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Abstract

Cells with certain attributes of very immature astroglial cells and their radial precursors can act as 

stem and/or progenitor cells during developmental and persistent neurogenesis. Neural stem/

progenitor cells both express and are affected by a variety of developmentally regulated 

macromolecules and growth factors, and such signaling or recognition molecules are being 

uncovered through extensive genomic and proteomic studies, as well as tested using in vitro/in 

vivo cell growth bioassays. Glycosylated molecules are appreciated as distinct signaling molecules 

during morphogenesis in a variety of tissues and organs, with glycoconjugates (glycoproteins, 

glycolipids, and glycosaminoglycans) serving as mediators for the interactions of cells with each 

other and their substrates, to confer growth and differentiation cues to precursor cells in search of 

identity. Neurogenic astrocytes and associated glycoconjugates, especially extracellular matrix 

molecules, are discussed in the context of neurogenesis and stem/progenitor cell growth, fate 

choice, and differentiation.
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1. Introduction

In the field of neural stem cell biology and regenerative medicine, there is interest in 

facilitating the ex vivo expansion as well as controlling the fate and differentiation of stem/

progenitor cells that reside within different neurogenic zones of the mature central nervous 

system (CNS), including the periventricular subependymal or subventricular zone (“SVZ” 

(1–4)) and hippocampus (5). With these very potent cells that are in search of fate, use of 

different in vitro growth conditions including the manipulation of cell–cell and cell-substrate 

interactions, e.g., via particular extracellular matrix (ECM) molecule exposures, it is 

possible to dramatically affect the growth, fate choice, and differentiation at levels that are 

really rather surprising (6). For the most part, ECM was not believed to affect fate choice 

decisions in the CNS, but instead mostly affect neuritogenesis (for review, see Ref. (7)). 

Glycosylated molecules, including glycoproteins, glycolipids, and glycosaminoglycans are 

recognition molecules during developmental neurohistogenesis (8) as well as persistent 

neurogenesis, or neuropoiesis, in the neurogenic niches throughout the neuraxis (e.g., see 
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(9–13)). Cell surface glycoconjugates and their connections to extracellular signaling 

molecules and intracellular machinery, e.g., the cytoskeleton and the nucleus, thus provide a 

means for gaining molecular access to transmembrane signaling pathways that direct cell 

survival, proliferation, fate determination, and motility of potent precursor cells. 

Understanding neurogenic niches (14) and profiling developmentally regulated and 

neuropoietic-associated glycoconjugates thus can reveal essential macromolecules as well as 

bio-markers of stem/progenitor cells that can likewise elucidate targets for subsequent gene 

and molecular therapies in human disease. Controlling or repairing reactive neurogenesis 

could have positive outcomes on disease course and treatment. That is, studying biogenic 

factors for and from stem cells could lead to the development of new drugs that expand or 

deter typically quiescent stem cell populations. This in turn, could lead to their control 

during migration or neoplastic cell growth and invasion, as well as affect differentiation 

within at-risk or cell-deficient targets without the need for ex vivo manipulation and 

transplantation.

2. ECM Can Control Precursor Cell Fate and Specification

Early studies (15) showed that lectin-bound glycoconjugates and immunodetected ECM 

molecules, e.g., tenascin-C and chondroitin sulfate proteoglycans, are expressed by 

immature astrocytes and their precursors that we now know are neurogenic glia, i.e., radial 

glial cells and immature astrocyte progenitor cells ((16–19); and see Fig. 1). These cells and 

associated glycosylated macromolecules can act as “boundaries” around developing brain 

structures, and may instruct afferent fiber ingrowth through adhesive and repulsive cues, and 

thus play a significant role during CNS pattern formation (7). Functions of ECM might 

extend beyond morphogenetic effects, as loss or disarrangement of boundaries is observed in 

CNS diseases and malformations (8, 20–22), and as ECM is involved in regulating synaptic 

plasticity in the adult (23). When evaluating commonly used growth permissive substrates in 

an in vitro embryonic stem cell-neurogenesis assay (6), we found that laminin, fibronectin, 

and gelatin instruct neural fate and alter the functional specification of neurons when applied 

at distinct stages of development. Laminin exposure during early stages of neural 

differentiation generates more neurons, while gelatin induces more glial cells. Early 

substrate interactions did not affect functional or phenotypic profiles of protracted stages of 

neural maturation. However, phenotypic and electrophysiological characteristics of 

differentiating neurons change when substrates are modified in later developmental stages. 

