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Summary

The functional and molecular similarities and distinctions between human and murine astrocytes
are poorly understood. Here we report the development of an immunopanning method to acutely
purify astrocytes from fetal, juvenile, and adult human brains, and to maintain these cells in
serum-free cultures. We found that human astrocytes have similar abilities to murine astrocytes in
promoting neuronal survival, inducing functional synapse formation, and engulfing synaptosomes.
In contrast to existing observations in mice, we found that mature human astrocytes respond
robustly to glutamate. We next performed RNA-sequencing of healthy human astrocytes along
with astrocytes from epileptic and tumor foci, and compared these to human neurons,
oligodendrocytes, microglia, and endothelial cells. With these profiles, we identified novel human-
specific astrocyte genes, and discovered a transcriptome-wide transformation between astrocyte
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precursor cells and mature post-mitotic astrocytes. These data represent some of the first cell type-
specific molecular profiles of the healthy and diseased human brain.

Introduction

Constituting about 40% of all cells in the human brain, astrocytes have long been classified
as mere passive support cells. Recent work, however, has demonstrated that murine
astrocytes play many active roles and are critical for the development and function of the
central nervous system (CNS) (Allen and Barres, 2009; Chung et al., 2015; Clarke and
Barres, 2013; Hamilton and Attwell, 2010; Haydon and Nedergaard, 2014; Khakh and
McCarthy, 2015; Molofsky et al., 2012). For example, purified neurons in culture have little
ability to form functional synapses, which are powerfully promoted by astrocytes (Allen et
al., 2012; Christopherson et al., 2005; Kucukdereli et al., 2011; Ullian et al., 2001). Murine
astrocytes are not only important for the formation and function of synapses, but are also
essential for the phagocytic elimination of synapses and the refinement of developing neural
circuits (Chung et al., 2013). Since synapse formation, function, and elimination are key
processes occurring during learning and memory, astrocytes are postulated to be an
indispensible component in CNS plasticity. Additionally, murine astrocytes are required for
neurotransmitter recycling (Rothstein et al., 1996), extracellular potassium homeostasis
(Kuffler et al., 1966), regulation of blood flow (Attwell et al., 2010; Mulligan and
MacVicar, 2004; Zonta et al., 2003), and providing energy substrates for neurons (Pellerin
and Magistretti, 1994). Considering their central role in CNS physiology, it is not surprising
that astrocyte dysfunction has been demonstrated or implicated in nearly all neurological
disorders (Molofsky et al., 2012). Currently, the extent of our understanding of astrocyte
physiology in health and disease is almost entirely restricted to observations in murine
models, but how primary human and murine astrocytes compare at molecular and functional
levels remains largely unknown.

Observational studies from postmortem human tissues have revealed that human astrocytes
are much larger and more complex than their murine counterparts (Oberheim et al., 2006,
2009). More recently, transplantation of human glial progenitors into mouse brains has been
shown to improve learning and memory (Han et al., 2013). These observations raise
questions about how murine astrocyte physiology and function might extend to humans. Are
there distinct properties of human astrocytes that contribute to human intelligence and
cognition? Can we extend findings about astrocyte pathology in neurological disorders from
mouse and rat studies to develop effective therapeutic approaches in humans?

A major hurdle in addressing these issues is the lack of a method to acutely purify human
astrocytes and culture them in chemically-defined conditions. Current purification methods
for human astrocytes require culturing dissociated nervous tissue in serum for days to weeks
(McCarthy and de Vellis, 1980). In vivo, however, quiescent astrocytes do not contact serum
except upon injury and blood-brain-barrier break down, and in vitro exposure to serum has
been shown to induce irreversible reactive changes in astrocytes (Foo et al., 2011; Zamanian
et al., 2012). Moreover, since serum-selection methods require a group of proliferating
astrocyte progenitors, these protocols do not work efficiently to purify mature astrocytes
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from adult human brains. Because of these limitations, the transcriptome profile of mature
resting human astrocytes has remained difficult to ascertain.

The method we present here is an immunopanning-based technique that utilizes an antibody
targeted against HepaCAM (or GlialCAM), a surface protein expressed by human
astrocytes, to generate purified (>95%) cultures of primary human astrocytes. With this
method, we acutely purified astrocytes from over twenty fetal, juvenile, and adult human
subjects, and then performed transcriptome profiling and functional studies to compare
developmental and interspecies differences. We additionally purified each of the major CNS
cell types and generated a user-friendly searchable online database to enable dissemination
of human cell type specific gene expression data to the greater neuroscience community
(http://www.BrainRNAseq.org).

Acute purification and serum-free culture of fetal and mature human astrocytes

We obtained juvenile (8-18 years old) and adult (21-63 years old) human brain tissue
samples from patients undergoing neurological surgeries with informed consent under a
Stanford University Institutional Review Board approved protocol. The samples used in this
study (except for the data shown in Figures 5 and 6 for epilepsy and glioblastoma) were
small pieces of healthy temporal lobe cortices that were resected to gain access to deeper
epileptic hippocampi (Figure 1A). In each of these cases, the temporal lobe cortex that was
removed was considered normal based upon Magnetic Resonance Imaging (MRI),
Electroencephalogram (EEG) studies, and pathological examination. Detailed information
on patient diagnoses is listed in Table S1. We worked closely with the surgeons to minimize
the time from tissue resection to the beginning of the purification protocol (within 1 hour).
Furthermore, we generated all gene expression data by collecting RNA from cells
immediately after purification to best represent their in vivo molecular profiles. In addition
to surgical samples, we also obtained fetal brain tissue from elective pregnancy terminations
at 17-20 gestational weeks under a Stanford University Institutional Review Board
approved protocol. For fetal cases, we began purification within 5 hours after the
procedures.

To develop a method for the purification of astrocytes, we first sought to identify an
astrocyte-specific antibody that we could use to immunopan human cortical tissue. We
mined our existing mouse astrocyte RNA-seq datasets (Zhang et al., 2014) for potential
surface markers that were enriched in astrocytes, not expressed by radial glial cells (a major
cellular constituent of fetal human brain), and where antibodies to the human antigen
already existed. After screening numerous candidates, we settled on HepaCAM, a cell
adhesion glycoprotein that is enriched in astrocytes. The immunopanning protocol involves
passing a single cell suspension of dissociated tissue over a series of Petri dishes coated with
antibodies directed against cell type specific antigens (Figure 1A, B). For juvenile and adult
samples, our immunopanning protocol consisted of anti-CD45 antibodies to bind microglia
(and macrophages), anti-GalC hybridoma to bind oligodendrocytes and myelin debris, anti-
04 hybridoma to bind oligodendrocyte precursor cells (OPCs), anti-Thy1 antibody to bind
neurons, anti-HepaCAM antibody to bind astrocytes, and Banderiaea simplicifolia lectin 1
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(BSL-1) to bind endothelial cells. We used a shortened antibody binding procedure for fetal
samples because oligodendrocytes and myelin are not yet generated at 17-20 gestational
weeks (Experimental Procedures and Supplemental Information). After cells were bound to
an antibody-coated dish, we washed away loosely bound contaminating cells and then either
detached cells via trypsin digestion for culture or scraped cells directly off the dish to extract
RNA for RNA-seq.

