependent transport activity

Co-cultures of astrocytes from dual reporter mice and rat primary brain endothelia (RBEC)
were plated as described above and transport assays were performed as previously described
(Dowd & Robinson 1996; Ghosh et al. 2011). Briefly, astrocytes or co-cultures of astrocytes
and RBEC were placed in a 37°C water bath and rinsed twice with either 1 mL of sodium-
or choline-containing buffer then incubated with 0.5uM [3H]-Glutamate for 5 min in the
absence or presence of 300uM dihydrokainic acid (DHK; Tocris Bioscience, Bristol, UK), a
GLT-1 selective inhibitor (Arriza et al. 1994, for review, see Robinson & Dowd 1997).
Assays were stopped with the addition of 1 mL 4°C choline-containing buffer and
subsequently solubilized in 1 mL 0.1M sodium hydroxide. The suspension was analyzed for
radioactivity and protein concentration. Na*-dependent transport was calculated as the
difference in radioactivity accumulated in the presence or absence of sodium and normalized
to the amount of protein per well. As little or no DHK-sensitive uptake was observed in the
absence of RBEC, DHK-sensitive uptake was normalized to the amount observed in the
presence of RBEC.

Pharmacological treatments

Astrocytes and/or bEND.3 cells were cultured as described above. Three days after
astrocytes were re-plated onto bEND.3 cells, leukemia inhibitory factor (LIF, 0.1ug/mL;
Sigma), human recombinant bone morphogenic protein 2 (BMP-2, 40ng/mL dilution,
PeproTech, Rocky Hill, NJ), human recombinant Noggin (Fc chimera, 250ng/mL dilution,
R&D Systems, Minneapolis, MN), N-[imino(nitroamino)methyl]-L-ornithine, methyl ester,
monohydrochloride (L-NAME, 100uM, Cayman Chemical, Ann Arbor, MI), or N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT, 10uM, Santa Cruz
Biotechnology, Dallas, TX) were randomly added to different wells during the normal media
change. Subsequent media changes were of 25% of the media, with the drugs at the above
concentrations. Treatments continued for 10 days, after which the cells were lysed and the
protein harvested for analysis.
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Lentivirus production and cell transduction

Lentiviruses were prepared as previously described (Ghosh et al., 2011). Briefly, HEK-293T
cells were grown in poly-D-lysine (500ug/mL) coated 15 cm plates and transfected (Ca2*
phosphate transfection kit, Clontech) with pPCMVAr8.2 (15ug, a packing plasmid), JS-86
(5ug, an envelope plasmid), and the transfer plasmid (20ug, pLKO.1) containing either an
shRNA directed against recombination signal binding protein for immunoglobulin kappa J
region (RBPJ) (Sigma,
CCGGCTGTATCACAACTCCACAAATCTCGAGATTTGTGGAGTTGTGATACAGTTTT
TG) or a scrambled shRNA control (Sigma,
CCGGCAACAAGATGAAGAGCACCAACTC-
GAGTTGGTGCTCTTCATCTTGTTGTTTTT) that has no known mammalian gene targets.
After 16h, the cells were rinsed with fresh media. 24 and 48h later the conditioned media
containing the lentivirus particles were harvested. Media from three plates were filtered
through 0.45um filters and concentrated by centrifugation at 26,000rpm in a SW28 rotor
(Beckman Coulter, Brea, CA) for 2h at 4°C. The pellet was suspended in ice-cold medium
(500pL) and aliquots were maintained at —80°C. The concentration of lentiviral particles
was determined using the HIV-p24 Elisa assay kit (Perkin Elmer, Waltham, MA). For
transduction of dual reporter astrocytes or co-cultures of astrocytes with bEND.3 cells,
lentiviruses were thawed on ice, mixed with media and added to cultures 3-5 days after
plating astrocytes on top of endothelia (400 ng p24/mL). The media was replaced with fresh
media after 24h. As previously reported (Ghosh et al., 2011) we do not observe toxicity after
infection. Cell lysates were harvested 11-13 days after infection for Western blot analysis.

Statistical analyses

Results

As indicated above, all cultures were randomly assigned to different groups. Data analyses
were not conducted in a blinded fashion, but essentially every experiment was conducted by
more than one of the authors. All independent experiments were performed on different
days. Sample sizes were based on earlier studies in which we or others performed similar
analyses and were able to identify statistically significant results (Li et a/. 2006; Yang et al.
2009; Ghosh et al. 2011; Ghosh et al. 2016). All statistics were performed using Graphpad
Prism software (La Jolla, CA). Analyses were by one-way analysis of variance (ANOVA)
with a Bonferroni post-test for multiple comparisons or by paired t-test.