Fibronectin leads to maturation of neurons with significantly increased sodium channel 

densities and typical adaptive firing behaviors, while laminin (acting through activation of 

the sonic hedgehog pathway) induces an upregulation of transcription factors specific for the 

developing medial ganglionic eminence (MGE), and subsequent specification of cholinergic 

and GABAergic neurons with abundant axonal branching and highly repetitive firing 

patterns (6). We have also tested laminin in transplants of embryonic stem cell-derived 

neural precursor cells, or “ESNPs” in slice cultures of the maturing nigrostriatal circuit, and 

found that this molecule appeared to facilitate differentiation and integration of these cells in 

these slices (24). Thus, although investigations of ECM-mediated control of cellular 

development are still in their infancy, we know now that timing and type of substrate 

interactions serve as specific guidelines for the control of fate choice and specification 

during neural development (6). Furthermore, the presence of distinct ECM expressions 
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during brain development, and robust expression of tenascin-C, CSPGs and other ECM 

proteins in the rodent and human SVZ and hippocampus throughout life ((9, 22, 25); see 

Fig. 1) imply important roles for these molecules in neurogenesis and stem/progenitor cell 

growth and differentiation. We also have described ECM molecule actions on neurosphere 

cell motility (26), and there are certainly many more functions for these potent growth factor 

binders and presenters during the growth and differentiation of neurogenic astrocytes.

3. Regulation and Potential Intrinsic Limitations for Adult Brain Neurogenesis

Astrocytes express and respond to growth factors (e.g., FGF-2, CNTF, and TGFα), 

neurotransmitters (i.e., 5-HT), hormones (i.e., thyroid hormone), and environmental 

interactions mediated through α6β1 integrin ligands are involved in neurogenesis (see the 

thorough review by Ref. Hagg (27)). All these factors are united in the concept of a 

neurogenic niche where “...(1) astrocytes serve as both stem cell and niche cell, (2) a basal 

lamina and concomitant vasculogenesis may be essential components of the niche, and (3) 

embryonic molecular morphogens and signals persist in these niches and play critical roles 

for adult neurogenesis...” (28) However, until now, it remains uncertain how fate choices 

and specification of neurogenic cells within these niches are regulated. In the postnatal 

brain, the subgranular zone (SGZ) of the hippocampal dentate gyrus and the SVZ lining the 

lateral walls of the lateral ventricles, represent the only two regions within the adult 

mammalian brain that support ongoing neurogenesis throughout life. Within these rare 

germinal niches, astrocytes, functioning as neural stem cells (17, 29), begin the cascade of 

events that continually renew the granule and periglomerular interneurons of the olfactory 

bulb (16) and granule neurons of the adult hippocampus (30, 31). In vivo, the neurogenic 

process within the SVZ begins with a GFAP (glial fibrillary acidic protein) expressing 

astrocytic stem cell, or “B-cell” (16). These unique neurogenic astrocytes, or what we refer 

to as multipotent astrocytic stem cells (MASCs) (17, 18, 32–34) or a putative adult human 

version that we refer to as adult human neural progenitor cells (or, “AHNPs,” (35)) appear to 

be the direct descendants of embryonic radial glia (36, 37). Unlike mature cortical 

astrocytes, they maintain a thin process, including a cilium, tethering them to the lateral 

ventricular wall and ventricular cavity (38). The relatively rare and quiescent B-cells (our 

“MASCs”) have been reported to give rise to a population of highly proliferative, however 

less-potent progenitor cells, referred to as transit-amplifiers or C-cells. Finally, from this 

putative intermediate progenitor pool, comes a population of young, immature neurons, or 

A-cells, which migrate forward over a tremendous distance through the rostral migratory 

stream (RMS), before a small number mature and integrate into the olfactory bulb neural 

circuitry as new interneurons (16, 39, 40). Interestingly, a recent publication by Danilov and 

colleagues has challenged the canonical B → C → A cell genesis cascade, suggesting that 

the multipotent B-cell astrocyte may actually give rise to its neuroblast progeny directly, 

without the C-cell intermediate (41). Coincidently, these results are in accord with our own 

in vitro model of SVZ neurogenesis, wherein cultured astrocytic stem cells are seen to 

robustly and directly generate a population of young neurons (42). Whether the B-cell 

astrocyte is directly neurogenic or requires a less-potent intermediary, its activity is limited 

to specific regions within the adult brain, such as the SVZ, where the expression of ECM is 

greatest. Under normal circumstances, the ECM molecules chondoitin sulfate proteoglycan 

