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Abstract

The capacity of adult human glial progenitor cells (AGPs) to proliferate and undergo multipotent 

differentiation positions them as ideal candidate cells of origin for human gliomas. To investigate 

this potential role we identified AGPs as mitotically active Olig2 cells in non-neoplastic adult 

human brain and gliomas. We conservatively estimated that 1 in 5,000 human temporal lobe 

neocortical gray or sub-cortical white matter cells is mitotic. Extrapolating from a mean Olig2/

Mib-1 labeling index (LI) of 52% and total cell number of 100 billion, we estimated the overall 

prevalence of mitotic Olig2 AGPs in non-neoplastic human brain parenchyma at 10 million. These 

data identify a large reservoir of Olig2 AGPs which could be potential targets for human 

gliomagenesis. The vast majority of mitotic cells in Grade II and III gliomas of all histologic sub-

types expressed Olig2 (mean LI 75%) but rarely S100B (LI 0.6%), identifying the Olig2 cell as a 

distinct contributor to the proliferating cell population of human gliomas of both oligodendroglial 

and astrocytic lineages. In the most malignant grade IV glioma, or glioblastoma multiforme 

(GBM), the prevalence of Olig2/Mib-1 cells was significantly decreased (24.5%). The 

significantly lower Olig2/Mib-1 LI in GBMs suggests that a decrease in the prevalence of Olig2 

cells to the total mitotic cell pool accompanies increasing malignancy. The novel framework 

provided by this quantitative and comparative analysis supports future studies to examine the 

histogenetic role of Olig2 AGPs in adult gliomas, their potential contribution to the tumor stroma 

and the molecular role of Olig2 in glioma pathogenesis.
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INTRODUCTION

The recent detection of glial tumor stem cells has driven interest in the role of immature 

neural cells as targets for gliomagenesis. The precise identity of glioma cell(s) of origin 
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remains unclear and although much attention has been focused on adult neural stem cells 

(NSCs), the recent characterization of adult glial progenitors (AGPs) in the human brain 

expands the range of possible immature neural cell types that could generate human 

gliomas. Human gliomas express markers associated with both cell types and animal models 

that target either NSCs or AGPs faithfully recapitulate the neuropathologic features of 

human gliomas.

NSCs and AGPs both exhibit properties reminiscent of human gliomas including 

multipotent differentiation, migration and proliferation, but differ in many fundamental 

ways. Unlike NSCs that self-renew and generate both neurons and glia in vivo, AGPs have 

limited replicative potential and preferentially produce oligodendroglia in vivo (Nunes et al 

2003; Arsenijevic et al. 2001; Goldman 2003). Also, AGPs are diffusely distributed 

throughout the neocortex and sub-cortical white matter (SCWM), while NSCs are localized 

within distinct germinative zones of the SVZ and sub-granular zone of the hippocampus 

(Nunes et al 2003; Arsenijevic et al. 2001; Goldman, 2003). Although adult NSCs and AGPs 

likely represent a diverse spectrum of lineally related cells with partially overlapping 

localization and physiologic functions, their distinct phenotypes suggest that they may 

contribute uniquely to the generation of human gliomas.

The presence of AGPs in normal rodent and human brain that exhibit an immature 

phenotype defined by distinct protein and transcription factor profiles also supports their 

potential roles in glioma biology (Goldman 2003; Horner et al. 2002; Liu and Rao 2004). In 

adult rodent neocortical gray matter and SCWM, the majority of mitotic cells demonstrate a 

glial progenitor phenotype (Dawson et al. 2003; Gensert and Goldman 2001). Multipotent 

glial progenitors with proliferative capacity in vitro have been isolated from adult human 

SCWM (Nunes et al. 2003; Scolding et al. 1999; Scolding et al. 1995) and neocortex 

(Arsenijevic et al. 2001). Two factors commonly expressed by AGPs, NG2 and Olig2, 

define the most proliferative population of cells outside neurogenic regions of the rodent 

brain (Dawson et al. 2003; Marshall et al. 2005). As in rodents, cells expressing the NG2 

proteoglycan in humans are distributed diffusely throughout the gray and SCWM (Chang et 

al. 2000; Shoshan 1999). The co-expression of Olig2 in most NG2 cells in the rodent CNS 

also supports the notion that Olig2 defines a population of glial progenitor cells (Ligon et al. 