In previous studies, we have used astrocytes derived from mice in which 192 kb of sequence
containing the entire mouse GLT-1 gene (with 45 kb upstream and 24 kb downstream) is
used to control expression of eGFP (Yang et al. 2009; Ghosh et al. 2011; Yang et al. 2011b;
Ghosh et al. 2016). In these mice, there is complete overlap between eGFP and GLT-1, and
the levels of eGFP correlate in astrocytes from different regions of the central nervous
system expressing different levels of GLT-1 protein (Regan et a/. 2007). More recently, mice
in which 8.3 kb of 5" non-coding region of the human EAAT2 gene is used to control
expression of tdTomato have been generated (Yang et a/. 2011b). In mice homozygous for
both of these traits (termed ‘dual reporter’ mice), tdTomato is only found in cells that
express eGFP but not all eGFP expressing cells express tdTomato (Yang et al. 2011b). The
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signals that differentially activate these two reporters have not been identified, but our
laboratory uses these dual reporter mice in many of our analyses of the mechanisms that
regulate GLT-1 transcription.

Endothelial cells have been implicated in astrocyte specification and maturation (Mi et al.
2001; Imura et al. 2008; Sakimoto et al. 2012), but the effects on GLT-1 expression have not
been reported. To determine if endothelial cells affect GLT-1 expression in astrocytes, we
prepared astrocytes from the dual reporter mice, eliminated A2B5* cells that express GLT-1
(Zelenaia et al. 2000), and then sub-cultured these astrocytes onto an intact monolayer of a
mouse brain endothelioma cell line (bEND.3). In our earlier studies, we found that neuronal
induction of GLT-1 expression in astrocytes requires at least 7 days (Schlag et al. 1998).
Every 2-3 days, we used microscopy to monitor expression of fluorescent protein. We
consistently observed a delayed increase in eGFP with a peak around 7-10 days (data not
shown, reproduced by M.C.L., Z. M.-L., and E.N.K.). Although occasional cells expressed
tdTomato, this was not a consistent finding. We quantified the effects of bEND.3 cells on
eGFP, GLT-1, and GLAST protein levels by Western blot after 10 days. Co-cultures of
bEND.3 cells and astrocytes expressed 25-fold higher levels of eGFP than that observed in
astrocytes alone (Fig. 1a). Although the effects on GLT-1 protein levels was lower, co-
cultures of bEND.3 cells and astrocytes expressed 4-fold higher levels of GLT-1 than that
observed in astrocytes alone (Fig. 1b). We observe no detectable GLT-1 protein in the
bEND.3 cells under these conditions. The levels of GLAST protein were comparable in
lysates from astrocytes and co-cultures of astrocytes with bEND.3 cells (Fig. 1c). Glutamate
transporters are known to form homomultimers that are evident in immunoblots (Haugeto et
al. 1996). When quantifying the levels of glutamate transporter protein in lysates by Western
blot, we measure the levels of the lower molecular weight monomer and the higher
molecular weight multimer and report the sum of the two, as in no case were the monomers
and multimers differentially regulated. It should be noted that the levels of total protein in
cell lysate are consistently ~2-fold higher in co-cultures than in monocultures of either cell.
This indicates that the increases in eGFP or GLT-1 protein calculated in figures 1a and b are
underreported because equal amounts of total protein were loaded in each lane. This also
suggests that expression of GLAST may increase in the presence of bEND.3 cells.

When we and others first demonstrated an effect of neurons on astrocytic expression of
GLT-1 and in a few subsequent follow up studies, we used rat astrocytes and we reported
that these cultured astrocytes express essentially no detectable GLT-1 (Gegelashvili et al.
1997; Swanson et al. 1997; Schlag et al. 1998; Zelenaia et al. 2000; Li et al. 2006). As one
can see from Fig 1b, GLT-1 protein is clearly detectable in astrocyte cultures prepared from
mice. To determine if there might be some uncontrolled experimental variable that has
changed over the years, we compared the expression of GLT-1 and GLAST protein in rat
astrocyte cultures to those observed in co-cultures with bEND.3 cells. As we previously
reported, we detect essentially no GLT-1 protein in rat astrocyte cultures (Fig. 1d). The
levels of GLT-1 protein are about 6-fold higher in co-cultures. There is no difference in the
levels of GLAST protein (Fig. le).

The fact that eGFP levels are higher in co-cultures is consistent with increased transcription.
To further test this hypothesis, we measured the levels of eGFP and GLT-1 mRNA levels in
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astrocytes from dual reporter mice and co-cultures of mouse astrocytes with bEND.3 cells
using reverse transcriptase quantitative PCR. eGFP and GLT-1 mRNA levels were ~8-fold
higher and 1.4-fold higher, respectively, when astrocytes were co-cultured with bEND.3
cells (Fig. 1f & g).

