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Introduction

The ventricular–subventricular zone (V-SVZ) is one of 
two locations which retains detectable stem/progenitor 
cell capacity after birth in the brains of many mam-
mals. The ability to generate new neurons and glia in 
vitro and in vivo, while offering the potential of cell 
replacement, has also led to intense focus on the 
potential relationships of stem cell niches such as 
V-SVZ to malignant growth in cancer. In human brain 
and brain tumors, the identification of stem-like cells 
frequently relies on careful histochemical character-
ization, as classic lineage tracing approaches used in 
model organisms are rarely feasible. Here, we review 
challenges and successes in using histochemical and 
tissue culture approaches to study this niche in mouse 
and human, with a special focus on the use of anti-
body-based approaches in normal and tumor-bearing 
brain. Finally, we discuss the plethora of multidimen-
sional, single-cell approaches now emerging for tissue 
imaging and sequence analysis, and the analytical 
tools for revealing known and novel cell phenotypes 
within these data.

Histochemical and Cytochemical 
Approaches to Identifying Neural 
Stem Cells

In mammals, postnatal neurogenesis primarily occurs 
in two germinative regions: the V-SVZ and the sub-
granular zone (SGZ) within the hippocampus. The 
V-SVZ is the larger of these two regions—in the 
mouse, neurogenic capacity is found in the medial, lat-
eral, and subcallosal faces of the lateral ventricles, 
whereas studies in human have largely focused on the 
lateral walls of the lateral ventricles.1 The stem cells of 
the V-SVZ are derived from a subset of prenatal stem/
progenitor cells termed radial glia. During embryonic 
development, these radial glia have cell bodies that 
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are close to the ventricles, an apical process that con-
tacts the cerebrospinal fluid (CSF) within the ventri-
cles, and a long radial process that extends toward the 
outer (pial) surface of the brain.2 While this radial pro-
cess gradually retracts during the emergence of the 
postnatal V-SVZ, many postnatal stem cells retain both 
the apical contact with the CSF and a basal process 
that contacts the vasculature underlying this niche, 
thus maintaining a radial structure.3–5 The cytoarchi-
tecture of the adult V-SVZ has been described in 
rodent and human using both light microscopy and 
electron microscopy approaches; indeed, identifica-
tion of V-SVZ cell types using electron microscopy was 
essential to early studies defining lineage progres-
sions within this niche.6,7 Surprisingly, neural stem 
cells in both the V-SVZ and the SGZ share many fea-
tures with mature astrocytes, including expression of 
multiple marker proteins (discussed below), ultrastruc-
tural characteristics, and functional features such as 
contact of the cellular endfoot with the vasculature. In 
addition to stem cell–blood vessel contact, the archi-
tecture of the V-SVZ is also distinguished by several 
additional features: (1) the collection of transit-amplify-
ing cells near the vasculature,4 (2) the presence of 
specialized brain-resident immune cells (microglia) 
with different phenotypes than those in other brain 
regions,8–10 (3) the ensheathing of chains of newly 
born neurons by the processes of stem cells,11,12 (4) 
the arrangement of ependymal cells lining the ventri-
cle into “pinwheels” that surround the apical contact of 
neural stem cells with the CSF,3,13 and (5) the infiltra-
tion of subdomains of the niche by processes from 
multiple populations of neurons.14,15

When activated, quiescent V-SVZ neural stem cells 
(also termed type B-cells) can generate rapidly divid-
ing intermediate progenitor cells (type C-cells), which 
in turn produce maturing progeny: neuroblasts and oli-
godendrocyte precursors. In rodents, the majority of 
V-SVZ stem cells generate neuroblasts that migrate 
along a structure termed the rostral migratory stream 
and then enter the olfactory bulb, where they have 
long been known to differentiate and integrate as inter-
neurons.11,16–20 Specific subregions of the V-SVZ also 
generate oligodendrocytes, which contribute to white 
matter structures such as the corpus callosum.21–25

Although studies in the rodent have been highly 
informative in studying core pathways regulating the 
organization, persistence, and activation of stem cells 
within the V-SVZ niche,26 some key differences exist 
between mouse and human, which are relevant to 
studies of the normal and cancerous brain. As explored 
in the discussion of other stem cell niches below, the 
extent of olfactory bulb neurogenesis in human brain 
has been subject to conflicting reports.27,28 One feature 

that is readily observable in histological sections (Fig. 
1) is the presence of a “gap layer” in the human V-SVZ 
which is not seen in the mouse.29 In adult brain, this 
layer is filled with astrocytic processes but is relatively 
devoid of nuclei. This distinctive organization emerges 
in early postnatal human brain, coinciding with a 
marked decline in the detection of proliferating cells 
and immature neurons.30 These neuroblasts initially fill 
a space between the ependymal cells lining the ven-
tricle and the neural stem cells, and the gap emerges 
as neuroblast production declines. This decline in pro-
liferation differs from the young adult mouse brain, 
where proliferating cells are abundant, as well as older 
(greater than one year old) rodents, where proliferation 
is decreased but still detectable.31,32

At the anatomic level, although the bulk of V-SVZ-
derived neurons in the mouse migrate to and populate 
the olfactory bulbs, other migration patterns have been 
identified in human. Studies of pediatric brain described 
a medial migratory stream (MMS), which branches 
from the proximal rostral migratory stream to supply 
the ventromedial prefrontal cortex.30 These clustered 
cells coexpressed proteins that interact with the cyto-
skeleton or adhesion complexes and are typical of 
neuroblasts. A comparable MMS has not been identi-
fied in other vertebrates.