2006b). Of importance cells with AGP phenotypes have been linked to gliomagenesis both 

experimentally and in human tissue samples.

Barnett et al (Barnett et al, 1998) directly transformed NG2 expressing rat AGPs (O2A cells) 

in vitro that upon implantation into syngeneic host brains produced malignant glial tumors 

with features similar to human glioblastoma. PDGF over-expressing retrovirus injected into 

rodent white matter preferentially infects NG2 AGPs to generate malignant gliomas similar 

to human GBM that express Olig2 in the vast majority of transduced tumor cells (Assanah et 

al, 2006). Of importance, Olig2 and NG2 proteins are both expressed in human gliomas 

(Shoshan et al. 1999; Ligon et al. 2004) and the expression of Olig2 in gliomas of either 

astrocytic or oligodendroglial differentiation is consistent with the inherent capacity of 

AGPs for multipotent glial differentiation (Ligon et al. 2004; Mokhtari et al. 2005).
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The phenotype and existence of mitotic AGPS in human brain and the observations above in 

animal and human gliomas supports the importance of AGPs to human glioma formation 

and biologic phenotype. Despite this, no study has attempted to rigorously analyze the 

prevalence of AGPs, particularly in the mitotic pool of neural cells outside the CNS 

germinative zones, or correlated such data with similar analysis in human glioma tissue 

samples. In this study we established the prevalence of mitotic cortical Olig2 AGPs in non-

neoplastic human brain and, by comparative analysis of mitotic Olig2 cells in human 

gliomas, investigated their possible role(s) in glioma biology. The comparative prevalence 

of mitotic AGPs in non-neoplastic brain and human gliomas supported a potential 

histogenetic role for AGPs in human gliomas and suggested additional functional 

contributions to malignant glioma phenotype.

MATERIALS AND METHODS

Tissue samples and patient characteristics

Temporal lobe non-neoplastic brain and glioma tumor tissues were obtained in compliance 

with an approved University of Washington Human Subjects protocol from patients 

undergoing surgical resection for epilepsy, exposure to benign brain tumors or primary 

gliomas. Macroscopically evident regions of cortical gray matter (GM) and sub-cortical 

white matter (WM) from each patient were immediately dissected, fixed in formalin and 

mounted in random orientation in paraffin blocks to eliminate structural bias in cell 

densities. Two separate sets of paired samples were generated (Table 1); the first set of 

paired GM/WM samples from 14 patients (Panel 1) was processed for analysis of Mib-1 

labeling indices (data summarized in Table 2), and the second set of paired GM/WM 

samples from 12 patients (Panel 2) was used to quantify Olig2 expression in Mib-1 

expressing cells (data summarized in Table 3). Glioma samples were retrieved from 

archived formalin-fixed and paraffin-embedded samples. H&E histological verification was 

performed for all non-neoplastic and glioma samples.

Immunohistochemistry

IHC analysis on non-neoplastic brain sections included Mib-1, Olig2/Mib-1, Olig2/NG2 and 

for gliomas Olig2/Mib-1 and S100B/Mib-1. All IHC was performed on 6µm formalin-fixed 

and paraffin- embedded sections except those used for Olig2/NG2 IHC. After 

deparaffinization and rehydration all sections were subjected to antigen retrieval by 

microwave heating for 4 min at 100% power, then 10 min at 10% power in 10mM Citrate 

buffer pH 6.0 and treated to reduce auto-fluorescence by immersion in 1% Sudan-Black B 

solution for 5 minutes, brief immersion in 80% ETOH and PBS rinse (Schnell et al. 1999). 

Sections were then blocked with 2% horse serum and 0.3% triton-X, incubated in primary 

antibody over night at 4°C and 1hr in secondary antibody at room temperature followed by 

DAPI (1:1000) counterstaining. Sections were mounted (Fluoromount G, Southern Biotec, 

Birmingham, AL, USA) and light protected until analyzed. For Olig2/NG2 IHC, 40 µm 

sections from 2 separate samples of fresh frozen brain including both gray and white matter 

were fixed in 4% paraformaldehyde. After blocking with 10% horse serum slides were 

incubated for 48 hours at 4°C with the NG2 primary antibody. The primary antibodies and 

corresponding secondary antibodies used are as follows: Mib-1 antibody (DAKO 1:500) 
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visualized by application of FITC donkey anti-mouse secondary antibody (Jackson 