We examined the expression patterns of GLT-1 protein by immunofluorescence in order to
confirm that the increase in GLT-1 was occurring in astrocytes specifically, as a few groups
have observed GLT-1 expression in endothelial cells (Shawahna ef a/. 2011; Cohen-Kashi-
Malina et al. 2012; Lecointre et al. 2014). We compared GLT-1 expression in astrocytes and
endothelia using CD31 as an endothelial cell surface marker (Legros et al. 2009; Yang et al.
2011a; Chen et al. 2013; Liu et al. 2013; Welser-Alves et al. 2014; Zehendner et al. 2014).
As expected, cultures of mouse astrocytes contained few weakly positive GLT-1-expressing
cells and CD31 immunoreactivity was not detected (Fig. 2 top row). bEND.3 cells expressed
low levels of GLT-1 immunoreactivity that in optical cross-sections appeared to be
cytoplasmic and did not co-localize with the CD31 (Fig. 2 middle row), suggesting that this
pool of GLT-1 immunoreactivity is intracellular. To avoid issues of the limited resolution of
microscopy in the Z-plane, we examined the expression of GLT-1 and CD31 in non-
confluent co-cultures to allow identification of GLT-1-expressing cells that are not on top of
bEND.3 cells. Under these conditions, we observe clear increases in the levels of GLT-1
immunoreactivity in non-CD31-positive cells and this increased expression was consistently
restricted to cells that were in contact with CD31-positive cells (Fig. 2 bottom row). This
suggests that contact between endothelia and astrocytes may be required for induction of
GLT-1 expression in astrocytes.

bEND.3 cells are an immortalized mouse brain endothelial cell line and have the advantage
of being a homogeneous population and allows one to reduce the numbers of animals used
for experiments. However, we wished to replicate our findings using endothelial cells
prepared from brain blood vessels. We used forebrains from adolescent rats as a source of
these endothelial cells. By bright field microscopy, the morphology of these isolated cells
was similar to that of the bEND.3 cell line (not shown). By Western blot, co-cultures of dual
reporter astrocytes and these rat brain endothelial cells (RBEC) increased both eGFP protein
~70-fold (Fig. 3a) and GLT-1 protein ~4.5-fold (Fig. 3b). In contrast, GLAST protein levels
are significantly lower (Fig. 3c) in co-cultures of astrocytes with RBEC.

GLT-1 is subject not only to transcriptional regulation, but also to control at the mRNA level,
by post-translational modifications, and by trafficking to and from the plasma membrane.
These latter two levels of control are especially important to the functionality of GLT-1 as a
transporter (Foran et al. 2014; for review, Robinson 1998). To investigate the functionality of
the GLT-1 protein induced by endothelial cells, we measured the amount Na*-dependent
glutamate uptake that is sensitive to the selective GLT-1 inhibitor dihydrokainate (DHK). We
found no DHK-sensitive uptake in co-cultures of astrocytes and bEND.3 cells (data not
shown, n=4). As this was an unexpected result, we performed biotinylation experiments to
tag membrane proteins and probed for GLT-1 protein on the surface of the cells (Davis et al.
1998; Gonzalez et al. 2007). We found that essentially 100% of GLT-1 is on the cell surface
when either astrocytes from dual reporter mice (n = 1) or rats (n = 1) are co-cultured with
bEND.3 cells. We considered the possibility that the contribution of GLAST to total uptake
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may obscure GLT-1 mediated uptake. As co-cultures of RBECs and astrocytes contain lower
levels of GLAST (Fig. 3c), we tested for DHK-sensitive glutamate uptake in co-cultures of
astrocytes and RBEC. We do observe significantly more DHK-sensitive uptake in co-
cultures of astrocytes and RBECs than in astrocytes alone, but the levels are low (Fig. 3d and
e). It is possible that GLT-1 function requires an accessory protein and/or post-translational
mechanism that is not induced/activated by endothelia or GLT-1 function is chronically
inhibited in these co-cultures. While this would be interesting, this has not been explored.