(CSPG), heparan sulfate proteoglycan (HSPG), and tenascin-C are all intensely expressed 
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strictly within the SVZ in the adult brain, although ECM and a distinct vascular niche ((43, 

44); Fig. 1) are present within the adult hippocampus as well. Thus, the coincidental 

presence of an enriched ECM and persistent cell genesis, although still largely unquantified, 

must assuredly be of fundamental importance (28, 45). The well-accepted role of HSPG 

during neurogenic astrocyte expansion, as a cofactor involved in FGF-2 receptor mediated 

proliferation, is but one example of roles for cell surface and matrix glycoconjugates during 

neuropoiesis.

4. ESNPs, MASCs, and AHNPs

The differentiation of neural precursor cells during development depends on a delicate 

interplay between intrinsic programs of genetic expression with the myriad of extrinsic 

influences of local signaling cues (for review see Refs. (46, 47) and references therein). The 

manner in which these extrinsic environmental factors work to derive functioning neurons 

from a differentiating neural stem/progenitor cell is important. MASCs and AHNPs are 

capable of taking on different, desired (based on potential cell replacement protocols for 

neurological disorders) fates, and functions provided that they are exposed to the requisite 

environmental influences, their so-called growth niche.

There are well-described methodologies for the isolation, molecular phenotypic, 

electrophysiological evaluation, and transplantation of neural stem and progenitor cells 

(including embryonic stem cell derived neural precursor cells, or “ESNPs” that can 

putatively give rise to glial or neuronal restricted precursors [see Ref. (6) for review], as well 

as MASCs and AHNPs). Neurogenic astrocytes can be isolated from different regions within 

the mouse brain and expanded while adherent to plastic culture dishes using serum-

containing media and mitogens (EGF + bFGF). Upon withdrawal of serum and mitogens, 

these cells undergo rapid glial-toneuronal phenotype transition and yield type-A neuroblasts 

that mature into a GABAergic interneuron phenotype (42). We have also isolated and 

characterized similar neurogenic astrocytes from across the entire neuraxis up until the close 

of the neurodevelopmental critical period – roughly the second postnatal week (17). In these 

studies, we found that astrocytes isolated from various regions within the late embryonic, 

early postnatal, and adult mammalian CNS, were capable of generating neural stem-like 

cells in the neurosphere assay. This demonstrates that up until the end of the second 

postnatal week, the cerebral cortex, cerebellum, and spinal cord harbor a population of 

neurogenic astrocytes which display the neural stem-cell attribute of multipotent, self-

renewing neurosphere generation.

The idea of an astrocyte, or GFAP-expressing progenitor cell is best exemplified and 

documented in a study of the same name from the Sofroniew group (18). In that study, 

targeted ablation of these cells in a transgenic mouse model led to the convincing finding of 

GFAP-expressing cells as being “...predominant sources of constitutive adult 

neurogenesis...” (18) This work built on observations made from the Alvarez-Buylla, 

Deutsch, and van der Kooy groups (e.g., (16, 32)) describing “B cell” astrocyte-like cells as 

putative stem cells in the adult rodent SVZ, and our previous study showing that MASCs 

(e.g., see Fig. 2) can be derived from multiple brain regions including cerebral cortex, 

cerebellum, and SVZ. However, their ability to form neurospheres is restricted to astrocyte 
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monolayers derived during the first two postnatal weeks, except for SVZ astrocytes, which 

retain this capacity throughout life (Laywell et al. (17)). Astrocyte monolayer culture 

approaches were later used in our laboratory to model inducible neurogenesis ex vivo (42) 

and further characterize the neurogenic astrocyte using cell-substrate interactions that helped 

to define subsequent ECM-stem cell fate control studies of Goetz et al. (6). MASCs have 

been shown to possess stem-like characteristics through the expression of stem cell markers 

such as nestin, and their ability to give rise to neurons, astrocytes, and oligodendrocytes 

when cultured under neurosphere-like conditions. When cultured as monolayers, MASCs 

are highly purified astrocyte populations that are greater than 95% immunopositive for 

markers including GFAP and S100β, with a few Cd11b positive microglia mixed in. From 

studies of induced neurogenesis within astrocyte monolayer cultures (42), we are relatively 

comfortable describing the so-called MASC as a nestin+/A2B5+/GFAPlight/dlx-2-/PSA-

NCAM- clonogenic cell that meets all of the criteria of a neural stem cell.