ImmunoResearch, West Grove, PA, USA; 1:500). Olig2 polyclonal rabbit antibody (1:3000) 

was kindly provided by H. Yokoo (Yokoo et al. 2004), and visualized with biotinylated goat 

anti-rabbit secondary antibody (Vector Lab, Burlingame, CA, USA; 1:500) and rhodamine 

Red-X Conjugated streptavidin (Molecular Probes, Eugene, OR, 1:1000). NG2 primary 

antibody (BD Biosciences, San Jose, CA, 1:400 dilution) visualized with anti-mouse 

biotinylated secondary antibody (Vector Lab; 1:500) and streptavidin (Molecular Probes; 

1:1000); avidin-biotin block was used per manufacturer’s protocol (Sigma, St. Louis, MO), 

before double labeling with Olig2. S100B rabbit polyclonal antibody (Swant, Bellinzona, 

Switzerland, 1:500) visualized as Olig2 above. Guinea pig GFAP polyclonal antibody 

(Advanced ImmunoChemical Inc., 1:500) visualized with donkey anti-GP Cy5 secondary 

(Jackson, 1:400). Mouse monoclonal CNPase antibody (Sigma, 1:200) visualized as Mib1 

above. Mouse monoclonal Nkx2.2 antibody (Developmental Studies Hybridoma Bank, 

University of Iowa, Iowa City, IA, USA,1:200) labeled with Horse anti-mouse biotin 

(Vector, 1:250) followed by NeutrAvidin 488 conjugate (Molecular Probes, 1:500).

Confocal microscopy

Prior to cell counting with fluorescent microscopy, the co-localization and patterns of 

immunoreactivity for Olig2/Mib-1 and Ng2/Olig2 in non-neoplastic brain and Olig2/Mib-1 

in selected glioma samples were analyzed by confocal microscopy to confirm appropriate 

cellular localization and specificity of double-labeled cells. Confocal images were collected 

on a BioRad radiance microscope (Hercules, CA). Images were imported into Volocity 

(Improvision, Lexington, MA) to generate compressed z-stacks and 3-dimensional and 

orthogonal views. Photoshop (Adobe Systems, San Jose, CA) was used to crop and create 

figure montages from the imported images.

Cell counting in non-neoplastic brain

Mib-1 LI- In a set of 14 paired gray and SCWM samples (Panel 1, Table 1) Mib-1 

immunoreactive cells were detected by fluorescent microscopy with a motorized Zeiss 

Axiovert 200M inverted microscope at 20× magnification. The entire section was analyzed 

by manually moving the “Z” stage. Digital images were captured of all microscopic fields 

with Mib-1 cells (Roper HQ camera, Roper Scientific, Duluth, GA, USA) and stored using 

Slide Book image analysis software (version 4.01.40; Intelligent Imaging Innovations, Inc., 

Atlanta, GA). The total number of Mib-1 cells was recorded using Image J public domain 

image analysis software (http://rsb.info.nih.gov/ij). Cells were considered positive if staining 

was distributed within the confines of a DAPI-delineated nucleus. Most positive cells 

demonstrated intense homogeneous fluorescence, but due to intranuclear redistribution of 

Ki-67 protein during different phases of the cell cycle (Verheijen et al. 1989), some positive 

cells had variable intensity or punctate staining patterns. Mib-1 staining unequivocally co-

localized to DAPI nuclei within distinct vascular structures (characterized by either a 

circular, longitudinal or branching pattern of elongated endothelial nuclei) were excluded 

from the analysis. A representative Mib-1 stained nucleus from a non-neoplastic brain is 

shown in Figure 1. Total cell counts- The total cell count for each section was estimated to 

allow determination of the Mib-1 LI (#Mib-1 cells/total cell number). The number of 20× 

microscopic fields comprising a section was determined using Slidebook (III; Atlanta, GA) 
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image analysis software and the whole area of the specimen was measured using a Duoscan 

