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Abstract

Astrocytes have long been forgotten entities in our quest to understand brain function. Over the
last few decades there has been an exponential increase in our knowledge of CNS function and
consequently astrocytes have emerged as key figures in CNS physiology and disease. Indeed,
several pediatric neurological disorders have recently been linked to astrocyte dysregulation
including, leukodystrophies, autism spectrum disorders, and epilepsy. Given that pediatric
disorders are rooted in developmental processes, the goal of this review is to catalog what we
know about astrocyte development and function in the developing CNS. Moreover, we will
highlight current challenges and questions that remain in the field of astrocyte development. Our
hope is that this review will illuminate the potential of astrocytes and their associated
developmental and physiological functions as potential therapeutic targets for the treatment of
neurological disorders.

Introduction

In 1846, Rudolf Virchow, the father of modern pathology, described neuroglial cells as a
homogenous population that generally supports neuronal function[1]. Since then astrocytes
have emerged as the predominant cell type in the brain and are associated with a plethora of
functions vital to CNS physiology, including blood brain barrier formation and maintenance,
synaptogenesis, neurotransmission, metabolic regulation, and the latter functions forming
leading the “tripartite synapse” model of neurotransmission (see below and [2, 3]). More
recently, astrocytes have been directly associated with several neurological disorders,
including ALS, MS, Alzheimers disease, Alexander disease, and Retts syndrome [4].

Because pediatric disorders are generally thought to originate through developmental
dysregulation, an understanding of astrocyte development could provide new insight into the
etiology and eventual treatment of pediatric neurological disorders. Importantly, unlike
neurons, many aspects of astrocyte development occur postnatally [5], providing a potential
therapeutic window to reverse their development dysregulation.
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In spite of these recent advances, our knowledge of astrocyte development is light years
behind that of neurons and oligodendrocytes, having been plagued by a lack of reliable
markers, confounded by the challenge of performing gene manipulation in vivo without
affecting neurogenesis, and the lack of reliable in vitro systems. As a result, several aspects
of astrocyte development and biology remain undefined, and in turn, have hindered our
understanding of neurological disorders. The goal of this review is to provide a summary of
our current knowledge of astrocyte development and function. We will catalog the current
knowledge of astrocyte development and discuss areas of research we believe need to be
addressed.

Development

During CNS development, neurogenesis precedes gliogenesis, with radial glial serving as
both the scaffolding for migration and the neural stem cell (NSC) substrate for both cell
types [12, 14]. Neurons, and oligodendrocytes, develop following a step-wise process: A)
stem cells are specified towards a given lineage, B) they migrate away from the germinal
centers, C) exit cell cycle, and D) undergo terminal differentiation during which a given cell
type initiates its physiological function (Figure 1) [6]. Whether astrocytes follow the same
pattern of development has not been established. The main barriers to the study of astrocyte
development reside from the lack of three essential tools: 1) Reliable markers to characterize
precursors and astrocytes in vivo, 2) methods to specifically manipulate genes that do not
affect neurogenesis and 3) reliable in vitro systems. Understanding astrocyte development is
relevant to pediatric disorders because it occurs during the late stages of fetal development
and postnatally, a similar time frame when pediatric and also adult neurological disorders
manifest.

cells and specification

During early development, the neural tube is patterned throughout the dorso-ventral (D/V)
axis by a combination of morphogens (Shh, BMPs and Wnts), which regulate the expression
of homeodomain transcription factors that further cross-repress each other, forming tight
boundaries or domains from which different sub-types of neurons will emerge [7]. This
homeodomain patterning is conserved during gliogenesis [8-10] and regulates the
generation of astrocyte sub-types; in particular Pax6 and Nkx6.1 are required for the
generation of three subpopulations of white matter astrocytes [11]. However, these
homeodomain transcription factors function to establish D/V patterning and are, therefore,
not specific to glial cells, raising the question of whether astro-glial specific transcription
factors exist. To dissect this question, we must first understand where and when astro-glia
are generated and the developing spinal provides an ideal model for undetstanding these
formative stages of astro-gliogenesis. The gliogenic switch is a tightly regulated
developmental interval during which NSCs in the ventricular zone (VZ) transition from
neurogenesis to gliogenesis; in the developing spinal cord this switch occurs around E12.5
and in the cortex around E16-18 (Figure 1A) [12, 13]. Many factors have been implicated,
directly or indirectly, in gliogenesis, including Notch signaling, the transcriptional repressor
N-CoR, the methylase Dnmt1 and histone methylation, all of which are permissive, but not
instructive (reviewed in [6]). Recently the transcription factor, Nuclear Factor I-A was found
to be both necessary and sufficient for embryonic gliogenesis, as well as astrocytogenesis
[12]. While it is initially expressed in all glial precursors that occupy the spinal cord VZ, as
development progresses, its expression is maintained in astrocytes. More recently, Sox9 was
also shown to regulate early gliogenesis through its regulation of NFIA induction and its
association with NFIA during subsequent gliogenic stages (Table 1) [14].
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Intermediate stages and migration