Examinations of the anterior forebrain of children 
younger than 3 months of age33 further described 
regions of high cell density adjacent to the anterior 
body of the lateral ventricle and within the neighboring 
subcortical white matter, forming a distinct arching 
structure (“Arc”) in sagittal sections. These migrating 
neurons target an extensive region of the anterior fore-
brain, including the cingulate gyrus and prefrontal cor-
tex, where they differentiate into interneurons. Similar 
to other V-SVZ-derived populations, these young neu-
rons appear to migrate during a specific early postna-
tal period and are not seen in mature brain. However, 
functional studies of label-retaining cells and cells cul-
tured in vitro suggest that some level of latent prolifera-
tive potential persists in human V-SVZ. These 
functional assays, and their application in the V-SVZ 
and SGZ niches, are further discussed below.

Functional Features of Neural Stem Cells and 
Their Study Across Species

Functional features of neural stem cells that have been 
studied in both normal and cancer contexts include (1) 
infrequent entry into the cell cycle, resulting in resis-
tance to antimitotic treatment and retention of labels 
diluted by dividing cells; (2) long-term in vitro propaga-
tion and self-renewal in vivo; and (3) multilineage dif-
ferentiation—the generation of multiple mature cell 
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types. Each of these features was used in early 
research as the identification of neural stem cells grew 
increasingly specific, progressing from tissues to sub-
regions to precise subcategories of cells. More recently, 
histochemical studies of both V-SVZ and SGZ have 
highlighted both new approaches and accompanying 
challenges in validation of these approaches in human 
tissue specimens.

At a time when the possibility of postnatal neuro-
genesis was doubted by many, Altman and Das34,35 
made a pioneering report of postnatal and adult neu-
rogenesis by injection of radiolabeled thymidine in 
rats to acutely label cells in S phase at different post-
natal ages. Labeling was present within neurogenic 
niches, including a small number of labeled cells in 
adult animals. These early findings indicated that 

dividing populations of cells persisted in the adult 
mammalian brain, and the use of nucleoside analogs 
or radiolabeled thymidine to detect DNA replication is 
a method that continues to be widely used.32,36 
However, it should be noted that this method, like oth-
ers, can be susceptible to false-positive signals (dis-
cussed in Breunig et al.37).

In the mouse, a series of studies using infusion of 
the antimitotic and chemotherapeutic Ara-C (cytosine 
arabinoside, also called cytarabine) into the cerebro-
spinal fluid subsequently demonstrated that a sub-
population of cells within the V-SVZ, while resistant to 
the effects of Ara-C, was able to enter the cell cycle 
and produce transit-amplifying cells, neuroblasts, 
and, ultimately, mature neurons and oligodendro-
cytes after the drug was discontinued.38 Furthermore, 

Figure 1.  The V-SVZ in schematic and in tumor histology. The mature human V-SVZ is found in the lateral walls of the lateral ventricles 
and is shown in a cross-sectional schematic (A) and in histological section (B). The neural stem cells that persist in this niche (shown in 
blue, A) have contact with the cerebrospinal fluid (at top) and the underlying vasculature (shown in red). Processes of neurons (green) 
and immune cells including brain-resident microglia (brown) are also found in this region, as well as the multiciliated ependymal cells 
(gray) which line the ventricles. The human V-SVZ is also distinguished by a gap layer (blue, bracket in A) that is largely devoid of nuclei 
(visible in B). Brain tumor cells (purple and gray) can be found invading this niche and migrate toward it in mouse models. In tissue from 
a glioblastoma patient with radiographic contact with the ventricles, abnormal cells can be seen in this region (C). Scale bars for B and 
C = 50 µm. Abbreviation: V-SVZ, ventricular–subventricular zone.
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the astrocyte-like type B-cells identified using this 
approach were shown to be slow-cycling and label-
retaining using pulse-chase administration para-
digms which labeled S-phase cells.

In 1998, similar approaches revealed potential con-
servation of properties of stem cells in the human by 
studying postmortem brain tissue from cancer patients 
who had been treated with the thymidine analog and 
S-phase DNA marker bromodeoxyuridine (BrdU) for 
diagnostic purposes.39 Using immunofluorescent 
detection of BrdU, potential S-phase cells were found 
in the hippocampal dentate gyrus and SGZ.