T2500 slide scanner (AGFA, Germany). Except for small samples, at least ten fields 

comprising 8.4–29% of the total section area were counted. Sections containing Mib-1 cells 

were counted while the remaining fields for each section were determined by random 

number generation using Slidebook (III, Atlanta, GA). To verify that inclusion of fields 

containing Mib-1 cells did not introduce bias into the estimations of total cell counts, a 

second observer estimated total cell counts using only randomly selected fields (see 

statistical analysis below). Each DAPI-stained nucleus was marked using Image J (NIH 

shareware) to prevent recounting and randomly oriented samples were used to reduce bias 

created by regional differences in cell density, particularly in gray matter. Olig2/Mib-1 LI- 

To allow analysis of Olig2 expression in a larger number of non-neoplastic gray and SCWM 

mitotic cells, a second set of samples was used (“Panel 2”, table 3) that had larger areas than 

those used for the Mib-1 LI analysis. For each sample, 2–4 adjacent sections were counted at 

40× magnification. Co-expression of Olig2 was determined for each Mib-1 immunoreactive 

cell. The LI was calculated as follows (# Mib-1/Olig2 cells/ total # Mib-1 cells × 100). A 

cell was considered positive for Olig2 expression only when the fluorescent signal was 

stronger than the background of non-oligodendroglial cells and its morphological 

characteristics were consistent with a nucleus that could be confirmed by DAPI fluorescence 

signal. Olig2/Ng2- We analyzed co-expression of Olig2 and NG2 cell in 2 separate samples 

of fresh frozen brain including both gray and white matter. Cells were considered NG2 

positive when immunoflourescent signal surrounded or was in continuity with a DAPI-

stained nucleus. These cells were then checked for the presence of Olig2 nuclear 

immunoreactivity. Co-localization of signal was analyzed at 40× magnification and 

confirmed by confocal microscopy. Five hundred randomly selected cells were counted and 

the percentage of NG2 cells co-expressing Olig2 was recorded.

Cell counting in human gliomas

Microscopic fields were analyzed at 40× magnification in a non-overlapping random 

checkerboard configuration (approximately one-half of the total sample area) to identify 

Mib-1 immunoreactive cells. For each Mib-1 cell, the presence or absence of Olig2 or S100 

beta immunoreactivity was recorded. Olig2/Mib-1- The same Olig2/Mib-1 double-label 

immuno-staining technique and criteria for identifying positive cells as described for non-

neoplastic brain was applied to the human glioma samples. S100B/Mib-1- The localization 

of S100B in either the nucleus or cytoplasm has been documented in prior studies 

(Deloulme et al. 2004; Hachem et al. 2005; Hayashi et al. 1991). Cells were considered to be 

double-labeled for Mib-1 and S100B when either nuclear and/or cytoplasmic staining 

intensity for S100B was above tissue background and unambiguously localized to a Mib-1 

positive nucleus.

Statistical analysis

Two-tailed paired t-tests were used to compare measurements of Mib1 LI, cell density and 

Olig2 Mib1 LI taken from both gray and white matter samples from non-neoplastic human 

brains. Additional effects due to patient characteristics such as age, gender, pathology and 

prior grid placement were individually tested using a repeated measures ANOVA model that 

employed a random effect due to subject. (Modelling was done with the 'proc mixed' 
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procedure available in SAS). Measurements of Mib1 LI and Olig2/MIb1 LI taken from 

tumors were analyzed using a one-way ANOVA with a Tukey post-hoc multiple comparison 

test for significance between groups. Differences were considered significant if the p value 

was less than 0.05. Inter-observer error- To determine the variability between observers in 

data collection, a second observer blindly counted randomly selected samples using 

established criteria and techniques (6 GM and 4 WM for cell density; 6 sections each of GM 

and WM for Mib-1 LI; 6 GM and 4 WM for Olig2/Mib-1 LI in non-neoplastic brain; and 

Olig2/Mib-1 LI and S100B/Mib-1 LI from 2 astrocytomas, 3 oligodendrogliomas, 1 mixed 

oligoastrocytoma and 3 GBM). No significant differences in the means or variance were 

found for cell density values for GM or WM samples using unpaired t-tests and an F-test to 

compare variances between observers. All other comparisons were performed using a paired 

t-test and evaluation of correlation. In all analyses, the correlations between the comparative 

data sets were highly significant while significant differences in mean values were not 

identified. The correlations and their p-values for each data set were as follows: Mib-1 cell 

numbers in non-neoplastic brain, (r= 0.8913, p<0.0001), Olig2/Mib-1 double-labeled cell 

counts from non-neoplastic brain (r=0.9441, p<0.0001), Olig2/Mib-1 LI in gliomas 

(r=0.9885, p<0.0001) and S100B/Mib-1 LI for gliomas (r= 0.9952, p<0.0001).