Among the known signaling pathways previously shown to affect astrocyte specification,
maturation, or function are LIF/STAT3, BMP/TGF-B, and nitric oxide (Bonni et al. 1997; Mi
et al. 2001; Nakashima et al. 2001; Fan et al. 2005; Covacu et al. 2006; Imura et al. 2008;
Brix et al. 2012; Urayama et al. 2013; Balderas et al. 2014; Hong & Song 2014; Stipursky et
al. 2014; Raju et al. 2015). Therefore, we investigated the potential involvement of these
pathways in astrocytic GLT-1 induction by endothelial cells. Treatment with leukemia
inhibitory factor and activation of the STAT3 pathway has been previously shown to drive
astrocyte specification and to increase astrocytic markers in culture (Bonni et al. 1997; Mi et
al. 2001; Fan et al. 2005; Imura et al. 2008 Urayama et al. 2013; Hong & Song 2014). In our
experiments, treatment with LIF (0.1ug/mL) did not increase eGFP or GLT-1 protein levels
(Fig. 4a). As a positive control for pathway activation, we investigated STAT3
phosphorylation at tyrosine 705, which increased upon treatment with LIF (Fig. 4b).
Furthermore, although co-culture with bEND.3 cells did increase STAT3 protein levels (~2-
fold, p<0.0001), there was no significant increase in pSTAT3, whether the levels were
normalized to total STAT3 protein or to f-actin only (Fig. 4b). The BMP2/TGF-B pathway
also regulates gliogenesis (Nakashima et a/. 2001; Imura et al. 2008; Stipursky et al. 2014).
Treatment of astrocytes with bone morphogenic protein 2 (BMP-2, 40ng/mL) increased
eGFP and GLT-1 protein slightly (though not significantly), an effect which was blocked by
treatment with the BMP inhibitor Noggin (250ng/mL) (Fig. 4c). However, Noggin did not
block the increase in eGFP/GLT-1 induced by bEND.3 (Fig. 4c). Nitric oxide diverts neural
precursors to a glial fate (Covacu et a/. 2006), enhances astrocytic glycolysis, (Brix et al.
2012), and regulates glutamate uptake and metabolism (Balderas et a/. 2014; Raju et al.
2015). Treatment with the nitric oxide synthase inhibitor L-NG-Nitroarginine methyl ester
(L-NAME, 100uM) to block nitric oxide signaling did not block endothelia-dependent
eGFP/GLT-1 induction (Fig. 4d). Together, these studies provide evidence that the induction
of GLT-1 by endothelial cells is not dependent on LIF/STAT3, BMP/TGF-B, and nitric
oxide.

It has been observed by other groups and in our own laboratory that GLT-1 expression can
be induced by neuron-conditioned media (Gegelashvili et a/. 1997; Swanson et al. 1997;
Schlag et al. 1998; Perego et al. 2000) and neurons separated from astrocytes by a transwell
membrane are still able to induce GLT-1 (Schlag et a/. 1998), suggesting a mechanism that is
not dependent on contact. The results of our immunofluorescence studies show that the
increase in GLT-1 protein observed in co-cultures with bEND.3 cells is restricted to
astrocytes adjacent to endothelial cells (Fig. 2, bottom row). We used transwell inserts, a
common blood brain barrier model system (Nakagawa et a/. 2009; Cohen-Kashi-Malina et
al. 2012; Takata et al. 2013), to investigate whether induction of GLT-1 by endothelial cells
requires contact. For these studies, astrocytes prepared from dual reporter mice were either
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in direct contact with bEND.3 cells (on either side of the transwell membrane), separated
from the bEND.3 cells (with bEND.3 on the membrane and astrocytes on the bottom of the
culture dish), or on the bottom of the culture dish without any other cell type (Fig. 5a).
Increases in eGFP and GLT-1 protein levels are observed only in the condition in which
astrocytes and bEND.3 cells are cultured in direct contact (Fig. 5b), indicating that the
induction of GLT-1 by endothelial cells is contact-dependent and is not due to a diffusible
signal.

In contrast to the signaling mechanisms discussed previously, Notch signaling occurs
through cell contact, and several studies have implicated Notch signaling in astrocytic
differentiation, proliferation, and activation (for reviews, see Wang & Barres 2000; Gaiano
& Fishell 2002; Cau & Blader 2009). Notch signaling is dependent upon the cleavage of the
Notch intracellular domain by y-secretase, which can only occur once the EGF-like repeat-
containing extracellular domain binds to a ligand on an adjacent cell. Endothelial cells and
astrocytes express both the Notch receptor and Notch ligands (Daneman et a/. 2010; Zhu et
al. 2011). Therefore, we investigated the potential involvement of Notch signaling by
treating co-cultures of dual reporter astrocytes and bEND.3 cells with 10uM N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT), an inhibitor of y-
secretase. Treatment with DAPT eliminated eGFP, GLT-1, and GLAST protein expression in
co-cultures of astrocytes and bEND.3 cells, but had no effect when astrocytes were cultured
by themselves (Fig. 6a—c). When astrocytes and endothelial cells are stained with an
antibody specific for cleaved Notchl, there are more NICD puncta in the nuclei of astrocytes
cultured with bEND.3 cells than are seen in nuclei of astrocytes alone (Fig. 6d, see white
arrows in far right column). This effect is attenuated by treatment with 10uM DAPT (Fig.
6d, bottom row). These results show that co-culturing with endothelia increases nuclear
NICD and suggest that the Notch signaling pathway is necessary for endothelia-dependent
induction of GLT-1.