We routinely obtained over 95% pure mature human astrocytes as determined by GFAP
immunofluorescence (Figure 1D) and further validated these immunohistochemical purity
estimates by RNA-seq (Figure 4 and see below). We refer to astrocytes purified from
juvenile and adult brain tissue as “mature” astrocytes to distinguish from fetal astrocytes.
Mature human astrocytes exhibited process-bearing morphology (Figure 1F, S1) and
remained healthy for 3 weeks or longer in vitro when cultured in serum-free defined media
containing the mitogen and survival factor HBEGF (Supplemental Information).
Interestingly, while fetal human astrocytes proliferated robustly in vitro, mature astrocytes
did not divide. We performed immunostaining of fetal and mature human astrocytes with an
antibody against a mitotic cell marker, Ki67. While 14.9 + 1.6% of fetal human astrocytes
were actively proliferating, only 0.05 + 0.1% of cells in mature human astrocyte culture
were positive for Ki67. Similarly, we performed an EdU (5-ethynyl-2’-deoxyuridine)
incorporation assay and detected EdU labeling in 15.0 £ 2.3% of fetal human astrocytes and
only 0.4 + 0.5% of cells in mature human astrocyte culture (Figure S2). This was further
confirmed by mRNA expression of two mitotic markers, TOP2A and MKI67, which were
exclusively present in fetal astrocytes (TOP2A: FPKM 38.2 + 6.2 in fetal astrocytes 0.1 £ 0
in mature astrocytes; MKI67: FPKM 34.2 £ 3.9 in fetal astrocytes, 0.1 £ 0 in mature
astrocytes. Data represent average + SEM unless otherwise noted. Fetal, n= 6 patients.
Mature, n=12 patients). Therefore, human astrocytes exist in two distinct developmental
stages: a fetal, highly proliferative astrocyte precursor cell (APC) stage, and a mature, post-
mitotic stage. Due to their proliferative nature, acutely purified human APCs can be frozen,
stored, and defrosted at a later time. Frozen and defrosted APCs remain healthy and
continue to proliferate in culture at similar rates (Figure S2), so experiments using
immunopanned human APCs are not time-locked to tissue availability.

Human astrocytes promote neuron survival

Our purification technique allowed us to investigate the functional capabilities of primary
human astrocytes in vitro. We first tested whether human astrocytes could promote neuronal
survival, a hallmark feature of mouse and rat astrocytes (Banker, 1980). We immunopanned
human neurons and astrocytes (Figure 1A, B) and grew them together in the same cell
culture wells on separate layers. The inserts separating the two cell types allowed secreted
molecules to freely diffuse while preventing direct astrocyte to neuron contact (Figure 2A).
After 7 days of co-culture, we stained live neurons with calcein-AM and dead neurons with
ethidium homodimer-1 (Figure 2B). We found that human astrocytes strongly promoted
neuronal survival in a dose-dependent manner (Neuronal survival: 2.2 + 0.9% without
astrocytes, 88.5 + 2.4% with 200k astrocytes. n=8. Figure 2C.). Thus, human astrocytes
share the ability of murine astrocytes to strongly promote neuronal survival in vitro.

Neuron. Author manuscript; available in PMC 2017 January 06.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

Human astrocytes promote synapse formation

To assess whether human astrocytes, like rat astrocytes, promote synapse formation, we co-
cultured human astrocytes with rat retinal ganglion cells (RGCs) using inserts to separate the
two cell types. We chose rat RGCs because our group has previously developed a culture
medium that supports RGC survival in the absence of astrocytes (Figure S3C, D) (Meyer-
Franke et al., 1995; Winzeler and Wang, 2013). After co-culturing human astrocytes with
RGCs for 14-17 days, we performed double immunostaining for the presynaptic marker
Bassoon and the postsynaptic marker Homer to quantify colocalized synaptic puncta. At the
immunohistological level we found that human astrocytes increased the number of synapses
three to four fold as we have previously reported for rat astrocytes. This was true for
astrocytes of all developmental ages including fetal, juvenile, and adult time points (Figure
2H. Normalized synapse number: 1.0 + 0.2 without astrocytes; 3.8 + 1.2 with fetal
astrocytes, 3.1 + 0.3 with juvenile astrocytes, and 2.5 + 0.5 with adult astrocytes. N=10-20
images per patient. Each image contains on average two cells. Fetal: 1 patient, age: 18 gw.
Juvenile: 3 patients, age: 8, 13, 18 yo. Adult: 3 patients, age: 26, 41, 47 yo.). In addition to
increasing the number of synapses, we also found that the area of colocalization of the
Homer/Bassoon positive puncta were significantly increased when human astrocytes were
present (Average colocalization pixel overlap = 16.2 + 0.6 without astrocytes and 20.8 + 0.5
with astrocytes. N=1065 and 3212 synapses, in the absence and presence of astrocytes,
respectively. Data were obtained using astrocytes from 7 patients. Age: 18gw, 8, 13, 18, 26,
41, and 47 yo).

To next examine whether the synapses induced by human astrocytes were functional and to
further validate the synaptogenic effects of human astrocytes, we performed patch-clamp
recordings of neurons cultured with or without astrocyte feeder layers. Consistent with our
immunohistochemical observations, we found that human astrocytes significantly increased
the amplitude (rightward shift in the cumulative probability plot of miniature excitatory
postsynaptic currents (mEPSC) amplitude, p=0.0001, Kolmogorov-Smirnov test; mean
amplitude of RGCs alone: 21.7 + 0.4 pA, RGCs with human astrocytes: 23.7 £ 0.3 pA, n=
488 and 2837 mEPSCs from n=16 and 18 cells for no astrocyte and with astrocytes
respectively, Figure 2J) and frequency of mEPSCs (RGCs alone 0.4 + 0.1 Hz; RGCs with
human astrocytes: 1.9 + 0.4 Hz, p= 0.004. n=15 and 23 cells for no astrocyte and with
astrocytes respectively. Figure 21,K). Taken together, these results demonstrate that human
astrocytes strongly induce the formation and function of excitatory synapses.

Human astrocytes engulf synaptosomes

Recent studies have found that mouse astrocytes are involved in eliminating extra synapses
to help refine neural circuits (Chung et al., 2013). To address whether human astrocytes
share similar capabilities, we performed an in vitro synaptosome engulfment assay. We
purified synaptosomes and labeled them with a fluorescent dye, PhrodoRed. PhrodoRed is
non-fluorescent at neutral pH and fluoresces brightly in acidic environments. It therefore
allowed us to detect engulfed synaptosomes that had been trafficked to lysosomes with
minimal background fluorescence from sticky synaptosomes attached to the astrocyte
surface. To assess the amount of phagocytosis in human astrocytes, we fed PhrodoRed
labeled synaptosomes to purified astrocytes either in the presence of astrocyte-conditioned
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medium (ACM) or serum. Although serum contains high concentrations of bridging
molecules that are required for phagocytosis, it is also known to induce reactive astrogliosis.
Therefore, we wondered whether astrocyte-conditioned media alone, in the absence of
serum, would be sufficient to induce phagocytosis (although serum is only added to cells for
the 3 hour duration of the engulfment assay). After adding the labeled synaptosomes, we
performed confocal imaging (Figure 2F) and fluorescence assisted cell sorting (FACS) to
analyze the percentage of cells with PhrodoRed fluorescence. While synaptosome
phagocytosis was greatest with serum present, human astrocytes incubated with ACM alone
also significantly engulfed synaptosomes. (Figure 2D-F, percentage of PhrodoRed positive
cells: no synaptosome 1.0 + 0.4%; with synaptosomes 4.8 + 1.1%; with synaptosomes and
serum 13.0+3.3%. n=3 patients.).

Human astrocytes have larger territories and more complex morphologies than rat
astrocytes in vitro

Previous studies found that human astrocytes are larger than mouse and rat astrocytes in vivo
(Oberheim et al., 2006, 2009). We wondered whether the size of human astrocytes is
determined by intrinsic qualities of the astrocytes or via non-cell autonomous mechanisms.
To distinguish between these possibilities, we purified human and rat astrocytes by
immunopanning, cultured them in identical serum-free culture media at comparable
densities, and quantified the length of processes at 5-6 days in vitro (div). We found that the
total arborization length of human astrocytes were significantly greater than rat astrocytes in
vitro (Figure S1. Average total human astrocyte process length: 566 + 56 um. Average total
rat astrocyte process length: 290 + 53um. Human: n= 20 cells from 5 patients. Rat: n=10
cells from 6 animals.). Additionally, human astrocytes had on average almost twice the
number of branches as rat astrocytes (Human: 8.5 + 1.1, rat: 4.5 + 0.5) and territories 8.6
times the size of rat astrocytes (Human: 51 + 13 x10% pm2. Rat: 5.9 + 2.9x103 um2.). These
data are consistent with in vivo measurements (Oberheim et al., 2009). Therefore, intrinsic
differences contribute, at least in part, to the larger size of human astrocytes compared with
rat astrocytes.