RESULTS

Proliferating cells in non-neoplastic human brain

In the set of non-neoplastic human brain samples used to quantify Mib-1 LI (Panel 1, table 

1), no associations were noted between other variables that might affect Mib-1 LI such as 

patient age, gender, underlying pathology and prior grid placement even after adjusting for 

the GM/WM variable (data not shown). The overall mean Mib-1 LI for all non-neoplastic 

brain samples was 0.04%, or one mitotic cell in 2500. The mean Mib-1 LI was higher in 

samples with prior grid placement (mean LI 0.074%) versus no prior grid (mean 0.021%) 

but this difference did not reach statistical significance (table 2). Of the total number of 

Mib-1 cells counted in all 28 samples, 59% were concentrated in two samples from a patient 

with prior grid placement. The marked increase in the Mib-1 LIs in these samples compared 

with all other samples (5-fold higher than next highest GM Mib-1 LI and 3-fold higher than 

next highest WM Mib-1 LI) suggested that a severe reaction to grid placement occurred in 

this patient. Since this is less likely to reflect the normal physiologic state of mitotic activity 

in the brain, we recalculated the Mib-1 LI to exclude these “outliers” and arrived at a mean 

Mib-1 LI of 0.022% for individual GM and WM Mib-1 LIs (approximately one Mib-1 cell 

per 4500 total cells) or 0.026% (approximately one Mib-1 cell per 3800 total cells) when the 

Mib-1 LI is calculated from cell counts pooled from all samples. These values are very 

similar to the mean of individual Mib-1 LIs (0.21%) from non-grid samples and presumably 

more closely represents normal physiologic mitotic activity.

The degree of regional variability within individual samples was addressed by counting 

Mib-1 cells from equally sized serial sections taken at 100µM intervals from 3 large epilepsy 

brain samples containing both GM and WM. The Mib-1 cell counts for each sample ranged 

from 2 to 14 (2, 13, 7, 14, 10), 1 to 6 (6, 2, 4, 1, 2, 6), and 3 to 11 (8, 9, 11, 9, 3, 4). 
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Excluding the two outlying samples discussed above, this regional variability of mitotic 

activity (3.7-7 fold) is similar to that observed among samples in panel 1 (Table 1).

In the course of determining Mib-1 LIs we also quantified total cell counts and cell densities 

(Table 2). Mean cell densities were significantly higher in WM (1550 cells/mm2) than GM 

(1114 cells /mm2) and comparable to previous reports (Nedergaard et al. 1984). Variability 

in cell density was greater in samples of white matter (S.D. +/−504) than gray matter (S.D. 

+/− 203) which may be due to the effects of chronic epilepsy or tissue fixation 

(Kretschmann et al. 1986; Mouritzen Dam 1979). Because the fresh sample volumes were 

not recorded, we could not correct for tissue contraction due to fixation, but this may 

account for variability in white matter cell densities. Together these results provided new 

insight to indicate the level of and variability of mitotic activity in non-neoplastic human 

brain in GM and WM outside of the germinal zones.

Olig2 expression in non-neoplastic proliferating cells

To identify proliferating cells with an AGP immunophenotype in the non-neoplastic adult 

brain we performed double-label IHC for Mib-1 and the glial progenitor marker Olig2 in a 

second panel (Panel 2, Table 1) of non-neoplastic brain samples (summarized in Table 3 and 

Figure 4). Olig2 expression in mitotic cells outside the germinal zones provided 

unambiguous identification of a glial progenitor cell as opposed to terminally differentiated 

oligodendrocyte, and its nuclear staining pattern facilitated detection of Olig2/Mib-1 double-

labeled cells (Figure 3). Overall, Olig2 cells represented the majority of Mib-1-expressing 

cells in non-neoplastic brain samples (mean Olig2/Mib-1 LI 52.2%; the prevalence of Olig2/

Mib-1 cells was significantly higher in white matter (mean Olig2/Mib-1 LI of 66.4%) than 

gray matter (mean Olig2/Mib-1 LI of 38.0%). No major differences were noted for Olig2/

Mib-1 LI between grid and non-grid samples (data not shown). Overall our results indicated 

that a mitotic AGP, defined by Olig2 expression, comprises slightly over half of all 

proliferating cells in non-neoplastic human temporal lobe differentially distributed with 

greater prevalence in SCWM than neocortex.