Once specified, neuronal and oligodendrocyte lineages express a set of markers associated
with post-specification, migratory populations [7, 15]. For the astrocyte lineage, three
markers are currently used to demarcate astrocyte precursors; Glast, FABP7/BLBP and
FGFR3 (Table 1) [16-19]. Glast is a glutamate transporter functionally active in astrocytes
and its expression coincides with the gliogenic switch, making it the most specific marker of
astrocyte precursors [12, 17]. FABP7/BLBP and FGFR3 however are also expressed during
the neurogenic stages, making them less specific [16, 18, 19]. One unique feature of the
intermediate stages of astrocyte lineage development in both spinal cord and cortex is a
wave of post-migratory proliferation of astrocyte precursors [13, 20]. BrdU pulsing
experiments at different developmental time points and early post-natal stages demonstrated
that astrocyte precursors remain proliferative after VZ specification (Figure 1B) [13, 20].
These data suggest that the shear number of astrocytes is not only due to NSC proliferation,
but is also the result of their capacity to divide and generate astrocytes outside the VZ. This
proliferative capacity decreases overtime and it is unclear whether all astrocytes retain
proliferative capacity or if only a subset do.

Astrocytes populate all areas of the CNS and they must therefore migrate to colonize their
final destination. Upon birth from NSCs, astrocytes migrate along radial glia processes [21],
however lineage tracing studies in the spinal cord indicate that mature astrocyte populations
are “tethered” to their VVZ site of origin, suggesting limited migration during development
[21]. However, during early post-natal stages, radial glial cells lose their processes
suggesting that another, yet undefined, mode of migration may regulate the second wave of
astrocyte precursors. Nevertheless, the molecular and cellular processes regulating astrocyte
precursor migration remain poorly defined in vivo, though several groups have used in vitro
astrocyte cultures as a model system to examine polarity and basic migratory mechanisms
[22, 23]. Whether these processes actually contribute to development in vivo remains an
open question.

Maturation and differentiation

There are several markers that label mature astrocytes, including: GFAP, S100 , Aldh1L1,
AldoC, Ascgbl, Glt1, and aquaporin 4 (Table 1) [4]. However, none of these markers labels
all astrocyte populations; for example, GFAP preferentially labels white matter astrocytes,
whereas S100 marks grey matter astrocytes and some oligodendrocyte populations [24, 25].
The regulation of GFAP expression has been widely used as a model in which to examine
the mechanisms regulating astrocyte differentiation (Figure 1C). Its promoter has been
extensively studied and its expression is regulated by the LIF/gp130/STAT3 signaling
pathway [26]. While its expression coincides with white matter astrocytes and is upregulated
in reactive astrocytes, it is not a universal marker. Moreover, it has been shown that the
GFAP promoter has a serum responsive element, thus when astrocytes are cultured, GFAP
expression is induced [27, 28], somewhat marginalizing in vitro studies using the GFAP
promoter. It remains to be determined whether only a subset of astrocytes can be cultured in
vitro (i.e. GFAP expressing astrocytes) or whether the cells in these systems can be derived
from populations that normally do not express GFAP (ie. grey matter astrocytes). These
examples highlight the limitations of GFAP and reinforce the need to identify additional
markers that label mature astrocytes and new in vitro systems. Recently, Aldhll1 was
identified as a broad marker of all astrocytes and reporter mice and Cre-lines have
confirmed its utility in this context [29, 30].