Human astrocytes exhibit distinct calcium response properties compared with murine

astrocytes

Mouse and rat astrocytes respond to sensory input, synaptic release of glutamate, and
extracellular ATP via elevations of intracellular calcium concentrations (Ding et al., 2013;
Nimmerjahn et al., 2009; Paukert et al., 2014; Schummers et al., 2008). These calcium
transients have been proposed to be important for synaptic transmission, plasticity, and
regulation of blood flow (Agulhon et al., 2010; Hamilton and Attwell, 2010; Khakh and
McCarthy, 2015; Nedergaard, 1994; Parpura et al., 1994). To investigate whether human
astrocytes also respond to these extracellular cues, we performed calcium imaging studies
using the calcium sensitive dye Fluo-4 AM on acutely purified human astrocytes. We found
that at both fetal and adult stages, human astrocytes responded robustly to ATP (Figure 3A,
C, E).

We next wondered whether human astrocytes would respond to glutamate. Despite previous
observations that adult mouse astrocytes are unresponsive to glutamate receptor agonists
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(Sun et al., 2013), we found that adult human astrocytes readily responded to glutamate at
sub-micromolar concentrations (Figure 3A-E). To better understand the glutamate
sensitivity of human astrocytes, we sought to identify which receptor might mediate
glutamate responsiveness. We found low, but nonnegligent levels of mGIuR5 mRNA in
human astrocytes (FPKM=0.34 + 0.06, n=9, age range =21-63 years), which is consistent
with previous reports in human and mouse (Sun et al., 2013). We first tested the effect of the
group I mGIuR agonist, dihydroxyphenylglycine (DHPG) on adult human astrocytes, and
found that DHPG administration reliably induced robust calcium responses (Figure 3F,G).
To further dissect which group | mGIuR mediates the glutamate response in adult human
astrocytes, we applied the mGIluR5-specific antagonist 2-methyl-6-phenylethynyl-pyridine
(MPEP) to adult human astrocytes prior to the addition of glutamate. The administration of
MPEP completely blocked any glutamate response (Figure 3H,J). It is noteworthy that
human astrocytes still responded robustly to ATP stimulation in the presence of MPEP,
indicating that MPEP does not interfere with calcium storage or release machinery in
astrocytes (Figure 3J). After washout of MPEP for 30 minutes, the cells again robustly
responded to glutamate (Figure 3IK).

To assess the development of glutamate responsiveness in human astrocytes, we compared
the glutamate responses of fetal human and rat astrocytes. Astrogenesis commences shortly
before 17-20 gestation week in humans and embryonic day 18.5 (E18.5) in rats. We
therefore considered these stages developmentally comparable in these two species. In
contrast to rat fetal (E18.5) astrocytes, which readily responded to glutamate at sub-
micromolar concentrations, fetal human astrocytes did not respond to glutamate at
micromolar or even milimolar concentrations (Percentage of cells responding to 30nM,
300nM, 800nM, 1.7uM, and 3uM glutamate: 5%, 70%, 70%, 100%, and 100%, respectively
for rat fetal astrocytes; 0% at all concentrations tested for human fetal astrocytes. n=20 cells
per condition. Figure 3L). Therefore, human astrocytes likely acquire the ability to respond
to glutamate at a stage later than mid-gestation.

Although adult human astrocytes responded to both ATP and glutamate, closer examination
of the calcium transients indicated that ATP and glutamate elicited responses with distinct
temporal patterns. Independent of concentration, glutamate stimulation consistently
produced a synchronous “all or none’ rise in intracellular calcium levels across most
astrocytes that then quickly decreased (within 10 seconds) to baseline levels (Figure 3B, C).
In contrast, the onset of calcium response to ATP stimulation was asynchronous among the
astrocytes in the imaging chamber. After the initial calcium elevation, some cells exhibited
fluctuations in calcium concentrations that lasted for minutes after initial ATP stimulation
(Figure 3A, C). It remains unclear whether ATP and glutamate elicit calcium responses with
similar temporal dynamics in murine astrocytes.

Transcriptomes of acutely purified human neurons, astrocytes, oligodendrocytes,
microglia, and endothelial cells

The human brain is composed of neurons, glia (astrocytes, oligodendrocytes, microglia) and
vascular cells. Each of these cell types has a distinct role to play in the nervous system, and
each can be characterized by a unique molecular repertoire necessary for cell-specific
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functions. To construct a transcriptome database of purified human neurons, astrocytes,
oligodendrocytes, microglia, and endothelial cells, we acutely-isolated each cell type by
immunopanning (Figure 1), extracted RNA, and performed RNA-seq (31 + 4 million pair-
end 150bp reads per sample). RNA was collected immediately at the conclusion of the
purification protocol to best reflect the true in vivo molecular profiles. Although we took
great effort to minimize the duration of time between tissue harvest and RNA collection,
gene expression may change during dissociation and purification. Therefore, we collected
RNA from cortical tissue immediately after resection and compared this data to RNA
collected from the same cortical sample after dissociating the tissue and letting it sit for the
duration of a typical purification timeline (within about 5 hours from tissue resection). We
found a strong correlation between the two samples, with only 1.49% of the genes changing
greater than 4-fold in either direction during the tissue dissociation protocol (294/19713
genes). Those genes on this small list largely constitute immediate early genes from the
acute macrophage response to injury (Table S2 and S5). We cross-referenced this list with
our downstream analyses to ensure these genes did not confound the interpretation of our
data.

To first assess the purity of our immunopanning-isolated cell samples, we probed the
transcriptome data for expression of well-known cell-specific genes for astrocytes (e.g.
GFAP, ALDH1L1, SOX9, AQP4), neurons (e.g. VGLUTL, STMN2, SYT1, SYN1),
oligodendrocytes (e.g. PLP1, MOG, SOX10, MBP), microglia/macrophages (e.g. C1QA,
CX3CR1, CCL3, TNF), and endothelial cells (e.g. CLDN5, ELTD1, ITM2A, ESAM) (Figure
4A, B, and Table S4). The expression of these classical cell-specific markers each
demonstrated definitive cell type selectivity in their corresponding cell types with
undetectable or low level of expression by other cell populations not known to express these
markers (Figure 4A, B and Table S3. N=12, 1, 5, 3, and 2 patients for astrocytes, neurons,
oligodendrocytes, microglia, and endothelial cells, respectively). To assess the extent of
individual differences between human patients, we examined the correlation between
replicates of identical cell types across different patients (n=23, age range: 8-63 years) and
found high correlations (0.83 + 0.02, Spearman correlation) between cell type replicates and
low correlations (0.34 £+ .013) among samples of differing cell types (Figure 4C). We next
specifically examined the variation between replicates of human astrocyte samples (0.89 +
0.05). To determine the degree to which variation among these samples was due to
variability in the panning procedure as opposed to inherent inter-patient differences, we
performed RNA-seq on four whole cortex samples (specimens that had not been
immunopanned) from separate individuals. We found almost identical correlations between
whole cortex samples (0.89 + 0.08) and what we observed in the immunopanned astrocyte
samples, suggesting that the variance across astrocyte samples can largely be attributed to
small, inherent levels of variation across individuals. As expected, mouse astrocyte samples
from the inbred strain (C57BL6) demonstrated a slightly higher correlation (0.94 + 0.04)
than samples from different human patients.

Additionally, we performed unsupervised hierarchical clustering and found that samples of
identical cell types clustered together, rather than clustering by patient (Figure S4). Together
these data suggest that transcriptome differences between cell types are not obscured by
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individual genetic and/or environmental variations between subjects. To disseminate this
human cell type specific gene expression data to the greater neuroscience community, we
generated a user-friendly searchable online database of the gene expression profiles of all
acutely purified human cell types (http://www.BrainRnaSeg.org).