Other rare human populations that provided a label-
retention assay view into postnatal neuron birth in the 
V-SVZ include cancer patients receiving iododeoxyuri-
dine (IdU) for radiosensitization and people whose 
lives spanned the beginning of nuclear bomb testing–
based atmospheric 14C exposure.36,40,41 Examination 
of these samples found infrequent IdU-labeled neuro-
nal cells expressing NeuN, MAP2, and calretinin in 
both the caudate nucleus and the putamen regions of 
the striatum, as well as in the hippocampal dentate 
gyrus, indicating that cells which incorporated IdU 
gave rise to mature neurons. This group also isolated 
neuronal nuclei from the lateral ventricle wall and 
striatum of adult humans, and analyzed the 14C con-
tent of genomic DNA. Using a mathematical model 
based on the 14C content expected in non-dividing 
cells and dividing cells, differing amounts were found 
in nuclei in the striatum adjoining the V-SVZ, sug-
gesting that some neurons in this region were gener-
ated postnatally. However, given their reliance on a 
specific population (humans alive during the 1950s, 
when 14C levels were elevated), these experiments 
cannot be readily or widely repeated. A second con-
cern is that the method of nuclear isolation, via pro-
spective fluorescence-activated cell sorting, 
prohibited the simultaneous collection of anatomic or 
cytoarchitectural information beyond the initial dis-
section of the regions analyzed.

Progress in tissue culture assays for quantifying 
postnatal neurogenic capacity advanced in the 
1990s with the isolation of a multipotent population 
from the adult mouse periventricular region and stri-
atum, which could be induced to proliferate on a non-
adhesive substrate with multiple specialized culture 
mediums.42,43 The proliferating cells formed spheres 
and could be passaged as single cells to form new 
spheres, suggesting a self-renewing population was 
contained within these cultures. Following transfer to 
a poly-ornithine-coated surface, adherent spheres 
differentiated to form neurons and astrocytes, dem-
onstrating multipotency. Human neural stem/progen-
itor cells cultured under these conditions also showed 

the capacity for integration and multilineage differen-
tiation when engrafted in rodent brain in vivo. This 
feature has been demonstrated for human brain cells 
by multiple groups.44–46

Since the initial generation of neurosphere cul-
tures, these assays have been widely used as a 
proxy for self-renewal and multipotency in both nor-
mal and cancer populations. However, a note of cau-
tion has been sounded by multiple studies in the 
rodent V-SVZ, which have demonstrated that stan-
dard sphere culture conditions (using both epidermal 
growth factor and basic fibroblast growth factor) 
enrich for spheres that are primarily derived from 
transit-amplifying cells and a small population of 
activated stem cells.13,47 By contrast, culture condi-
tions containing other factors identified from the 
cerebrospinal fluid and choroid plexus have more 
successfully elicited sphere growth from the long-
lived, quiescent neural stem cell population.48

Similarly, as the ability of researchers to follow the 
activity of small populations and, in some cases, sin-
gle stem/progenitor cells has advanced, previously 
unappreciated levels of heterogeneity have been 
found within the V-SVZ niche.49,50 Type B-cells develop 
“positional identity” during embryonic development, 
with the dorsoventral patterning of radial glia, the pro-
genitors of the developing brain, persisting into the 
mature niche.51–56 Within the adult brain, the precise 
position of a cell within the dorsal or ventral V-SVZ pre-
dicts the type of glia or olfactory bulb neurons it will 
generate.25,57 Thus, although bulk sphere cultures of 
stem cells or stem-like cancer cells may suggest mul-
tipotency, at the per-cell level cells may be more limited 
in the types of progeny they produce.

Histochemical Features of Neural Stem Cells

Strategies such as BrdU/IdU labeling and 14C dating 
are not readily available for most studies of human 
neural progenitors, and consequently immunohisto-
chemical markers of cells with stem-like or immature 
properties are widely used to identify these cells. 
However, many factors can alter the quality of such 
staining, leading to controversy in the field regarding 
the extent of ongoing neural stem cell activity in human 
brain and the presence of stem-like subpopulations 
within human brain tumors. In these as in other histo-
chemical studies, proper use of multiple relevant posi-
tive and negative controls for key antibodies and other 
reagents is essential to interpreting these findings. 
Since the functional and structural identification of 
neural stem cells in mouse and human, a large num-
ber of proteins have been found to be expressed on 
stem and progenitor cells within the V-SVZ. Many of 
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these proteins are dynamically expressed and not per-
fectly exclusive to the stem cell population, meaning 
that combinations of markers (typically, three to six, as 
in Mich et al.58 and Codega et al.13) are often used to 
isolate and study these cells. Below, a subset of widely 
used markers are discussed (a more extensive review 
of marker proteins is available at Rushing and Ihrie55).

Nestin is an intermediate filament protein often used 
to mark proliferating neuroepithelial cells. It was origi-
nally identified by the monoclonal antibody Rat 401 
which transiently stained mitotic regions of the rat 
embryo neural tube.59,60 The distribution of Nestin 
immunoreactive cells in the neural tube and their pro-
liferative capacity during the period of neurogenesis 
were found to be characteristic of neural stem cells.59 
Subsequent work has used animal models with report-
ers or enzymes driven by the Nestin promoter to mark 
and manipulate these cells. However, Nestin may also 
be expressed by some mature cells, and some sub-
populations of neural stem cells lack Nestin expres-
sion.48 Similarly, the intermediate filament protein 
vimentin distinguishes stem cells in the developing 
and mature human and mouse V-SVZ, but can be 
expressed by other cell types outside the brain as well 
as parenchymal astrocytes.61