As DAPT is a y-secretase inhibitor, and y-secretase has additional targets beyond Notch
(Haapasalo & Kovacs 2011), we used shRNA directed against RBPJ, a protein that interacts
with NICD in the nucleus and affects transcription of Notch target genes (for reviews, see
Artavanis-Tsakonas et al. 1999; Ables et al. 2011), to decrease Notch signaling at a point
downstream in the pathway. Viral infection with shRNA against RBPJ decreased RBPJ
expression (Fig. 7a) and also attenuated endothelia-dependent induction of eGFP/GLT-1
(Fig. 7b&c). It should be noted that the scrambled shRNA control also decreased RBPJ,
eGFP, and GLT-1 protein expression, though there was also a significant difference between
treatment with ShRBPJ and the scrambled control in RBPJ (in both astrocytes alone and in
co-cultures) and GLT-1 (in co-cultures). Since the scrambled shRNA has no known
mammalian targets, we can only conclude that viral infection itself has a small effect on
RBPJ expression in astrocytes. These results provide additional evidence that Notch
signaling is responsible for the induction of GLT-1 in astrocytes when they are co-cultured
with endothelia.
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Discussion

In the current study, we demonstrate that co-culturing astrocytes with brain endothelial cells
increases the expression of GLT-1 protein and mRNA, as well as expression of a fluorescent
reporter of GLT-1 transcription that is only expressed in astrocytes. This induction of GLT-1
is dependent on cell contact. Furthermore, treatment with the -y-secretase inhibitor DAPT
and knock-down of the Notch effector RBPJ attenuate this induction, suggesting that Notch
signaling is necessary for the upregulation of GLT-1 by endothelial cells. Although
endothelial cells have been implicated in astrocyte specification and maturation (Mi et al.
2001; Imura et al. 2008; Sakimoto et al. 2012), this is the first report of endothelial cells
affecting GLT-1 expression in astrocytes. These observations suggest that endothelial cells
play a role in astrocytic function, and this has implications in development of the central
nervous system, protection against injury, and response to changes in blood flow and
metabolism.

Astrocytes play an important role in the development and maintenance of the blood brain
barrier (BBB). The vasculature of the brain is unique, having more complex tight junctions
than those of the peripheral vasculature that increase the transendothelial electrical
resistance 50-500-fold (for review, see Abbott ef a/. 2006). Though mature astrocytes are not
present in the cortex until after birth (Sauvageot & Stiles 2002), radial glia contact nascent
blood vessels and there is evidence that signaling from radial glia is involved in blood vessel
growth and stabilization (Zerlin & Goldman 1997; Gerhardt et al. 2004; Ma et al. 2013; for
reviews, see Alvarez et al. 2013; Obermeier et al. 2013; Cheslow & Alvarez 2016).
Postnatally, mature astrocytes are polarized, with their endfeet in contact with the blood
vessels (for reviews, see Bushong et al. 2004 Abbott ef al. 2006; Cheslow & Alvarez 2016),
and they induce key components of BBB functionality in endothelial cells that are not
observed in isolation (Igarashi et al. 1999; Lee et al. 2003 for review, see Abbott et al. 2006).
Several studies have suggested that endothelial cells play a role in astrocyte development as
well (Mi et al. 2001; Imura et al. 2008; Sakimoto et al. 2012). Endothelial signals have been
shown to change astrocyte morphology and increase expression of astrocytic intermediate
filaments /n vivo (Zerlin & Goldman 1997), as well as induce accumulation of aquaporin 4
in endfeet /n vitro (Camassa et al. 2015). Endothelial cells contribute to astrocyte
differentiation, maturation, and function through several important pathways: LIF/STAT3
(Bonni et al. 1997; Mi et al. 2001; Fan et al. 2005; Urayama et al. 2013; Hong & Song
2014), BMP/TGFpB (Nakashima et al. 1999; Nakashima et a/. 2001; Stipursky et al. 2014),
and NO (Covacu et al. 2006; Brix et al. 2012). However, despite the apparent importance of
these signaling mechanisms to astrocyte specification and maturation, we found that none of
them significantly induce GLT-1 expression /in vitro, and their inhibition does not affect
endothelia-dependent induction.