Transcriptome differences between human APCs and mature astrocytes

The molecular and cellular changes that occur during astrocyte maturation are poorly
understood. To examine gene expression changes associated with astrocyte maturation, we
compared transcriptomes of APCs and mature human astrocytes. Whereas a large number of
genes were expressed both by APCs and mature astrocytes (Figure 5A, B, fetal, n=6
patients. Mature, n=12 patients), a substantial contingent (>2000) of genes were
differentially expressed between the two stages (Table 1). For example, APCs expressed
high levels of proliferative genes such as MKI67 and TOP2A, confirming their immature
properties (Figure 5B, F). In contrast, a number of genes were only expressed by mature
astrocytes, such as gap junction genes GJA1 and GJB6, the human neuropsychiatric disorder
associated gene AGXT2L1, and a Wnt pathway inhibitory factor WIF1. These genes
provide new markers that could be used for the discrimination of developing and mature
human astrocytes. To take an unbiased approach to find pathways unique to APCs and
mature astrocytes, we identified all significantly differentially expressed (DE) genes
between the two developmental stages (using volcano plots with cutoffs at p=.01 and 4-fold
ratios, Figure S5C) and used these DE genes to run a Gene Ontology (GO) term analysis
with DAVID bioinformatics resources (Huang et al., 2009). As astrocytes mature, we found
significant down regulation of cell cycle genes, and a significant upregulation in genes
involved with nerve impulse transmission, cell-cell signaling, fatty acid metabolism, cell
adhesion, and ion homeostasis (full list of GO terms and DE genes in Tables S5, S6). We
performed identical volcano plot and DAVID analyses for subsequent comparisons between
cell types and species (Figure S5 B—E and Tables S5, S6).

Similarities between APCs and glioblastoma astrocytes

The molecular profiles of APCs appear overwhelmingly immature and proliferative, much
like what might be expected for astrocytes that comprise late stage glioblastomas in adults.
Therefore, we wondered how astrocytes originating from glioblastoma tumor samples might
compare to our fetal and mature resting astrocyte profiles. We used HepaCAM to purify
astrocytes from resected glioblastoma multiforme (GBM) tumors and subsequently
sequenced these samples to obtain their molecular profiles. GBMs are aggressive and
infiltrative tumors that do not have clear margins, so we chose to purify two populations of
cells from the GBM; those that enhance with gadolinium contrast on an MRI scan (referred
to as tumor core), and those that are non contrast enhancing (tumor periphery) (Figure 5C).
Although not involved with the core of the tumor itself, the tumor periphery cells are still
considered abnormal because as GBM cells infiltrate the normal brain, the brain tissue
surrounding the contrast-enhancing ring is edematous as a reaction to tumor involvement.
As expected, the HepaCAM purified cells from the tumor periphery and core both clustered
with APCs and mature astrocytes, but interestingly, the tumor core regions of the GBM
clustered more closely to APCs as compared to the tumor periphery samples, which
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clustered alongside the mature astrocytes (Figure 5D — F, S4C, fetal, n=6. Tumor core, n=3.
Tumor periphery, n=1).

Comparing human and mouse astrocyte transcriptomes

We next investigated the extent to which human and mouse astrocytes share similar gene
expression profiles. Since existing RNA-seq data from mouse astrocytes was previously
collected by FACS (Fluorescence Assisted Cell Sorting) sorting from transgenic lines
(Zhang et al., 2014), we collected new mouse astrocyte samples using an identical procedure
to our human astrocytes, including the use of the monoclonal HepaCAM antibody for
immunopanning. To ensure that HepaCAM panned mouse astrocytes were comparable to
our previous method of purifying mouse astrocytes via FACS sorting ALDH1L1-EGFP
mice, we collected and compared aged-matched FACS sorted ALDH1L1-EGFP astrocytes
with HepaCAM panned astrocytes. Again using volcano plots with DE cutoffs of p=.01 and
4-fold ratio changes, we could detect only 55 total DE genes (0.3%) between the two
different methods of mouse astrocyte purification (Figure S5A and Table S6). We then
compared the RNA-seq based transcriptomes of human and mouse HepaCAM purified
astrocytes and found significant overlap including all of the classic astrocyte-specific genes
(e.g. GFAP, ALDH1L1, GLUL, AQP4, SLC1A2, and SLC1A3). Using a threshold of 4-fold
enrichment (calculated as expression in astrocytes divided by the average expression level in
all other cell types—neurons, oligodendrocytes, microglia, and endothelial cells), 52% of
mouse astrocyte-enriched genes were similarly enriched in human astrocytes. Conversely,
only 30% of human astrocyte-enriched genes were identified as astrocyte-enriched in mice
(Figure 4D and Table 2. Human, n=12 patients. Mouse, n=4 batches of astrocytes each made
from 3 mouse brains combined). These trends were consistent across a range of thresholds
from 2-fold to 50-fold (data not shown). We next examined whether human-mouse
differences in gene expression were more prominent in specific cell types. We found almost
identical transcriptome-level differences between human and mouse in each of the brain cell
types that we examined, and these values were also comparable to non-neural tissues such as
liver and muscle cells (data not shown).

One further concern about interpreting interspecies differences is that the human data is
exclusively derived from temporal lobe, in comparison to whole cortex data from mouse. To
address this potential confounder, we utilized the Allen Brain Atlas dataset (Hawrylycz et
al., 2012) to determine all genes that are enriched in temporal lobe vs other cortical areas
and found no overlap with our candidate human vs mouse enriched genes (Table 2 and S7).
Despite the homology between human and mouse genomes, there are a number of human
genes and long non-coding RNAs without mouse orthologs. We found that some of these
human-specific genomic elements are expressed in cell type-specific patterns (Table S8).
Further investigation of these candidates may provide novel insights into new properties that
have evolved from mouse to human in various CNS cell types.

Validation of genes differentially expressed by human and mouse

We next examined the validity of our RNA-seq transcriptome datasets by orthologous
methods. We first examined a subset of genes identified by our RNA-seq data to be
differentially expressed by human and mouse cells using PCR on cDNA generated from
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whole mouse and human brain samples. PCR amplification of all of the genes we examined
(WIF1, MRVI1, APOC2, GLDN, GPR98, PMP2, CNDP1, and MAG) showed species
selective expression patterns as predicted by RNA-seq (Figure S6). Next, we used qPCR to
validate a subset of the top gene candidates differentially expressed between fetal vs adult
human and mouse vs human astrocytes and found consistent agreement with our RNA-seq
findings in each gene that we investigated (Figure 4E and 5G).

Additionally, we used in situ hybridization to examine the spatial expression of two human
astrocyte-enriched genes on human brain sections. We combined fluorescence in situ
hybridization with probes designed against two of the top human-specific astrocyte
candidates, GPR98 and LRRC3B, and immunofluorescence with an antibody against SOX9,
an astrocyte-specific nuclear protein. We found strong colocalization between our RNA
probes and SOX9 staining, providing evidence that GPR98 and LRRC3B are both highly
enriched in human astrocytes (Figure 4F) as predicted by the RNA-Seq data.

Reactive changes of human astrocytes in neurological disorders

Previous methods of enriching human astrocytes (the McCarthy de Vellis or MD method) in
serum-based cultures involve long-term exposure to a non-physiological environment, and
serum exposure in culture has been shown to induce irreversible reactive changes in
astrocytes (Foo et al., 2011; Zamanian et al., 2012). Furthermore, astrocytes grown in vitro
via serum-selection methods demonstrate unusual polygonal fibroblast-like morphologies
that are not present in vivo, whereas our acutely purified astrocytes grown in serum-free
medium exhibit extensive process bearing morphologies (Figures 1, S3). To test whether
exposure to serum could elicit morphological changes in acutely purified human astrocytes,
we added serum to our cultures of immunopanned human astrocytes and quickly noted a
transition from a process-bearing morphology to the polygonal fibroblast-like morphology
typically found in serum-cultured cells (Figure 6B).