Expression of the intermediate filament protein 
glial fibrillary acidic protein (GFAP) and the gluta-
mate-aspartate transporter (GLAST) is also charac-
teristic of V-SVZ stem cells,38,62 reflective of their 
astrocyte-like properties. Within the V-SVZ, GFAP or 
GLAST expression distinguishes B-cells from their 
transit-amplifying and neuroblast progeny. However, 
GFAP and GLAST are widely expressed by astro-
cytes throughout the brain, and thus must typically be 
coupled with additional markers and/or physical dis-
section of the region of interest (ROI) to be used in 
stem cell characterization. Specific isoforms of GFAP, 
such as GFAPδ, have been proposed to be more spe-
cific to the stem/progenitor lineage but may also be 
present in immature neurons.63

Doublecortin (DCX) can be used to label neuro-
blasts of the subventricular zone and the hippocampal 
dentate gyrus. DCX is a brain-specific microtubule-
associated protein which acts as a microtubule stabi-
lizer in the setting of migration.64 Its expression has 
been carefully described in the adult mouse hippo-
campus and V-SVZ, where it marks lineage-deter-
mined progenitor cells through immature postmitotic 
neurons.65,66 Although it is not expressed in the stem 
population, expression of DCX is often cited as evi-
dence that production of neurons is ongoing,30,67 espe-
cially when it is present in the same region as proteins 
which are thought to distinguish cycling cells, such as 
Ki67, Mcm2, and PCNA.68 However, an important 

caveat, further discussed below, is that the fixation of 
samples and the conditions under which staining is 
performed can result in false-positive or nonspecific 
labeling for several of these antigens.

Musashi is an RNA-binding protein that specifies 
cell fate by translational regulation and is present in 
the developing mouse central nervous system, espe-
cially in mitotically active cells.69–71 In cultured progeni-
tors, its expression overlaps with Nestin expression, 
and these progenitors are capable of generating neu-
rons and glia. Low levels of Musashi1 expression have 
been detected in human brain tissue and gliomas by 
RT-PCR, as well as neurospheres derived from human 
embryonic brains.69,72

Sox2 is a highly conserved transcription factor 
expressed in cell types including the totipotent cell 
lineage, but which also marks stem cells of the cen-
tral nervous system. Sox2 expression was reported 
in the neural plate and telencephalic ventricular zone 
using transgenic mice.73 Similarly, clonal analysis 
showed that multipotential neural stem cells are 
present within the Sox2-positive embryonic popula-
tion.74 Constitutive expression of Sox2 was sufficient 
to maintain neural progenitor characteristics in vivo, 
whereas Sox2 inhibition causes cell cycle exit, loss 
of progenitor marker expression, and differentiation. 
More recently, regulation of the translation of Sox2 
mRNA has been suggested to be a key regulator of 
lineage progression in the V-SVZ.75 However, like 
many of the markers discussed here, this protein has 
also been reported to be expressed by mature cells 
outside the stem cell niche.76

Also known as LeX or SSEA-1, CD15 (leukocyte 
cluster of differentiation 15) is a carbohydrate 
expressed by embryonic stem cells and in adult brain 
regions, including the pial surface, corpus callosum, 
the SGZ of the hippocampal dentate gyrus, and a sub-
set of SVZ cells.77 Under neurosphere growth-promot-
ing conditions, the CD15-positive cell fraction from 
mouse brain was capable of generating multipotent 
and self-renewing spheres, in contrast to the CD15-
negative population which only rarely made spheres.

CD133 (Prominin) is a five-transmembrane sur-
face glycoprotein originally described as a marker 
for hematopoietic stem and progenitor cells78 and as 
associating with a microvillus-associated structure 
in epithelial cells including brain ependymal cells.79 
It was identified in a monoclonal antibody screen as 
a prospective marker that can enrich for sphere-
forming cells in dissociated brain (PMID: 11121071) 
and has been widely used to enrich for stem-like 
populations in the V-SVZ and other brain regions.80–82 
More recent high-resolution studies have confirmed 
that it is expressed by both ependymal cells, which 
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lack stem cell activity, and type B stem cells within 
the V-SVZ.13

Although the emergence of these and other mark-
ers has informed both studies of human neurogenesis 
and the detection of stem-like populations within 
human brain tumors, reliable staining for these pro-
teins can be strongly influenced by tissue quality and 
preparation, an important consideration when working 
with intraoperative, biopsy, or postmortem samples of 
brain tissue. For example, within the adult human hip-
pocampus, immunohistochemical detection of subsets 
of stem cell markers has produced contradictory evi-
dence. Findings that adult neurogenesis may drop to 
undetectable levels were based on a lack of Ki67+ pro-
liferating cells as well as a lack of DCX+ and PSA-
NCAM+ neurons and a lack of adult dentate gyrus 
Nestin+/Ki67+ cells.83,84 Within the same study, DCX 
expression was found in cells that had already devel-
oped typical dendrites and axons of granule cell neu-
rons, suggesting that these neurons continue to 
express DCX as they differentiate. On the contrary, the 
existence of PSA-NCAM+ DCX+ cells, presumed to be 
immature, in the adult human hippocampus has also 
been demonstrated.85,86 These differences have in 
part been suggested to be due to variation in reagent 
quality and usage, tissue fixation, postmortem inter-
val, and the pathological state of the tissue collected 
(discussed in depth in Moreno-Jimenez et  al.87 and 
Sorrells et al.88).