GLT-1 is known to be the predominant glutamate transporter in cortical astrocytes (for
reviews, see Robinson 1998; Danbolt 2001) and its expression increases postnatally
concurrently with synapse formation (Rothstein et a/. 1994; Danbolt 1994; Chaudhry et a/.
1995; Furuta et al. 1997; Regan et al. 2007); therefore, GLT-1 can be thought of as a marker
of a functionally mature astrocyte. Our data show that the upregulation of GLT-1 by
endothelial cells is contact-dependent, in contrast with the induction of other astroglial
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markers by LIF or BMP2. Notch signaling has been suggested to select and maintain
astrocyte identity in the central nervous system (for reviews, see Wang & Barres 2000;
Gaiano & Fishell 2002; Cau & Blader 2009). Although activation of STAT3 signaling is
apparently necessary for astrocyte differentiation, it has a/so been demonstrated that neural
precursors are unresponsive to gliogenic cues /in vivo until late gestation in the mouse (for
review, see Temple 2001). It is possible that this might explain the lack of effect seen with
LIF treatment in our studies. Notch signaling /nhibits cell differentiation in general, and
neurogenesis in particular, pointing to a permissive effect of Notch on gliogenesis (Dorsky et
al. 1995; Nye et al. 1994; Bao & Cepko 1997; Mizutani & Saito 2005; for review, see Louvi
& Artavanis-Tsakonas 2006). However, more recent studies have shown that Notch also
directly drives glial development by inducing demethylation of the STAT3 binding sites in
astrocytic gene promoters such as gfap and s1008 (Deneen et al. 2006; Namihira et al. 2009;
Urayama et al. 2013). In this way, Notch signaling can also instruct neural precursor cells to
become astrocytes. Namihira et al. show that neurons induce GFAP expression that is
blocked by the -y-secretase inhibitor DAPT (Namihira et a/. 2009). While the current
manuscript was under revision, Hasel ef a/. showed that astrocytes co-cultured with neurons
show evidence of Notch pathway activation, as well as increases in many astrocytic genes
(including GLT-1) that are blocked by treatment with DAPT (Hasel et a/. 2017). However,
endothelial cells also express Notch ligands (Daneman et a/. 2010; Zhu et a/. 2011) and are
in a position to contact neural precursors/radial glia during this time.

These observations have important developmental and disease implications. Following acute
traumatic brain injury in mice, Bardehle and colleagues observed heterogeneous
juxtavascular proliferation of astrocytes (Bardehle et a/. 2013), indicating something
different about the astrocytes that are next to blood vessels. This difference could be a signal
from the endothelial cells. Data from Magnusson and colleagues lead us to believe that this
signal is likely a Notch ligand. Following transient ischemia, Notch signaling is decreased in
astrocytes, astrocytic markers are down-regulated, and neurogenic markers are upregulated,
an effect that can be mimicked by abolishing Notch signaling through genetic deletion of
RBPJ (Magnusson et al. 2014). Our data show that inhibition of the Notch pathway
attenuates the induction of GLT-1 by endothelial cells. In fact, when astrocytes are co-
cultured with bEND.3 cells and treated with DAPT, GLT-1 protein levels fall be/ow control
GLT-1 levels, which does not occur when astrocytes alone are treated with DAPT. We have
also observed this same phenomenon with the other glial glutamate transporter GLAST (Fig.
6¢c, n=4) and GFAP (n=2, data not shown). We speculate that, in addition to inducing GLT-1
expression, endothelial cells might also be providing a constant signal (Notch) that, when
disrupted, could lead to a reversion to a precursor state.

As yet it is unclear why some astrocytic gene promoters are inactive in primary cell culture.
Our lab and others have found other signals that could contribute to GLT-1 expression in
vivo, including nuclear factor-xB (NF-xB) (Zelenaia ef a/. 2000; Rodriguez-Kern et al.
2003; Sitcheran et al. 2005; Lee et al. 2008; Tai et al. 2008; Ghosh et al. 2011), and Pax6
(Ghosh et al. 2016). NF-xB-dependent mechanisms have been linked to upregulation of
GLT-1 by epidermal growth factor (Zelenaia et a/. 2000; Sitcheran et a/. 2005), g-amyloid
and brain-derived neurotrophic factor (Rodriguez-Kern et al. 2003), the p-lactam antibiotic
ceftriaxone (Lee et a/. 2008), and neurons (Ghosh et al. 2011). Pax6 has been recently
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shown to contribute to neuron-dependent GLT-1 induction in astrocytes, as short hairpin
RNAs directed against Pax6 block the increase in GLT-1 expression that occurs when
astrocytes are co-cultured with neurons (Ghosh et al. 2016). Given these findings, we cannot
rule out the possibility that one or both of these mechanisms also play a role in endothelia-
dependent GLT-1 induction; these will be investigated in future studies.