To examine whether the transcriptome profiles of acutely purified human astrocytes more
closely resembled resting or reactive astrocytes, we probed the RNA-seq dataset of human
astrocytes for reactive astrocyte genes. Previous reports of mouse reactive astrocytes have
described two distinct types of reactive phenotypes, a bacterial lipopolysaccharide (LPS)
infection induced “Al” phenotype, and an ischemia induced “A2” phenotype (Zamanian et
al., 2012). We cross-referenced the top 30 genes that have been shown in astrocytes to be
induced by ischemia alone, LPS alone, or both injury models with our acutely purified
human astrocytes. We found only low expression of these reactive astrocyte markers in our
preparations of acutely-purified human astrocytes (Figure 6A, n=12 patients). In contrast,
we found that human astrocytes obtained using serum selection methods from two
commercial sources, Lonza and Sciencell (Lonza astrocytes, n=1, and Sciencell astrocytes,
n=2) (Malik et al., 2014), expressed high levels of these reactive astrocyte markers.

What are the transcriptome-wide changes that affect human astrocytes in neurological
diseases? Numerous postmortem immunofluorescence studies of patients with a variety of
neurological conditions have demonstrated up-regulation of a single reactive astrocyte
marker, GFAP (Beach and McGeer, 1988), but a transcriptome level examination of reactive
changes in human astrocytes has not yet been performed. To examine disease-induced gene
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expression changes in human astrocytes, we acutely purified astrocytes from brain samples
taken from regions involved in epilepsy and glioblastoma. We then performed RNA-seq to
compare transcriptomes of disease-affected astrocytes with healthy human astrocytes. Much
like in serum-cultured astrocytes, we found significant increases in the expression of
reactive astrocyte genes in disease-affected astrocytes (Figure 6A and Table S6). These
results support numerous morphological observations that human astrocytes undergo robust
reactive changes in epilepsy and glioblastoma.

Discussion

We have developed a method to acutely purify human astrocytes and to grow these cells in
serum-free conditions in vitro. This method allowed us for the first time to directly
investigate the functions of human astrocytes. Like mouse astrocytes, we found that human
astrocytes strongly promote neuronal survival, synapse formation, and engulf synapses. We
also found that human astrocytes retain their larger size in vitro and that adult human
astrocytes demonstrate robust mGluR5-mediated calcium responses to glutamate
stimulation. We next performed RNA-seq transcriptome profiling of purified human
neurons, astrocytes, oligodendrocytes, microglia, and endothelial cells and established a
database that serves as a road map for understanding cell type specific gene function in the
human brain. By comparing human and mouse astrocyte transcriptome profiles, we found
large numbers of genes shared by astrocytes of both species as well as a gene expression
signature specific to human astrocytes. We further demonstrated that acutely purified human
astrocytes from normal brain samples exhibit resting astrocyte gene expression profiles and
that epilepsy and tumor robustly induce reactive changes in human astrocytes.

Application of new immunopanning purification protocol for studies of human brain cell

types

The ability to purify and culture human astrocytes opens many new avenues of
investigation. The vast majority of drug candidates for neurological disorders succeed in
mouse model studies but fail in human clinical trials (Kola and Landis, 2004). Thus, there is
a strong need for human cell culture models for disease mechanism studies and drug testing.
Acutely purified human astrocytes can be cultured for several weeks in vitro and maintain
functional properties at these later time points (Figure S1, S3). It should be noted, however,
that the transcriptome profiles of ‘resting’ human astrocytes are derived from acutely
purified astrocytes and not those in culture.

Since astrocytes have been found to be key players in many neurological disorders,
improvement of human astrocyte culture methods may lead to new discoveries in the
treatment of neurological disorders. Previously developed serum-based culture methods
generate human astrocytes that express reactive astrocyte genes and are already in a disease-
like state. Therefore, it is difficult to identify additional disease-induced changes above the
background reactive changes with these cells. The data presented here of acutely purified
human astrocytes provides a baseline by which to compare changes in gene expression in
diseased vs. healthy brains.
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Calcium responses in human astrocytes

The glutamate response of adult human astrocytes is surprising in light of a recent study on
mouse astrocytes that reported that only young mouse astrocytes respond to a glutamate
receptor agonist (Sun et al., 2013). Like Sun et al., we found low mRNA levels of mGIuR5
in adult human astrocytes, but pursued pharmacological studies to examine whether this low
expression might mediate the robust glutamate response of adult human astrocytes. Our
pharmacological experiments suggest that human astrocyte glutamate signaling occurs via
mGIuRS5. The difference in the ability of adult human and mouse astrocytes to respond to
extracellular glutamate suggests that adult human astrocytes may have evolved an improved
capability to detect and potentially respond to synaptic activity. Whether such a difference
contributes to unique cognitive abilities of humans remains an intriguing question.

Two distinct stages of human astrocyte development

The assembly of neural circuits and maturation of the brain involves precisely orchestrated
changes of neurons and glia. The distinct characteristics of neural progenitors and mature
neurons, oligodendrocytes precursor cells and mature oligodendrocytes have been well
defined. Astrocyte maturation, however, is much less understood. Mouse astrocytes are
generated from radial glial cells during late embryogenesis and early postnatal development,
and continue to divide and populate the brain during the first two postnatal weeks (Ge et al.,
2012; Tien et al., 2012). After proceeding through a poorly understood maturation process,
astrocytes lose their abilities to divide, develop elaborate processes that ensheath synapses,
and surround blood vessels to form the blood-brain-barrier. Investigating how molecular
profiles of human astrocytes mature throughout development is critical not only for
understanding brain development but for gaining insights into pathologies where astrocytes
acquire fetal phenotypes (i.e. glioblastoma) (Figure 5).

In this study, we found that human astrocytes exist in at least two distinct states: a fetal
highly proliferative astrocyte precursor cell (APC) state and a postnatal (childhood and
adult) non-proliferative mature state, bearing much similarity with the oligodendrocyte
precursor cells (OPCs) and mature oligodendrocyte stage. As has been previously observed
in mouse astrocytes (Ge et al., 2012; Tien et al., 2012), astrocytes isolated from fetal human
brains had a vastly higher proliferative ability than mature astrocytes. We did not observe
proliferation (or the presence of mitotic genes) in astrocytes isolated from older human
brains, even in the presence of high levels of the mitogen HBEGF. Our transcriptome
profiling of fetal, juvenile, and adult human astrocytes provides a molecular description of
the numerous changes that occur during astrocyte maturation. As human astrocytes mature,
they turn on genes encoding synapse inducing proteins (SPARCL1, Glypicans), gap junction
proteins (GJAL, GJB6), proteins for neural transmitter recycling (SLC1A2, SLC1A3,
GLUL), secreted proteins (CLU, SPONL1), a thyroid hormone metabolism enzyme (D102),
and a variety of transmembrane receptors (FGFR3, and GABRAZ2). We cross-referenced a
published dataset of human brain gene expression across developmental stages (Kang et al.,
2011) and found that mature astrocytes are hardly present prior to birth in most of the
regions in the human brain. The vast majority of mature astrocyte markers rapidly increase
in expression soon after birth, peaking around 6 months to 1 year of age. Interestingly,
changes of synapse density in the developing human cortex follows an identical time course
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(Huttenlocher, 1979; Huttenlocher et al., 1982). Furthermore, a phagocytic receptor required
for astrocyte-mediated synapse elimination, MERTK (Chung et al., 2013), is not expressed
by fetal astrocytes but later turns on and reaches peak levels around 6 months to 1 year of
age. Concurrently, synapse density begins to decline after 1 year of age in humans
(Huttenlocher, 1979; Huttenlocher et al., 1982). The precise temporal correspondence of
human astrocyte maturation and synapse density, as well as previously reported roles of
astrocytes in synapse formation and elimination suggests that astrocytes may trigger
maturation of neural circuitry. Consistent with this notion, a number of genes associated
with neurodevelopmental disorders including autism and schizophrenia are enriched in
astrocytes (data not shown). An important question for future study is to understand the
intrinsic or extrinsic signaling mechanisms that trigger astrocyte maturation. Alterations in
the timing of this maturation could potentially underlie neurodevelopmental disorders.

Astrocyte transcriptome changes in epilepsy and glioblastoma

Our immunopanning technique allowed us to purify and profile astrocytes from diseased
environments. At the transcriptomic level, our data corroborates numerous morphological
observational studies of astrocytes in these conditions. We found over four hundred
differentially expressed genes between healthy astrocytes and those from sclerotic
hippocampus, and similar numbers from those in glioblastoma. A careful examination of the
gene expression changes in these disease states may potentially generate new insights into
the role of astrocytes in these diseases.