In addition, some cross-species variation in marker 
expression may exist. In another example, an analysis 
of CD133 expression in the human brain found expres-
sion by embryonic neural stem cells, by an intermedi-
ate radial glial/ependymal cell type in the early 
postnatal stage, and by ependymal cells in the adult 
brain, but not for neurogenic astrocytes in the adult 
subventricular zone.89 In these rare and difficult to col-
lect samples, higher dimensional cell phenotyping 
may also help shed light on this controversy by allow-
ing simultaneous examination of many markers, as 
discussed in section “V-SVZ–Glioma Interactions.”90

Stem-like Cells in Gliomas

As one of two sites which harbors latent proliferative 
potential, the V-SVZ has been a major focus of study 
for those seeking to understand the origins of adult 
brain tumors. The vast majority of rodent models of 
these tumors are generated through the genetic modi-
fication of stem/progenitor cells from either embryonic 
brain or adult V-SVZ, and these cells efficiently form 
tumors when transduced with constructs replicating 
core mutational features of human brain tumors. 
Furthermore, genetic analyses of V-SVZ cells located 

adjacent to resected human brain tumors showed that 
some mutations found within the tumor were also 
detectable in V-SVZ cells, arguing that the V-SVZ was 
the site of origin.91 However, studies of genetically 
manipulated mature astrocytes indicate that these 
cells can also form tumors, albeit with decreased effi-
ciency.92 Furthermore, elegant tracking of mutant cell 
outgrowth using mouse models suggests that in some 
cases although stem cells may sustain an initial onco-
genic mutational event, aberrant outgrowth does not 
occur until the cell in question differentiates further 
and reaches a transit-amplifying or precursor state.93 
Thus, although it is likely that many adult brain tumors 
in humans originate in the V-SVZ, the possibility 
remains that some brain tumors originate elsewhere 
but share some molecular features with the popula-
tions of this niche.

In adults, the large majority of malignant tumors 
originating in the brain are aggressive World Health 
Organization grade IV glioblastomas, which fall within 
the larger class of grade II to grade IV gliomas.94 
Glioblastomas almost inevitably recur following stan-
dard treatment. The nature of this treatment—maxi-
mally achievable resection of the tumor mass, followed 
by radiation and treatment with alkylating chemother-
apy temozolomide—and the apparent resistance of a 
subpopulation of tumor cells to this approach sug-
gested that a population of stem-like cells might exist 
within tumors. The cancer stem cell theory (reviewed 
in Lauko et al.95 and Zong et al.96) initially proposed 
that within tumors such as glioblastoma, there exists a 
population of cells that are self-renewing and generate 
the diverse populations of abnormal cells found within 
a tumor. A subset of these cells, like normal neural 
stem cells, may divide infrequently, and thus be resis-
tant to many chemotherapies that target rapidly divid-
ing cells.

Since the framing of the cancer stem cell model, 
multiple studies have used a variety of lineage-tracing, 
prospective-sorting, and lineage-reconstruction strate-
gies to identify and follow stem-like subpopulations of 
cells in gliomas. Consequently, an array of proteins 
that are enriched in the stem cells of the V-SVZ and 
SGZ have been used to prospectively identify and sort 
such cells from within human brain tumors. CD133 
(Prominin-1) was the first reported cell-surface antigen 
to enrich for the tumor-propagating, stem-like frac-
tion.97 Subsequent work has used the cell-surface pro-
teins CD44, CD15, CD49f, PDGFRβ, and L1CAM, 
among others, to prospectively identify these cells.96 
Furthermore, SOX2, Nestin, the oligodendrocyte and 
peripheral nervous system transcription factor SOX10, 
and other intracellular factors have been proposed as 
markers of stem-like states within tumors. Many of 
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these factors are enriched in tumor-propagating frac-
tions of cells derived from tissue, as in the normal 
niche there is no single marker that reliably identifies a 
cancer stem cell state. Similarly, the formation of 
spheres using neurosphere culture conditions in com-
bination with limiting dilution analyses has been used 
to estimate the fraction of stem-like cells within intra-
operative samples from brain tumors.98 Neurosphere 
culture approaches have allowed propagation of “gli-
oma stem cell” lines that have been invaluable in mod-
eling tumor growth and resistance to therapy.99 
However, as in the normal niche, there are multiple 
protocols and approaches for sphere culture and 
tumor cell propagation, which likely enrich for differing 
populations of stem and progenitor-like cells.