GLT-1 is an integral part of the maintenance of glutamate homeostasis in the brain. GLT-1 is
responsible for the majority of glutamate uptake in brain (for reviews, see Danbolt 2001,
Robinson 1998), and inhibition, knock-down, or genetic deletion of GLT-1 leads to
excitotoxicity, spontaneous seizures, and premature death in mice (Rothstein ef a/. 1996;
Tanaka et al. 1997). Astrocytes in contact with endothelial cells of the blood brain barrier are
in a prime position to sense and respond to changes in blood flow and oxygen. It has been
repeatedly shown that blood flow is increased in response to increased neuronal activity (for
reviews, see Raichle & Mintun 2006; Hillman 2014), and that astrocytes mediate this
response (for reviews, see Koehler et a/. 2009; Attwell ef a/. 2010; Figley & Stroman 2011;
Petzold & Murthy 2011; Howarth 2014; Filosa et al. 2016), possibly through the activity of
glutamate transporters (Voutsinos-Porche et al. 2003; Gurden et al. 2006; Petzold et al. 2008;
Schummers et al. 2008; for review, see Robinson & Jackson 2016). These observations serve
to demonstrate that the endothelia-dependent induction of GLT-1 is likely functionally
relevant. Down-regulation of GLT-1 is associated with a variety of disorders such as
amyotrophic lateral sclerosis (ALS) (Rothstein et a/. 1995; Medina et al. 1996; Fray et al.
1998), Huntington’s disease (Arzberger et al. 1997; Lievens et al. 2001; Shin et al. 2005),
and epilepsy (Tanaka et al. 1997; Ingram et al. 2001; Wong et al. 2003; Morita et al. 2005),
among others (for review, see Sheldon & Robinson 2007). Cerebral ischemia leads to a
decrease in GLT-1 expression that is hypothesized to contribute to the delayed neuronal
death seen in the hippocampus after an ischemic insult or oxygen glucose deprivation
(Raghavendra Rao et a/. 2000; Mitani & Tanaka 2003; Ouyang et al. 2007; for review, see
Ouyang et al. 2014). Disruption of the BBB reduces GLT-1 expression, reduces glutamate
uptake, and results in spontaneous epileptic seizures /n vivo (David et al. 2009). On the other
hand, increasing GLT-1 has been shown to reduce damage due to excitotoxicity (Jelenkovic
et al. 2008; Beurrier et al. 2010; Kong et al. 2012). Therefore, further elucidation of the
mechanisms behind the upregulation of GLT-1 by endothelial cells would be beneficial to
the study of a variety of disease and disorders of the nervous system.

In conclusion, this study presents the first evidence that the interaction between endothelial
cells and astrocytes alters astrocytic GLT-1 expression, suggesting an important role of
endothelial cells in astrocytic function that was previously unknown. GLT-1 is of vital
importance to glutamate homeostasis in the brain, and signals that affect the expression of
this transporter are therefore of considerable interest. We show that Notch signaling, widely
studied for its developmental roles both in the nervous system and beyond, is necessary for
endothelial induction of GLT-1. This offers further evidence that this contact-dependent
pathway may be involved in the maintenance of astrocytic identity, and explains the
observation by David and colleagues that disruption of astrocyte-endothelial interactions
results in perturbations of glutamate homeostasis (David et a/. 2009). Future studies will
determine if Notch signaling is sufficient to recapitulate the induction of GLT-1 by
endothelial cells, or if a confluence of signaling events are required for GLT-1 expression.
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Figure 1. Effects of co-culturing cortical astrocytes prepared from dual reporter mice or wild-
typerat with bEND.3 cells on glutamate transporter protein and mRNA levels

Astrocytes from dual reporter mice (a—c) or wild-type rat (d—e) were cultured alone or
directly on top of an intact monolayer of bEND.3 cells for 10-14 days, and then were
harvested for Western blot analysis of eGFP (a), GLT-1 (b) & (d), and GLAST (c) & (e)
protein levels. Top: Representative blots and Bottom: summary of quantification, normalized
to B-actin. The p-actin blots are identical in panels (b) and (c) and in panels (d) and (e), as
GLT-1 and GLAST are quantified from the same immunoblot. Data are the mean + SEM of
six (dual reporter mice) or three (wild-type rat) independent experiments. mRNA was
isolated from co-cultures of astrocytes from dual reporter mice with bEND.3 cells or from
astrocytes alone and reverse transcribed. gPCR was performed for eGFP (f) and GLT-1 (g).
Data were plotted on a standard curve and normalized to GAPDH. Data are the mean £ SEM
of four independent experiments. * p < 0.05, ** p < 0.01, **** p < 0.0001 for indicated

comparisons.