Species differences in astrocyte properties

To compare the transcriptomic landscape of human and mouse astrocytes, we began by
performing an unbiased genome-wide comparison of the two species. We found over 600
human astrocyte-enriched genes that were not similarly enriched in mouse astrocytes. Some
of these genes may provide insight into the special physiological and functional properties of
human astrocytes. For example we found that the ryanodine receptor 3 (Ryr3) is highly
expressed by human astrocytes but not by mouse astrocytes. Ryr3 is a calcium permeable
ion channel located on the membrane of the endoplasmic reticulum (ER), where calcium is
stored inside cells. It is activated by elevation of cytoplasmic calcium concentration and
releases calcium from the internal store in a process called “calcium activated calcium
release” in muscle cells (Gordienko and Bolton, 2002). The presence of Ryr3 in human
astrocytes might amplify elevation of intracellular calcium concentration and allow fast
propagation of calcium transients along astrocyte processes by releasing calcium from
spatially discrete ER compartments. We also found human specific expression of MRVI1, a
protein that binds the 1P3 receptor and regulates intracellular calcium stores (Figure S6).
These findings are consistent with a study reporting differences in the propagation of
calcium transients between human and mouse astrocyte networks (Oberheim et al., 2009).

As the evidence accumulates for the importance of glia, and particularly astrocytes, in health
and disease, the purification method and transcriptome datasets presented here will be an
invaluable resource for investigating the biology of human astrocytes and for investigating
new treatment approaches for neurological disorders.
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Experimental Procedures

Human tissue

Human brain tissue was obtained with informed consent under a Stanford University
Institutional Review Board approved protocol. Juvenile and adult human brain tissue was
obtained from surgeries for treating epilepsy and tumors. All experiments described in this
study, except the reactive astrocyte gene induction studies (Figure 5 and 6, epilepsy, tumor,
and tumor peripheral data), were performed with by-and-large normal temporal lobe cortex
resected in order to access deeper hippocampus areas involved in epilepsy. The cortical
tissue was determined as normal by EEG and MRI. For assessment of reactive astrocyte
gene expression we used sclerotic hippocampus specimens involved in epileptic foci and
cortical specimens from glioblastoma core and peripheral regions, defined as contrast
enhancing and non-contrast enhancing regions, respectively. Tissue was immersed in 4°C
Neurobasal medium and transferred to the lab for tissue dissociation within 1 hour after
resection. Fetal human brain tissue was obtained with informed consent following elective
pregnancy termination under a Stanford University Institutional Review Board approved
protocol. Tissue was immersed in 4°C RPMI medium and transferred to the lab for tissue
dissociation within 5 hours after the procedure.

Vertebrate animals

All procedures involving animals were conducted in conformity with Stanford University
guidelines that are in compliance with national and state laws and policies. We used mice
for RNA-seq transcriptome profiling, in situ hybridization and PCR validation experiments
of the RNA-seq data. We used rats for in vitro experiments including morphology
measurement and calcium imaging because of higher yield and consistency of rat astrocyte
culture compared to mouse astrocyte culture.

Purification of mature human astrocytes, neurons, oligodendrocytes, microglia/
macrophages, and endothelial cells

For a detailed purification protocol, see Supplemental Information. Briefly, we dissected out
grey matter from mature human brain specimens and incubated the tissue in 20 unit/ml
papain at 34°C for 100 minutes and washed with a protease inhibitor stock solution. We then
gently triturated the tissue and then added the single cell suspension to a series of plastic
petri dish pre-coated with cell type specific antibodies and incubated for 10 — 30 minutes
each at room temperature. Unbound cells were transferred to the subsequent petri dish while
the dish with bound cells was rinsed 8 times with PBS to wash away loosely bound
contaminating cell types. The antibodies used include anti-CD45 to capture microglia/
macrophages, anti-GalC hybridoma supernatant to harvest oligodendrocytes, anti-O4
hybridoma to harvest oligodendrocytes precursor cells, anti-Thy1 (CD90) to harvest
neurons, anti-HepaCAM to harvest astrocytes, and finally Banderiaea simplicifolia lectin 1
(BSL-1) to harvest endothelial cells. For RNA-seq, cell samples were scraped off the
panning dish directly with Qiazol reagent (Qiagen). For cell culture and in vitro
experiments, astrocytes bound to the anti-HepaCAM antibody coated dishes were incubated
in a trypsin solution and incubated at 37°C for 5-10 minutes and gently squirted off the
plate. We then spun down the astrocytes and plated them on poly-D-lysine coated plastic

Neuron. Author manuscript; available in PMC 2017 January 06.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 16

coverslips in a Neurobasal-DMEM based serum-free medium (the composition is detailed in
Supplemental Information). We replaced half of the volume with fresh medium every 3-4
days to maintain the cultures. Fetal human astrocytes and neurons were purified in a similar
protocol to the above-mentioned procedure with the modifications detailed in the
Supplemental Information.

RNA-seq library construction and sequencing

Total RNA was extracted using the miRNeasy kit (Qiagen) under the protocols of the
manufacturer. The quality was assessed by Bioanalyzer. Samples with RNA integrity
number higher than 8 were used for library construction. We used the Ovation® RNA-seq
system V2 (Nugen 7102) to perform first and second-strand cDNA synthesis. We then used
the Next Ultra RNA-seq library prep kit for Illumina (NEB E7530) and NEBNext®
multiplex oligos for Illumina® (NEB E7335 E7500) to perform end repair, adaptor ligation,
and 5-6 cycles of PCR enrichment according to manufacturer’s instructions. The quality of
the libraries was assessed by bioanalyzer and qPCR and high quality libraries were
sequenced by the Illumina NextSeq sequencer to obtain 150bp pair-end reads. See detailed
protocol in Supplemental Information.

RNA-seq read mapping, transcript assembly, and expression level estimation

We analyzed RNA-seq reads with the Galaxy web-platform (http://usegalaxy.org). The
FASTQ files were first groomed using the FASTQ groomer and then mapped using
TopHat2, which invokes Bowtie as an internal read mapper. The paired end option was
selected and human genome version 19 (hg19) and mouse genome version 9 (mm 9) was
used as the reference genome for the human and mouse RNA-seq data, respectively. We
then ran Cufflinks to assemble transcripts and estimate expression level as fragments per
kilobase of transcript sequence per million mapped fragments (FPKM). We deposited the
RNA-seq data in the National Center for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO, accession number GSE73721).

Calcium imaging
Cells were incubated for 15 minutes with 2uM Fluo 4 AM (Invitrogen, F-14201) and then
washed with PBS and replaced with growth medium. Images were taken at 0.7s intervals
and analyzed with ImageJ.

Immunocytochemistry

Cultured cells were fixed with 4% PFA for 10 minutes at room temperature, permeablized
and blocked with 10% goat serum with 0.2% Triton-X100. See Supplemental Information
for antibody details.

Electrophysiology

Whole-cell patch-clamp recordings from cultured RGC neurons were performed at room
temperature in an isotonic saline solution. Miniature excitatory postsynaptic currents
(mEPSCs) were recorded in TTX (1uM, Alomone) from a holding potential of =70 mV.
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Series resistance was monitored throughout the recording and was <20 M. Data were
sampled at 50 kHz and filtered at 1 kHz. See detailed protocol in Supplemental Information.

Synapse formation assay

We purified rat RGCs by sequential immunopanning to greater than 99% purity and cultured
them in serum-free medium as previously described (Winzeler and Wang, 2013). Human
astrocytes were plated on inserts and co-cultured with RGCs for 14-17 days. For
quantification of structural synapses, RGCs were fixed and stained with antibodies against
the presynaptic marker Bassoon and postsynaptic marker Homer. Synapse humber and size
were quantified by a custom-written Matlab program (available upon request). See detailed
protocol in Supplemental Information.