In longitudinal studies of tumor initiation and growth, 
the identification and tracing of stem-like subsets are 
complicated by the likelihood that multiple stem-like 
populations may emerge, differentiate, and de-differ-
entiate over time—that is, that plasticity exists within 
the malignant cell population. As high-dimensional 
approaches begin to be applied to these tumors, a 
high degree of heterogeneity has been observed, with 
multiple markers and combinations of markers found 
across patient cohorts and individual subregions of 
tumors.95,100,101 Intriguingly, recent studies of a small 
set of primary glioblastoma samples revealed a stem-
like population that most closely resembles outer radial 
glial cells—a progenitor cell type that is typically seen 
only during embryonic brain development.102 These 
outer radial glia-like cells resembled embryonic pro-
genitors both in their transcript expression and in their 
pattern of division, exhibiting mitotic somal transloca-
tion (movement of the cell body just prior to division), 
a feature that is stereotypic of these progenitors. 
Functional features such as these, which resemble 
those of early progenitors, may in part explain the well-
known invasive and migratory behavior of glioblas-
toma tumors. Cells with these stem/progenitor 
phenotypes may also be well adapted to exploit the 
environment of the V-SVZ, which is rich in factors that 
can drive cell quiescence, self-renewal, and immune 
suppression (reviewed in Sinnaeve et al.103).

V-SVZ–Glioma Interactions

Beyond the potential origins and constituent cells of 
glioblastomas, the environment of the V-SVZ has 
recently emerged as a potential regulator of cancer 
cell spread and aggression. Many of the factors which 
are enriched in the cerebrospinal fluid or the niche 
itself have been proposed to attract glioblastoma cells, 
support their growth, or alter immune cell activity, and 
in turn glioma cell invasion has been noted to affect 

V-SVZ cell proliferation.104–106 Systematic review of the 
effects of tumor contact with the lateral ventricles on 
MRI (and, by extension, with the V-SVZ niche) has 
demonstrated that this contact, and not contact with 
the SGZ, is an independent predictor of shorter pro-
gression-free and overall survival, underscoring the 
importance of understanding these interactions when 
working to improve glioblastoma treatment.107–109 
Studies of V-SVZ-contacting and V-SVZ-distant tumors 
using MRI imaging and bulk transcriptomics have not 
reliably identified broad differences in the profiles of 
these two classes, arguing that a finer dissection of 
areas proximal to the V-SVZ, or an approach that 
enables quantification of cellular-level phenotypes and 
spatial relationship, may be needed to understand the 
biological effects of this contact.

The environment of the V-SVZ has been proposed 
as a source of multiple trophic signals, resulting in 
preferential recruitment of glioma cells to this region 
rather than other locations within the brain in studies 
using intracranial engraftment of human tumor 
cells.110,111 Case studies of human brain tumor cases 
at autopsy have reported detection of abnormal cells 
within the V-SVZ, distant from the primary tumor mass, 
supporting the idea that this niche is attractive and 
supportive for glioma cells.112,113

Studies in the mouse have also indicated that the 
vascular plexus underlying the V-SVZ is supportive of 
both stem cell persistence and of transit-amplifying 
cell proliferation.3–5,114 Furthermore, testing of barrier 
function via systemic administration of high-molecular-
weight dyes has indicated that the vasculature in this 
region is more permeable than in other brain regions,5 
suggesting that this environment may provide blood-
borne factors to invading tumor cells more readily than 
other regions, providing a natural harbor that enhances 
therapy resistance and the survival of cells that are 
distant from the main tumor mass. Such features may 
help to explain why an increased percentage of recur-
rent tumors, versus primary, display contact with the 
lateral ventricles/V-SVZ.107,108 Similarly, the innervation 
of the V-SVZ may provide support to glioblastoma 
cells, although how such support may compare with 
the supportive neuron–glioma interactions demon-
strated in other brain regions, or interaction with the 
vascularized niche of the SGZ, is not yet clear. 
Emerging vascularized organoid models (reviewed in 
Matsui et al.115) may provide a platform to systemati-
cally test these interactions.

To date, high-dimensional characterization of either 
the tumor mass or tumor-associated immune, neural, 
and glial cells has largely relied on dissociated tissue, 
removing the ability to quantify spatial relationships 
and cytoarchitecture.101 However, recent advances in 
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the development of complex culture models and plat-
forms to produce high-dimensional imaging cytometry 
suggest that such analyses are now achievable. The 
design and rapid adoption in the field of organoid cul-
ture models, which produce “mini-brains” recapitulat-
ing several key architectural features of the developing 
brain, have led to multiple approaches adapting this 
method to study brain tumor biology. Organoid 
approaches have been used both to generate “host” 
tissues for studying glioblastoma cell invasion and per-
sistence and to propagate “tumoroids” that contain 
multiple spatially distinct populations and may support 
the survival of tumor-infiltrating immune cells.116,117 As 
these systems advance, it will be of interest to explore 
whether they enrich for specific stem- and progenitor-
like features in the cancer lineage cells. Comparison of 
these systems, which are typically used to recapitulate 
the embryonic stages of human brain growth, with the 
environment of the postnatal and maturing V-SVZ will 
also be informative to understanding how this niche 
may support brain tumor growth in adults.