Based upon our established methods for the derivation of rodent MASCs, we later (Walton 

et al. (34)) applied these techniques to isolate and expand a similar cell population from 

mature human brain tissue, referred to as AHNPs. These cells express a variety of astrocytic 

makers (e.g., see Fig. 3) and behave in culture as immature astrocytic precursor cells. Fresh 

tissue specimens were originally obtained from patients undergoing anterior temporal 

lobectomy for the treatment of intractable epilepsy. Specimens for culture were taken from 

three locations: the hippocampus, white matter lining the temporal horn of the lateral 

ventricle, and the lateral temporal neocortex. Using similar culture conditions to those 

previously described (42), AHNPs were successfully cultured and expanded to an average of 

60 population doublings. Although the primary cell lines were not immortal, and they did 

upregulate their expression of telomerase, it was calculated that one cell would have the 

potential to generate roughly the equivalent of 4 × 107 adult brains in progeny (35). This 

represents a much greater capacity for expansion in vitro than had previously been reported 

for human progenitors (48). These proliferating cells remain dependent on externally 

supplied growth factors as well. Although they are clearly multipotent and have a vast 

proliferative potential, they appear to best meet the definition, at least for now, of progenitor 

cells. These cells can be encouraged to differentiate in vitro by the removal of growth 

factors and addition of cAMP, nerve growth factor (NGF), and 3-isobutyl-1-methylxanthine 

(IBMX). AHNPs are amenable to viral transduction using, e.g., lenti- vectors (e.g., see (35)), 

and therefore the differentiation and integration following transplantation can be easily 

tracked. Based on prior experience, infection efficiency has consistently been at least 95%. 

eGFP+ AHNPs can be FACS sorted to obtain a pure eGFP+ cell population e.g., two 

passages after transduction. Purified eGFP+ AHNPs are expanded for several passages 

before transplantation. Based on prior experience, the fluorescent marker is expressed stably 

during the entire culture period.

It is also possible to distinguish intrinsic biophysical profiles of neurogenic astrocytes. When 

cerebellar-derived MASCs are transplanted into the lateral ventricle of normal adult mice, 

they migrate along the RMS into the olfactory bulb and differentiate into interneurons (34, 

49). MASCs thus have the ability to respond to intrinsic environmental cues by anatomically 

integrating into a host brain and differentiating into neurons and astrocytes in vivo (33, 49). 

Further investigation by transplanting SVZ-derived MACSs into neonatal rat stroke models 
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demonstrated that MASCs have the capability to move to an area of injury following 

transplantation and to differentiate into neurons and astrocytes at the site of damage. 

Following hypoxic injury, the neonatal brain appears receptive to MASCs and thus it 

appears that they may serve as potential therapeutic candidates for replacement and repair 

following cell loss in the CNS resulting from injury or disease (34). Transplantation of 

AHNPs into the adult mouse forebrain (35) yields different types of neuronal and glial cell 

integration. Thus, it is a key challenge to determine whether MASC- and AHNP-derived 

neurons can become regionally specified and integrate with appropriate functions into 

disparate circuitries. In vitro and in vivo studies with these two different and potent stem/

progenitor cells aim to discover default cell fate determinations and interventions to modify 

and/or specify particular fate choice decisions.

Following injury or disease, the brain may innately attempt reactive neurogenesis since we 

and others (e.g., see 50) have shown that a type of astrocytic cell, the MASC, may give rise 

to new neurons and glia following CNS injury. Until now the consensus of the 

neuroregeneration field has been that the astroglial scar and its cadre of ECM-expressing 

astrocytes provides a neurite-growth inhibitory environment (for review, see Refs. (7, 50, 

51)). However, an alternative view is that this environment may represent an attempt to 

recapitulate neurogenesis by deterring the differentiation of newly generated cells, e.g., their 

neurite growth would be limited while they are still proliferating. Because we have found 

that particular ECM substrate conditions can change the fate of neuronal precursor cells 

derived from embryonic stem cells (6), it is important to further explore the intrinsic and 

extrinsic determinants of neural phenotypy. It is postulated that MASCs and AHNPs have 

many attributes in common with neurogenic radial neuroepithelial cells (52) found 

throughout the neuraxis during CNS development; there are of course other astrotypic cells 

that exhibit stem/progenitor cell behaviors in the developing, adult, and injured CNS (see 