In situ hybridization

Full-length human cDNA expression plasmids were obtained from Dharmocon. Digoxigenin
(DIG) labeled single-stranded antisense riboprobes were prepared and fresh frozen 12 ym
thick brain sections were processed as previously described (Zhang et al., 2014)
(Supplemental Information).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Acute purification of fetal and mature human astrocytes. A. Juvenile and adult (8 to 63 years
old) patient temporal lobe cortex tissue and fetal (17-20 gestational week) brain tissue is
first dissociated into single cell suspensions. B. Schematics of immunopanning purification

of cell types from human brain samples. C and D. Unpurified brain cells (left), Thy1-

purified neurons (middle), and HepaCAM-purified astrocytes (right) from fetal (C) and
mature (D) brains stained at 7div for neurons (TuJ1, red), astrocytes (GFAP, green), and
nuclei of all cells (DAPI, blue). Scale bars: 100um. E and F. Cultured human fetal (E) and

mature (F) astrocytes grown in culture for 7 days and stained with GFAP. Scale bars:

100pm, insets 50

um.
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Figure 2.
Functional characterization of human astrocytes. A. Schematics of co-culture experiments.

17-20 gestation week fetal human astrocytes and neurons were purified by immunopanning,
grown in the same wells separated by porous inserts. B. Calcein stain of live neurons (green)
and ethidium homodimer stain of dead neurons (red) in the presence and absence of
astrocytes. Scale bars: 100um C. Quantification of survival rate. N=7-8 images per
condition. Data represent mean £ SEM in all the figures unless otherwise noted. **, p<0.01.
*** p<0.001. Two-tail unpaired T-test was used for data in C, H, and K. D. Human
astrocytes engulf synaptosomes in vitro. FACS plot of human fetal astrocytes incubated
without synaptosomes, with synaptosomes, or with synaptosomes and 5% serum. E.
Percentages of synaptosome-positive astrocytes. *, p=0.05, one-tailed Wilcoxon rank sum
test. n=3 patients. F. Confocal image of a human fetal astrocyte stained with Vibrant CFDA
(cyan) engulfing PhrodoRed labeled synaptosomes (magenta) Scale bar: 20um. G. Retinal
ganglion cells form more synapses in the presence of human astrocytes. Cyan:
immunofluorescence of post-synaptic marker, Homer. Magenta: immunofluorescence of
pre-synaptic marker, Bassoon. Scale bar: 10um. H. The number of synapses (Homer/
Bassoon double positive puncta) in the presence and absence of human astrocytes. N=10-20
images per patient. Each image contains on average two cells. Fetal: 1 patient, age: 18 gw.
Juvenile: 3 patients, age: 8, 13, 18 yo. Adult: 3 patients, age: 26, 41, 47 yo. **, p<0.01. I.
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Representative traces of whole-cell patch clamp recordings from RGCs cultured with or
without feeder layers of human astrocytes in the presence of TTX. Few mEPSCs were
observed without feeder layers of human astrocytes. J. Human astrocytes significantly
increased the amplitude of MEPSCs (p=.0001 Kolmogorov-Smirnov test, n= 488 and 2837
mEPSCs from 16 and 18 cells for no astrocyte and with astrocytes respectively). K. The
frequency of mMEPSCs was significantly increased in the presence of human astrocytes
(Two-tailed Wilcoxon rank sum test. p=0.004. n = 16-18 neurons per condition).
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Figure 3.

Calcium responses of human astrocytes in vitro. A. Representative images of calcium
responses to 3uM ATP (top) and glutamate (bottom) of mature human astrocytes (21 yo).
Time is labeled in each image. Arrows point to two cells showing calcium fluctuations in
response to ATP. B, C. AF/F of all cells in (A). Each AF/F trace represents a single cell. D.
Average number of calcium fluctuations in human astrocytes after exposure to ATP or
glutamate. N=11 movies. Concentration of ATP and Glutamate: 30nM-3uM. Two-tailed
Wilconxon rank-sum test. *, p<0.05. E. Percentage of cells responding to ATP or glutamate
at different concentrations. Cells with AF/F >5% are counted as responsive. N=3-5 movies
per condition. Each movie has 5-20 cells. Data were collected from 2 patients 21 and 26
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years of age, respectively. F. Fluo4-AM fluorescence of adult human astrocytes before and
after addition of DHPG (200uM). G. AF/F of adult human astrocytes before and after
addition of DHPG. H. Fluo4-AM fluorescence of adult human astrocytes before and after
addition of 3 uM glutamate in the presence of 25 uM MPEP. I. Fluo4-AM fluorescence of
adult human astrocytes before and after addition of 3 uM glutamate after washing out MPEP
for 30 minutes. J. AF/F of adult human astrocytes before and after addition of 3 pM
glutamate and 3 UM ATP in the presence of 25 UM MPEP. Arrowheads represent addition of
glutamate or ATP K. AF/F of adult human astrocytes before and after addition of 3 uM
glutamate after washing out MPEP. L. Representative images of calcium responses to 3uM
glutamate in fetal human (17-20 gestation week, left) and rat (E18.5, right) astrocytes. Scale
bar: 50um.
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Figure 4.
RNA-seq transcriptome profiling of acutely purified human neurons, astrocytes,

oligodendrocytes, microglia/macrophages, and endothelial cells. A. Expression of classic
cell type-specific genes by acutely purified mature human neurons, astrocytes,
oligodendrocytes, microglia/macrophages, and endothelial cells. Data represent standard
deviation from mean across rows. N=12, 1, 5, 3, and 2 patients for astrocytes, neurons,
oligodendrocytes, microglia, and endothelial cells, respectively. Age range: 8-63 years. B.
Representative examples of the expression of cell type-specific genes by acutely purified
cell samples. C. Spearman correlation between all fetal and mature samples. Fetal, n=6
patients. Age range: 18.0-18.5 gw. Mature, n=12, 1, 5, 3, and 2 patients for astrocytes,
neurons, oligodendrocytes, microglia, and endothelial cells, respectively. Age range: 8-63
years. D. Scatterplot of human and mouse astrocyte gene expression. p represents the
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Spearman correlation coefficiency. Venn diagram indicates the number of astrocyte enriched
genes (>4 fold, FPKM>5) for human and mouse astrocytes. Average expression data from
all samples of mature human astrocytes were used for this analysis. Human, n=12 patients.
Mouse, n=4 batches of astrocytes each comprising 3 mouse brains combined. Age range of
human patients; 8-63 years. Age range of mice: 1-9 months. Fold enrichment in astrocytes
is calculated as FPKM in astrocytes divided by the average FPKM in all the other cell types
(neurons, oligodendrocytes, microglia, and endothelial cells). E. Differences in gene
expression between purified human and mouse astrocytes measured using gPCR. Fold
changes reflect enrichment of specific genes in human tissues. F. In situ hybridization
performed on temporal lobe cortices from healthy patients (separate source from the
RNAseq samples). Probes were designed against LRRC3B and GPR98 (cyan) and sections
were counterstained against the astrocyte specific transcription factor, SOX9 (magenta).
Scale bars: 100um zoomed out, 50um insets.
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Figure 5.
The transcriptome of HepaCAM purified glioblastoma cells is more similar to APCs than

mature astrocytes. A. Venn diagram of the number of genes expressed (FPKM>0.5) by
APCs alone, mature astrocytes alone, and both APCs and mature astrocytes. Fetal, n=6
patients. Mature, n=12 patients. B. Scatter plot of gene expression by APCs and mature
astrocytes. p represents the Spearman correlation coefficiency. C. MRI of a patient with a
glioblastoma who underwent surgical resection shows the T1 weighted, heterogenously ring
contrast enhancing core of the GBM (left) and the T2 hyperintensity of the surrounding
brain (right), representing infiltrating tumor or edema. Blue arrows indicate a representative
location of the peripheral tumor sample, and the red arrows indicate sample resected from
the contrast-enhancing tumor core. D. Unsupervised hierarchical clustering of gene
expression profiles of APCs, mature astrocytes as well as astrocytes from GBM core and
peripheral regions using. Linkage; average, ColumnPdistance; Spearman, standardized
across rows. Data represent standard deviation over means. E. Expression of genes that
distinguish APCS and mature astrocytes in humans. Tumor core and surround astrocytes
share expression patterns of APC and mature astrocyte markers, respectively. Tumor: n=3
patients. Tumor periphery: n=1 patient. F. Expression of some APC marker genes (blue) and
mature astrocyte marker genes (red) in healthy and tumor samples. G. Differences in gene
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expression between adult and fetal human brain assessed with gPCR. Fold changes in gene
expression were calculated to reflect enrichment in adult tissue (normalized to GAPDH
levels).
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Figure 6.