Emerging New Histochemical and 
Imaging Approaches and Their 
Potential Impact on the Field

Conventional imaging approaches such as immuno-
histochemistry (IHC) and immunofluorescence (IF) 
have been widely used in the identification and char-
acterization of neural stem cells in the V-SVZ and 
stem-like cells within brain tumors. However, these 
approaches are often limited in the number of markers 
that can be labeled and measured within a single sam-
ple. This can result in discordant identification strate-
gies or a loss of specificity in population identification. 
In addition, to more fully parse the potential interac-
tions between V-SVZ-constituent cells, cancer lineage 
cells, vasculature, and immune cells, simultaneous 
staining and analysis for markers of many cell types 
and cell states will be a valuable tool. Recent develop-
ments in the field of highly multiplexed, antibody-based 
imaging such as multiplex IHC/IF, imaging mass 
cytometry (IMC)/multiplexed ion beam imaging (MIBI), 
and CODEX (Fig. 2) present the opportunity to circum-
vent these limitations and simultaneously measure a 
wide array of markers, allowing for a deeper phenotyp-
ing of protein expression within the V-SVZ. Beyond 
immunohistochemical labeling, the proliferation of 
spatially resolved transcriptomics, metabolomics, 
high-resolution mass spectrometry, and approaches 
combining these methods are also likely to reveal new 
features of this niche.118–120 Ultimately, the ability to 
simultaneously measure and combine many parame-
ters, and to subsequently identify those which are 

most essential to revealing populations or responses 
of interest, has the potential to lead to new diagnostic 
tools or biomarkers in these tumors. The development 
and proliferation of highly multiplexed techniques have 
also necessitated data analysis tools and platforms 
designed to manipulate datasets of considerable size 
and high dimensionality.

As highlighted by the controversies over detection 
of neurogenesis discussed above, in all antibody-
based detection assays, adequate controls are essen-
tial to ensure that the target of interest is selectively 
and uniquely detected by the protocol. In a highly mul-
tiplexed context, this need becomes ever greater as 
the complexity of the dataset grows. It is crucial to test 
candidate antibodies for multiplexing on known posi-
tive and negative control samples processed and pre-
pared using the same conditions as the multiplex 
staining protocol. In addition, cyclic staining protocols 
necessitate testing and validation to ensure that late 
round antibody–antigen binding is not affected by the 
repeated staining and stripping procedures.121

Multiplexed immunohistochemistry or immunofluo-
rescence is perhaps the most straightforward tech-
nique for collecting high-dimensional imaging data, as 
it is built on traditional IHC and IF. These techniques 
use iterative cycles of antibody staining, imaging, anti-
body stripping, or fluorophore bleaching and restaining 
of a single sample to achieve relatively high-dimen-
sional measurements.122–124 The resulting images are 
typically computationally registered using a nuclear 
marker that is maintained throughout the imaging 
cycles. Multiplex IF was recently used to measure bio-
markers or signaling proteins in tumor tissue sections 
from pediatric glioblastoma and astrocytoma samples, 
demonstrating the feasibility of this approach.125,126

IMC builds on mass cytometry techniques in which 
single cells labeled with unique mass-tagged antibod-
ies are measured using a time-of-flight mass spec-
trometry (TOF-MS). However, instead of measuring 
cells in suspension, IMC rasters an ROI within a slide-
mounted tissue section stained with a cocktail of 
mass-tagged antibodies using laser ablation. The 
resulting plumes of particles are then measured by 
TOF-MS. IMC allows for routine simultaneous mea-
surement of 32 markers. In the brain, IMC has been 
used to study myeloid and astrocytic cell phenotypes 
in multiple sclerosis (MS) lesions.8,127,128 MIBI is simi-
larly able to detect mass-tagged antibodies; in addi-
tion, the use of specialized slides and a dedicated 
imaging chamber allow simultaneous detection of iso-
topic variants of lower mass elements including those 
naturally present in tissues, providing additional chan-
nels of information for imaging analysis.129 CODEX 
imaging deploys oligonucleotide barcodes conjugated 
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to antibodies that are stained simultaneously but are 
imaged cyclically. Sets of fluorescently labeled oligo-
nucleotides complementary to sets of barcoded anti-
bodies are administered, imaged, stripped, and 
repeated to measure up to 58 unique barcoded anti-
bodies.130,131 The resulting images are computationally 
registered and analyzed similarly to cyclic IF or IHC 
datasets, but have the advantage of having been 
stained together, removing variation in staining condi-
tions, reagents, and time.

A throughline in all highly multiplexed imaging tech-
niques is the need for specialized data analysis tools 
and expertise after data collection. Broadly, these tools 

can be categorized into commercial and open source. 
Commercial options include HALO, developed by Indica 
Labs, and Oncotopix, developed by Visiopharm. These 
options have the advantages of wide adoption and 
support, but require costly license agreements. Open 
source options also exist, such as histoCAT, which 
was developed for IMC analysis, QuPath, CellProfiler, 
and Steinbock (github.com/BodenmillerGroup/stein-
bock).132–134 These options are free to use and include 
powerful analysis capabilities, but often require some 
degree of user expertise to access their full potential.