Remaining questions

While we are beginning to understand astrocyte development, many aspects remain to be
studied. At the forefront is the identification of reliable markers that demarcate all or
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subtypes of astrocytes. Additional questions include: do all or only a subset of astrocyte
precursors have the proliferative properties? What is the mode of migration of astrocytes
born from the VVZ vs. astrocytes born later? Are immature astrocytes present in adult tissue
and if so, how do they remain “immature”? Finally, are astrocytes a homogeneous or a
heterogeneous population of cells? The answers to these questions are likely to engage
researchers for many years to come and have important implications in the understanding of
developing CNS networks that would influence new treatment paradigms for pediatric
neurological disorders, as well as forging efforts in promoting neuroplasticity for adult
neurological disorders.

Heterogeneity

Astrocytes are receiving more attention as their diverse morphologies and functions are
uncovered. In this section, the diversity of astrocytes and their contributions to nervous
system function will be discussed.

Cellular Diversity

It is well established that neuronal development in the CNS is reliant upon patterning for
subtype diversification[7] and that astrocytes employ similar mechanisms in the spinal cord
and forebrain [11, 31]. Morphological classification is another form of heterogeneity that
can be used to catalog astrocyte diversity. The morphological heterogeneity of astrocytes
was originally recognized by Ramon y Cajal[32], and since that time the field has remained
relatively static, as today astrocytes are broadly classified into two main categories:
protoplasmic or fibrous. Protoplasmic astrocytes express S100p and are found in the gray
matter. They are structurally complex, with multiple finely branching processes as well as
large stem branch whose endfeet forms contact with blood vessels[33]. They function in part
by regulating the extracellular concentration of various molecules as well as proper neuronal
synaptic function[34, 35]. Fibrous astrocytes on the other hand, express GFAP and are
located in the white matter. They have a relatively simple structure with long un-branched
processes that form contacts with node of Ranvier; however, their exact function remain
elusive[33, 36]. Although this simple classification is still widely used, it is clearly
insufficient and outdated[33]. In fact, a recent study identified multiple morphologically
distinct GFAP- or S100p3- expressing astrocytes that demonstrate region-specific differences
in morphology, as well as density and proliferation rate[37]. Hence regional specialization
will likely add another layer to the complexity of astrocyte heterogeneity, as astrocytes from
different regions may have different properties.

Functional Diversity

Blood Brain Barrier—The blood-brain barrier (BBB) is a highly specialized brain
microvascular structure made up of endothelial cells coupled to astrocytes[33, 38]. The key
function of the BBB is the blocking of harmful or toxic substances circulating in the blood
stream from entering the brain. Another critical role of the BBB is the maintenance of ion
gradients, which are essential for neurotransmission. These features are made possible by
having capillaries that are many times tighter than the capillaries of the other regions[33],
which is achieved by connecting each blood endothelial cell with tight junctions and
adherens junctions [39]. Astrocytes contribute to BBB formation and function by using their
endfeet to make physical contact with endothelial cells and secreting diffusible molecules
(bFGF,GDNF and TGFp) that regulate formation of tight junctions[40-42].

Synaptogenesis and neurotransmission—It is well established that astrocytes are

required for synaptogenesis. Pfrieger and Barres first demonstrated that in an astrocyte-free
culture retinal ganglion cells form synapses, but fail to generate spontaneous synaptic
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activity and demonstrated impaired neurotransmission. With the presence of astrocytes
however, the normal synaptic functions as well as number of synapses of those neurons were
being increased or restored[43] through the action of diffusible molecules synthesized by the
astrocytes[44, 45]. These findings are the basis for the “tripartite synapse” model where pre-
and post-synaptic connections are ensheathed by surrounding astrocytes that actively
participate in neurotransmission. These are important functions in neuroplasticity and are a
likely mode by which astrocytes influence behavioral disorders.

Communication—Unlike neurons in both the CNS and the PNS, astrocytes are not
equipped with adequate ion channels to fire action potentials. Nonetheless, there are other
methods besides the firing of an action potential to measure activity. Cytosolic calcium
(Ca%*) concentration of astrocytes undergo changes in response to the release of
neurotransmitters and this Ca2* transient can be propagated through gap junctions formed by
connexins, in a process termed “gliotransmission”. It is interesting to speculate that
gliotransmission may serve as a new form of systems based networking between parallel
neuronal circuits. It is also likely that such modalities influence neuroplasticity during
development and disease. In addition, Takata and Hirase also demonstrated that astrocytes in
each layer of cortex have distinct features in their Ca2* activities, finding that the Ca2*
activity of astrocytes within layer 1 was significantly higher than layer 2/3 and most of these
Ca?* related activities were independent of neuronal activity [46]. Additionally, regional
differences in astrocytic Ca2* activities have also been reported[47].

lon Balance—One of earliest known functional role for astrocytes is the regulation of
ionic concentration in extracellular space[33]. The activation of neurons by firing action
potential would result in the accumulation of K* extracellularly and astrocytes that enwrap
the synapse would take up excess amount of K* then dilute it by passing it to other
astrocytes through the gap junctions[48, 49] and failure of removing excess amount of K*
would result in neuronal hyperexcitibility and seizures. This is an important role in regional
networking, and perhaps global networking.