Human astrocytes with serum

Acutely purified human astrocytes display resting gene profiles. A. The Zamanian et al.
dataset was used to identify the top 30 reactive astrocyte genes upregulated following
MCAO injury, LPS infection, or both. Expression of this suite of ‘reactive’ genes was then
probed in various astrocyte samples. The white dots in the Violin plots represent the median.
Thick vertical black lines represent interquantile ranges. Horizontal dashed lines indicate

median in normal human astrocytes for each

condition. N=12, 4, 3, and 3 for normal,

epilepsy, tumor, and serum-expanded astrocytes, respectively. B. Representative images of
acutely purified human astrocytes grown in culture for 7 days in the absence (left) or

presence (right) of serum. Scale bar: 20um.

Neuron. Author manuscript; available in PMC 2017 January 06.



Page 30

Zhang et al.

0L €¢ 091 ¢d3ddN ¥'6€ 6°9¢8 0'1¢ an1o

<L A’ T0T Sd4¢3 0Ty 2’199 09T 3d0

9'6 T €EeT €01 18 Ty 60 cvdavo
€01 T 9'1¢ 9S3H 0SS 09T €0 gdAY
S€T 80 60T a11avy 9.9 6°/86T Sve ¢VIDT1S
8Vl L0 €01 ANALA 9L, 0'T.E 8 o0a1v
GGl ST 6'€C Sdav4 G'¢8 80T T0 TITHAV
€91 el 4174 OdZHTLSIH S.0T 80T T0 ¢HdS1IN
L'0€ ST 6'SY VIHTL1SIH T'STT 80T T0 ¢OXgad
L'¢E S0 LT ST4IA ¢'SET SET T0 €1LAdNN
§'Gy 90 99¢ ONL ¢cLT A1 T0 TIEIHD
(A% €1 6'89 OVZHZ1SIH 9v0C S'0¢ T0 9d/.1AdsH
89/ S0 0'6€ OVZHT1SIH 6°C1¢ 181 T0 yd1L
706 €0 Vi TdVSNN €G¢ee 8'9¢ T0 1avd
6'€6 4] 0¢e ¢Xdl 9'L€C 6'1¢ T0 11VHH
€611 4] ¥'9¢ 4dddd 165¢ 6'G¢ T0 CXINL
0vee T0 144 9THTLSIH 9'0LC Tle T0 VILTININL
T'e6e 90 99T dEHTLSIH 9veE €6¢ T0 TVv¥1O71S
9609 T0 019 JEHTLSIH '6¥8 618 T0 TV00TS
6°8.9 T0 6'LS IVZHTLSIH 98861 9'8€¢ T0 TICLXOV

abueyd pjo4 s L:“m%ﬂum“wwwm 1dx3 _E&wmw@uh%% dxg EIEL) abueyo pjo4 s L:Hmmwﬁom“mmo 1dx3 $91A00.41S® [€18) Ul UOoISsaidxg ENEL)

sauab Ddv do

sauab a1420.11se aunjew do |

'sadA} 199 JaY10 JAAO0 $81A0041S Ul JUSLIYILIUS PJO) g< aAeY Sauab || S81A2041se ainjew 1o DdV 10} SiayJew [njasn aq 01 A|ax1] alow
ale Jey] sausb passaidxa Ajybiy 1ybijybiy 01 papnjoxs ate sabes ainjew pue Jdy Yiog ul 0T>INMdH YIM $auao) “pailst] aJe sausb 0z wonoq pue dol syl
"sabe)s ainjew pue Ddy Usamiaq uoissaidxa ul abueyd pjos Aq paxuel ale sauas) ‘$31A20.41se ainjew pue Jdy Usamiaq saoualapjip uoissaldxe auab doy

Author Manuscript

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Neuron. Author manuscript; available in PMC 2017 January 06.



Page 31

Zhang et al.

sadA1 1189 SND 9410 J9A0 $81A00.1SE Ul P|OJ H< PaYDLIUB OS|e si Jey auab e sajousq

X

vrET Sel 70 ZNVdSL 'L T0 50T 202001V L1S 505 6X0S
6ZrT R74 z0 S4NY z6L 10 L0t ALY L'055 L'89% za1dLlv
6'SPT z91 70 VELTAVA 116 50 €05 ,868dO 509¢ o1 THALL
9'05T 75T 70 €4€N0d £.0T A 78T +X0OLS 80vT 96T 19950V
8'ST 80T L0 Rl £Z11 z0 €12 S4SNAN £69. zv8e N0
5091 Vot 70 VILTINVA SYIT T0 ST GZANY 2801 6'286T ZvIOsS
6'T9T z91 70 0TaTEVY 9GTT 10 §z1 3o e 1 rAVNeRE!
£69T 69T 70 TOWOY £zeT z0 912 »La8ov £zre £t 10T
0081 08T 70 HO9VIN Seet 70 1781 NOY 9711 1921 £
0'S6T €45 £0 ZLSHD v'IET T0 £t z00dv 86T 0°05Y vdOV
L'S6T 96T 70 GOdVNS TYvT 70 €61 ENLSD 66T 9.6 vvros
6112 4 70 439N 0091 T0 091 LAY 1781 vzl T1SOW
912 6. z0 6T4SHANL zest 10 €81 SN v'z81 v'8g €494
£'812 812 70 LYNN L1181 10 192 TVINNG 978 6.1 02S9Y
9922 oGy z0 +FWVOA 6861 T0 00z 86TV R TEZ THAVd
0592 z719 z0 NXT 9%02 10 502 98.1ASH g.¢ €62 TV¥1O7S
z's8e 582 70 LEHILI 0S¥z 1A 162 L2E08d1 L'vT 0.2 aTddNg
9'09¢ T9¢ 70 dSHHL TTEE T0 9gy LNLSO 8'88 0'90T 9aro
6195 z95 70 vedeH 8'£99 T0 708 ZdINd 9'88 £6L ZIV6£01S
5998 08T 20 £LOev1d 1899 T0 699 APAIM ST5€E €09 Ve

il ool il IR el el il B [ [ —

ul JUsWIYd1IUL pjo4 ENI] uewnH ul JUsWyd1IUS plo4 ENI uewnH

$91A00.1SE URWINY Ul PUNOJ 10U $8142043S8 9SNOW Ul S3USD) $91A00.1SB 3SNOW Ul PUNO} 10U $3142041SE URWNY Ul S3US9) sadjae|A 91J198dS 81400418y BSNOIN pue UBWNH

"(uawiyo1Iud ploy Ag payuel) saliobaled [[e Jo) palsl] ase sausb gz do | “SySiislse YIIM paredlpul ale paydliua 81A2041se 0s|e ale Jeyl asoyl pue ‘sa10ads payoliua-uou ay)
W44 $81A004188 Ul T > SanjeA INMdH aAey sauab a1A20.41se 214198ds-$a193dS *s|199 |eljayiopua pue ‘sabeydoloew/er|foidiw ‘s814004pusapobi|o ‘suoinau ul uolssaldxa abelane ay) JoA0 p|o} 7 1ses| 1e Ag paydlius
pue (G'0 < INMdH) $8142041Se 8SnoW pue uewny Yylog ul passaidxa ale sauab 81420.1se paeys 's81Ad041se asnow J0 uewny ul Jussald Ajuo asoyl pue ‘adiw pue suewny Aq paseys ssusb payotius-slAdoaise do |

Author Manuscript

Author Manuscript

¢ ?olqel

Author Manuscript

Author Manuscript

Neuron. Author manuscript; available in PMC 2017 January 06.