Ref. (53) for review), including a recently described pialglial cell that appears to possess 

stem cell attributes (54). All of these cells occupy a distinct neurogenic niche in the CNS 

where a dense ECM expression is almost, if not always found, but injuries and disease may 

induce what appear to be fully differentiated astrocytes to assume a neurogenic role whereby 

they upregulate their expression of developmentally regulated proteins and attempt to 

recapitulate neurogenic programs. In vitro conditions can be created that restore neurogenic 

programs of these cells, and it is necessary to resolve the growth conditions and precise 

molecular cascades responsible for lifelong plasticity of CNS cells. In all, unlocking 

multipotency of apparently differentiated mammalian CNS astrocytic cells should contribute 

important information toward cataloging the arsenal of molecular messengers that will help 

us direct reactive neurogenesis for lifelong neural repair following neurological injury or 

disease.

5. Glycoconjugate Signaling in Neural Stem/Progenitor Cells

ECM substrate surface coating experiments (e.g., (6)) in studies of neural stem/progenitor 

cells, e.g., neurogenic astrocytes, represent the tip of a very large iceberg when one has to 

consider all of the potential glycoconjugates that have biogenic effects on cells in search of 

state-dependent proliferation, fate choice (identity), differentiation, survival or death cues. 

There have been some recent extremely thorough reviews of roles for “glycosignaling” in 
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neural stem cells by Yu and Yanigasawa, therefore it is not worth reiterating all aspects of 

the “plasma membrane glycocalyx network” (11) that are relevant to the ECM and other 

glycoconjugate recognition molecule events of importance to astrocytic stem/progenitor 

cells. However, it is worthwhile being aware of some of the most well-characterized 

gycoconjugates that are relevant to signal transduction and other events that underlie 

specific aspects of CNS pattern formation and, in particular, neurogenesis. In the spectrum 

of stem- and progenitor-ness, from ESNPs to neuronal- and glial-restricted precursors and 

adult neurogenic astrocytes (MASCs and AHNPs), such candidates include but are not 

restricted to: SSEA-1, prominin-1, phosphacan, GM1, A2B5, NG2, cd15 (Lewis X antigen), 

peanut agglutinin-binding molecules, cd44, PSA-NCAM, O4, and O1 (see Ref. (12), for 

review, and see Refs. (42, 55–59)). The field has paid a great deal of attention to prominin-1, 

or cd133 because of its apparent association with the cell surface and cilia of neural stem 

cells (e.g., neurogenic astrocytes), and PSA-NCAM because of its prominent expression by 

neuroblasts or type A cells of the SVZ and RMS (16, 42); but it is clear that the list of 

glycoconjugates that mediate multiple cell and substrate interactions during brain 

development and neuropoiesis have only begun to be elucidated.

As nicely pointed out by Yu and Yanigasawa (11), the signal transduction regulation of self-

renewal and expansion, survival, fate choice, and differentiation by neural stem/progenitor 

cells is mediated by many different glycoconjugates including HSPG, CSPG, N-

glycosylated cystatin C, galectins-1, and glycosphingolipids including GD3 that work 

through the PI3-kinase-Akt and Ras-MAPK pathways. In addition, ffrench-Constant, 

Faissner, and collaborators have reported that tenascin-C ((60); and see Fig. 1) and CSPGs 

including the 473 proteoglcyan (61) can affect neurosphere formation via interactions with 

growth factors and other glycoconjugates.

Thus, cell surface glycoconjugates on neurogenic astrocytic cells can be used as biomarkers, 

as well as candidates to enrich for distinct populations of these cells, using FACS and other 

methods, from a heterogeneous starting population (62). The biogenic actions of these 

glycosylated molecules can also be used, via targeting either the sugar moieties or protein 

cores with antibody, RNA and viral vector technologies, to facilitate neurogenesis and 

support migration and homing to particular neural structures in need of cell replacement, as 

well as discourage these cell behaviors in neoplasia where potentially transformed 

neurogenic astrocytes are implicated as tumor-initiating, “cancer stem cells” involved in, 

e.g., gliomagenesis (63, 64).