Metabolism—Glutamate is the major neurotransmitter in the nervous system and
maintenance of its concentration in the extracellular space is crucial for neuronal
homeostasis and physiology. Astrocytes are the most important component in glutamate up-
take and metabolism in the brain, and thus through this role are essential for neuronal
function and are a key role of astrocytes in the “tripartite synapse” model. The up-take of
glutamate in astrocytes is mainly accomplished by glutamate transporters GLAST or/and
GLT-1[50], which are specifically expressed on astrocytes and their precursors. The
subsequent conversion of glutamate to glutamine is an energy consuming process that
requires the help of glutamine synthetase (GS), also an astrocyte-specific marker. Once
glutamate is converted to glutamine, it is transported back to neurons for re-synthesis of
glutamate.

In addition to glutamate metabolism, astrocytes also function as reservoir of energy
substrates such as lactate for neurons. When glutamate is transported into astrocytes, Na* is
also transported, which increases the intracellular Na* concentration leading to the
activation Na*/K* ATPase, requiring the consumption of ATP[51]. ATP is supplied by the
glycolysis of glucose, ultimately resulting in the production of lactate, which is thought to be
“shuttled” from astrocytes to neurons by monocarboxylate transporter MCT4[51, 52].

Conclusions

Astrocytes comprise at least 50% of the cellular constituency of the adult CNS, yet the
molecular and cellular mechanisms controlling their genesis are only now starting to
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emerge. As has been the case for neurons and oligodendrocytes, a comprehensive
understanding of the development processes controlling their generation will be critical in
delineating the complexity of astrocyte function in the functioning CNS. In particular, an
understanding of their cellular diversity, coupled with decoding the associated functional
heterogeneity will be especially important in generating a comprehensive understanding of
developing brain networks and circuits under normal and pathological conditions.
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Figure 1. Stages of astrocyte lineage progression
(A) In the spinal cord, the NSCs located in the ventricular zone (VZ) transition fate from
neurogenesis to gliogenesis in a process called the gliogenic switch. (B) Upon specification,
astrocyte progenitor emerge from the VZ into the intermediate zone (1Z2). Waves of
proliferation from astrocyte precursors (ASPs) have been reported but this ability decreases
as development progresses (20). A similar observation was reported in the cortex, although
the timing is different (13). At the same time, ASPs migrate into the mantle zone (MZ) to
reach their final location. While the mechanisms that regulate this process remain relatively
unknown, it has been suggested that astrocytes have limited migratory capabilities (31). (C)

Finally, astrocytes become mature and functional during the post natal stages of

development.
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This table summarizes markers used in the literature and the stages they are expressed. Of note, only NFIA/B
and Sox9 are nuclear proteins, all other markers are cytoplasmic or membrane-bound and usually result in

diffuse labeling. Some markers have only been tested in the spinal cord or cortex and their use in other tissue
needs to be validated. WM: white matter.

Marker Stages

NFIA/B Gliogenic switch, precursor and some
mature (Spinal cord)

Sox9 Gliogenic switch, precursor and some
mature (Spinal cord)

Glast Gliogenic switch, precursor and some
mature (Spinal cord)

FGFR3 Precursor and some mature

FABP7/BLBP Precursor and some mature

Aldhlll Precursor and mature

1d3 Precursor and possibly mature?

Reelin/Slit WM astrocytes — subtypes of mature
astrocytes (Spinal cord)

GFAP Mature (fibrous or reactive)

S100b Mature (protoplasmic)

Adquaporin 4 Mature — end feet

Aldolase C Precursor/mature

CD44 Precursor and mature

Glutamine Synthase

Late precursor and mature

Acsbgl/Bubblegum

Mature (cortex)

Connexin 43

Mature/functional

Glt-1

Mature
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