J Neurochem. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal. Page 25

GLT-1 CD31 GLT-1/CD31/DAPI  GLT-1/CD31/DAPI

Astro

bEND.3

Astro

bEND.3

Figure 2. Immunofluorescence in co-cultures of cortical astrocytesfrom dual reporter mice with
bEND.3 cells

Expression of GLT-1 was examined in cortical astrocytes from dual reporter mice, in bEND.
3 cells, and in astrocytes co-cultured with bEND.3 cells. An anti-CD31 antibody was used as
a marker of endothelial cells. The magnification is the same in the first three columns (scale
bar 30um). The fourth column is a 2X optical zoom of the yellow-outlined portion of the
third column (scale bar 15um). Nuclei were counterstained with DAPI. No staining was
observed when the primary antibodies were omitted. Data are representative of three
independent experiments.
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Figure 3. Effects of co-culturing with bEND.3 cellsor primary endothelial cellsfrom rat
forebrain on GLT-1 and GLAST expression and the effect of co-culture with RBEC on DHK -
sensitive Na*-dependent uptake in cortical astrocytes from dual reporter mice

Astrocytes were cultured directly on top of an intact monolayer of either bEND.3 cells or
RBEC for 10-14 days and then harvested for Western blot analysis of eGFP (a), GLT-1 (b),
and GLAST (c) protein levels. Top: Representative blots and Bottom: summary of
quantification, normalized to B-actin. The B-actin blots are identical in panels (b) and (c), as
GLT-1 and GLAST are quantified from the same immunoblot. Data are the mean + SEM of
four independent experiments. ** p < 0.01 for indicated comparison. (d) Glutamate uptake
(0.5 uM) was measured after 12—13 days in culture in the absence or presence of 300 uM
dihydrokainic acid (DHK). (e) Data from (d) were analyzed to only show DHK-sensitive
uptake. Data are the mean + SEM of four independent experiments. * p < 0.05 for indicated
comparisons.
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Figure 4. Effect of LIF, BMP2, or L-NAME treatment on eGFP and GLT-1 protein levels
Cortical astrocytes from dual reporter mice were either co-cultured with bEND.3 cells or

treated with leukemia inhibitory factor (LIF), and then harvested for Western blot analysis of
eGFP (Top: representative blot, Bottom: white bars) and GLT-1 (Bottom: black bars) (a) or
STAT3 and pSTAT3, where pSTAT3 is normalized to total STAT3 levels (b). Data are the
mean + SEM of four independent experiments. Other astrocytes were treated with bone
morphogenic factor 2 (BMP-2), Noggin, or both, with or without co-culture with bEND.3
cells as indicated (c), or L-NAME, with or without co-culture with bEND.3 cells as
indicated (d) and harvested for Western blot analysis. Blots were probed for eGFP and
GLT-1. Top: Representative eGFP blots and Bottom: summary of quantification of both
eGFP (white bars) and GLT-1 (black bars), normalized to p-actin. Data are the mean = SEM
of three independent experiments. * p <0.05, **** p < 0.0001 for indicated comparisons.
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Figure 5. Effects of astrocytesfrom dual reporter mice and bEND.3 co-cultured in direct contact
or separated on eGFP protein levels

Cortical astrocytes and bEND.3 were cultured in transwells as schematized in (a) for 10-14
days and then harvested for Western blot analysis of eGFP protein levels (b). Top:

Representative blot and Bottom: summary of quantification, normalized to p-actin. Data are
the mean + SEM of three independent experiments. *** p < 0.001 for indicated comparison.
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Figure 6. Effect of DAPT on eGFP, GLT-1, and GLAST protein levelsand on Notch activation
Cortical astrocytes from dual reporter mice were cultured alone or directly on top of an

intact monolayer of bEND.3 cells and treated with 10uM DAPT for 10 days, and then
harvested for Western blot analysis of eGFP (a), GLT-1 (b), and GLAST (c) protein levels.
Top: Representative blots and Bottom: summary of quantification, normalized to B-actin.
The B-actin blots are identical in panels (b) and (c), as GLT-1 and GLAST are quantified in
the same immunoblot. Data are the mean + SEM of three independent experiments. **** p <
0.0001, * p < 0.05 for indicated comparisons. (d) Expression of NICD was examined in
cortical astrocytes from dual reporter mice, in astrocytes co-cultured with bEND.3 cells for
24 hours, and in co-cultures treated with 10uM DAPT. An anti-GFAP antibody was used as
a marker of astrocytes, an anti-CD31 antibody was used as a marker of endothelia, and

DAPI staining was used to identify nuclei. The magnification of the first two columns are
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the same (40x with 3x optical zoom, scale bar 25um) and the last column is an 8x optical
zoom of the region outlined by the white box in the middle column (scale bar 10um).
Representative of 3 independent experiments.
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Figure 7. Effects of sShRBPJ on eGFP and GLT-1 protein levels

Cortical astrocytes from dual reporter mice were cultured alone or on top of an intact

250-

- .

Page 31

monolayer of bEND.3 cells and infected with an ShRNA directed against RBPJ (shRBPJ), a
scrambled shRNA control (shScr), or no virus 3-5 days after re-plating. Cell lysates were
harvested for Western blot 11-13 days after transduction for analysis of (a) RBPJ, (b) eGFP,

and (c) GLT-1 protein levels. Top: Representative blots and Bottom: summary of
quantification, normalized to p-actin. Data are the mean + SEM of six independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 for indicated

comparisons.
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