6. Conclusions

A complex set of molecular messengers help guide neurogenesis from cells that exhibit 

many characteristic features of immature astrocytes. Glycoconjugates on the surface of these 

cells, and surrounding them in the ECM, are perfectly suited for mediating many of the 

interactions between neurogenic astrocytes in search of molecular cues to guide their 

proliferation, movement, fate choice, and differentiation. In addition to an extensive 

inventory of surface and matrix glycoconjugates, there must also be associated receptors for 

these molecules, as well as coupled intracellular machinery to translate the glycosylated 

molecular messages to direct the different cell behaviors: motility, intracellular protein and 
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organelle trafficking, process extension and retraction, synaptogenesis, and cell survival or 

death. Integrins are such receptors that can connect the ECM to actin and other components 

of the cytoskeleton, where this, “.... interaction can be viewed as a cyclical liaison, which 

develops again and again at new adhesion sites only to cease at sites of de-adhesion...” (65) 

The making and breaking of substrate connections by neurogenic astrocytes and their 

progeny is crucial for controlled migration, survival, and cell-site specific differentiation, 

and likewise requires distinctive cytoskeletal activities to underlie each aspect of the 

developmental sequalae involved in neurohistogenesis. Along with unique glycoconjugates 

and their receptors involved in such events, there are specific cytoskeletal proteins expressed 

during different stages of neurogenesis, including nestin (66), unique GFAP splice variants 

(67), other intermediate filament proteins and the tubulins. All of these extracellular, cell 

surface, and intracellular macromolecular expressions contribute to morphogenesis, reactive 

histogenesis following injury and disease, and neoplasia that accompanies oncogenic 

transformation of potent precursor cells in ways that we are only beginning to understand in 

this very special cell we call a “neurogenic astrocyte.” Glia, based on historic definitions, 

and their associated sugar-coated molecules, evoke an image of a sticky glue that binds 

neural elements together. Since the original discovery of the neurosphere-generating cell is 

in the adult mouse brain (68), it is now clear that neurogenic astroglia stem/progenitor cells, 

and their distinctive expressions of glycoconjugate recognition/signaling molecules, are 

crucial to the building and repair of the nervous system.
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Fig. 1. 
Immunofluorescence for the tenascin-C extracellular matrix (ECM) glycoprotein that is 

intensely expressed in both the periventricular subventricular zone (SVZ) of the lateral 

ventricle (main figure), as well as in neurospheres derived from a neurogenic astrocyte: the 

SVZ multipotent astrocytic stem cell (MASC) that is also immunostained for tenascin-C. 

There is a dense tenascin-C matrix surrounding cells of this cultured neurosphere (figure 

adapted from studies of Gates et al. (9) and Suslov et al. (62)).
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Fig. 2. 
MASCs and neurogenic astrocyte-inducible neurogenesis. MASCs in monolayer cultures 

from transgenic mice that constitutively express green fluorescent protein, GFP (see Zheng 

et al. (33, 34). Monolayers of SVZ cells can be inducibly differentiated into newborn 

neuroblasts. Inset, lower right: low levels of GFAP (green) are found in a subpopulation of 

underlying nestin+/A2B5+ (red) cells. The arrow points to a GFAPlow/A2B5+ cell (inset in 

figure adapted from Scheffler et al. (42)). Scale bar = 30 μm.
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Fig. 3. 
Expansion of primary neural cells as purified astroglial precursors, adult human neural 

progenitor cells (AHNPs) from the adult human temporal cortex. (a) High passage (>60 

population doublings) cells express astrocyte markers GFAP, S100β, and glutamine 

synthetase. Cytoskeletal nestin (expressed in dividing cells, inset) is also present. Cells 

counter-stained with DAPI. (b) Voltage-clamp membrane recordings of these cells reveal 

prominent Na+ and minimal K+ channel activity. (c) AHNPs derived from temporal cortex 

and hippocampus continue logarithmic expansion throughout culture. (d) Hippocampal and 

temporal cortex cells maintain a stable gliotypic morphology throughout culture. (e) Both 

hippocampal and temporal cortex cells maintain an equivalent stable doubling rate 

throughout culture. Scale bars: 50 μm (GFAP), 100 μm (additional images) (a), 150 μm (d) 

(adapted from Walton et al. (35)).

Steindler Page 14

Methods Mol Biol. Author manuscript; available in PMC 2015 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