An analysis pipeline for multiplex imaging data from 
any source will typically include a similar series of 

Figure 2.  Highly multiplexed imaging data collection and analysis pipelines. A selection of multiplexed imaging approaches is illustrated 
in brief (A). In cyclic IHC, primary antibodies for a protein of interest are detected by a secondary antibody conjugated to horseradish 
peroxidase, which catalyzes a reaction depositing a chromogenic dye which can then be visualized through light microscopy in rounds 
of bleaching, staining, and imaging. In Cyclic IF, secondary antibodies are detected using fluorophores, followed by bleaching, staining, 
and imaging. In IMC or MIBI, primary antibodies are directly conjugated to unique mass tags, and data are collected simultaneously. In 
CODEX, primary antibodies conjugated to unique nucleotide barcodes are stained simultaneously and are detected cyclically using com-
plementary barcodes conjugated to fluorophores. After data collection, imaging data must be processed to quantify features of interest 
(B–E). Preprocessing steps include illumination correction (B), background subtraction, bleedthrough correction, and autofluorescence 
correction. Image registration often begins at the level of the gross tissue and ideally is followed by a cell–cell registration (C). Nuclear 
segmentation identifies single cells (D). Expression of proteins of interest and their localization can then be quantified per detected cell 
(E). Once an expression dataset has been produced, specific techniques are necessary to analyze high-dimensional imaging data (F–I). 
Dimensionality reduction tools such as t-SNE and UMAP can make high-dimensional relationships between cells easier to visualize (F). 
Clustering tools such as FlowSOM and SPADE identify populations within the dataset (G). Phenotypic characteristics of identified clus-
ters can be determined using marker enrichment modeling (MEM) or expert-guided median expression analysis (H). Local niche charac-
teristics can be discovered by identifying neighbor cells either by distance from the index cell or by selecting all first-order neighbors (I). 
Abbreviations: IHC, immunohistochemistry; IF, immunofluorescence; IMC, imaging mass cytometry; MIBI, multiplexed ion beam imaging.



828	 Brockman et al.

steps. Before any analysis begins, quality control of the 
images is paramount to screen for clear staining fail-
ures and artifacts. Preprocessing of the images is often 
necessary, and the specific algorithms used are depen-
dent on the imaging technique used (Fig. 2B). For cyclic 
imaging techniques such as multiplex IF/IHC and 
CODEX, registration of images between many rounds 
of staining is necessary (Fig. 2C). A single-cell seg-
mentation is often performed using a strong ubiquitous 
specific nuclear stain (Fig. 2D). Next, expression of pro-
teins of interest is measured by quantification of signal 
overlapping each segmented cell (Fig. 2E). The expres-
sion dataset can be followed by expert or automatic 
thresholding to identify marker “high/positive” cells or 
populations exhibiting known combinations of marker 
expression. Simple thresholding and gating are often 
insufficient to fully analyze high-dimensional imaging 
data; thus, a series of tools have been developed to 
deal with such datasets. Tools such as t-SNE or UMAP 
can be used to reduce the dimensionality of the expres-
sion data while maintaining the relationships between 
objects in high-dimensional space (Fig. 2F).135,136 
Clustering tools such as FlowSOM, and SPADE can be 
used to group cells of similar high-dimensional pheno-
type for further analysis (Fig. 2G).137,138 Once clusters of 
cell populations of interest are identified, it is useful to 
determine the phenotypic features of those popula-
tions. Statistical descriptors such as MEM produce 
labels for populations that represent the relative posi-
tive or negative enrichment of markers in the popula-
tion compared with the rest of the sample.139 
Alternatively, expert knowledge can be used to infer 
cell identity from median expression data.140,141

A major opportunity presented by a highly multi-
plexed imaging study of NSC and GSC niches, 
beyond better identification and phenotyping of these 
cells, is the exploration of the neighborhood of cells 
that surround individual NSC or GSC cells (Fig. 2I). 
The multiplex imaging cytometry analysis toolbox his-
toCAT performs a “neighborhood” analysis by splitting 
the observed cells into clusters of similar phenotype 
in high-dimensional space and comparing the 
observed frequency of interaction between cells of 
different clusters compared with a computationally 
randomized distribution of the cells. Cells within a 
user-defined threshold distance from the index cell 
are defined as interacting. The fraction of ROIs in 
which there is a significant interaction or avoidance 
between cell types is then reported.134 Such an analy-
sis on a high-dimensional imaging dataset could 
reveal cell phenotypes that specifically interact with 
NSCs or GSCs, or alternately immune cell subpopula-
tions that are specifically excluded from the NSC 
neighborhood. In another approach, an i-niche around 

each cell in the high-dimensional imaging dataset 
was defined by the collection of cell types in the ring 
of first-tier neighbors surrounding each central index 
cell. These i-niches are then clustered to find types of 
i-niches that exist in the tissue. The distribution of 
these i-niches can then be compared across condi-
tions or defined tissue regions.130 In the NSC/GSC 
context, such an analysis could identify specific niche 
patterns around NSCs or GSCs whose presence or 
absence correlates with other biological features.

Collectively, the advent of high-dimensional imag-
ing, coupled with the ever-expanding amount of infor-
mation available on the V-SVZ and glioblastoma, offers 
exciting opportunities for dissecting the complex rela-
tionships between the many cell constituents of this 
niche. Ultimately, a better understanding of how con-
tact with the CSF, vasculature, and stem cells impacts 
glioma cell survival and resistance may inform the 
development of treatments that inhibit migration to this 
region, as well as modulating the effects of the V-SVZ 
on cancer cells and immune infiltrate.
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