Olig2/Mib-1 and S100B/Mib-1 co-expression in human gliomas

We hypothesized that the proliferating Olig2 AGP is a target cell for gliomagenesis and 

therefore analyzed expression of Olig2 in mitotic cells from a panel of human glial 

neoplasms. The prevalence of Olig2 proliferating cells was compared with that of S100B 

proliferating cells to provide a comparison of mitotic activity in cells of astroglial lineage. 

While S100B expression is reported in some neurons and oligodendrocyte progenitors 

(Vives et al. 2003; Deloume et al. 2004; Hachem et al. 2005) we found a high correlation 

between S100B and the astroglial specific marker GFAP expression (Supplemental data 

Figure 1). We chose not to use GFAP for the cell counts because its cellular localization in 

cell processes makes it more difficult to associate its expression to a specific cell than 

S100B. In all, we analyzed 11 WHO grade II gliomas (4 astrocytoma, 5 oligodendrogliomas 

and 2 mixed oligoastrocytoma), 11 WHO grade III gliomas (4 astrocytoma, 3 

oligodendrogliomas and 4 mixed oligoastrocytoma) and 9 grade IV glioblastomas.
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Our results indicated that the Olig2/Mib-1 glial progenitor immunophenotype comprises the 

vast majority of proliferating cells in grade II and III gliomas but a significantly smaller 

proportion of mitotic cells in grade IV neoplasms. In grade II and grade III gliomas, Olig2 

was commonly co-expressed in proliferating cells. The mean Olig2/Mib-1 LI for all grade II 

gliomas was 67.7 % (range 21%-90%) with means of 79.5%, 56.4% and 72.5% for 

astrocytoma, oligodendroglioma and mixed glioma, respectively. The mean Olig2/Mib-1 LI 

for all grade III gliomas was 83.6 % (range 65%-95%) with means of 88.8%, 79.3% and 

81.8% for astrocytoma, oligodendroglioma and mixed glioma, respectively. For grade IV 

glioblastoma, the individual Olig2/Mib-1 LIs demonstrated greater variability (range 6–

63%) and significantly lower mean Olig2/Mib-1 LIs (24.9%; p=0.001) than grade II and III 

gliomas. By contrast, S100B/Mib-1 cells were only encountered in 2 grade II, 6 grade III 

and 2 grade IV samples with the highest LI being 6%. Representative images of Olig2/

Mib-1 and S100B/Mib-1 cells from glioma samples are shown in Figures 5 and 6 and 

Supplemental data Figure 2, and data for Olig2/Mib-1 and S100B/Mib-1 is summarized in 

Table 3 and Figure 7.

AGP immunophenotype

To better establish the relationship between Olig2/Mib-1 cells detected in non-neoplastic 

brain and gliomas we investigated their co-expression with astroglial markers GFAP and 

S100B, and other markers expressed by AGPs, NG2, CNPase and NKX2.2 (Colin et al. 

2007; Rousseau et al. 2006). Figure 8 summarizes the general immunophenotype of the 

AGP population we have identified in non-neoplastic human brain and human gliomas of 

various types and grades. Adjacent sections from the same tissue sample block were stained 

with H&E to confirm pathology and then stained for Olig2/Mib1, S100/Mib1 and GFAP/

Mib1 by IHC. Our data suggests that AGPs are a mitotic cell population that expresses 

Olig2 but rarely S100 or GFAP.

To determine the potential overlap between the Olig2 AGP and the neocortical and SCWM 

NG2 AGP described in rodents and humans, we examined co-expression of Olig2 in 500 

NG2 cells from 2 large sections of human temporal lobe containing both neocortex and 

SCWM obtained from epilepsy patients (Figure 9). The pooled results showed that 

approximately 62% of NG2 cells co-expressed Olig2 (data not shown). Given that Olig2 and 

NG2 are also expressed in non-overlapping cell types (NG2 in pericytes and microglia and 

Olig2 in post-mitotic oligodendroglia), this finding and the high prevalence of Olig2 

proliferating cells in the adult non-neoplastic brain, together suggest that a large pool of 

human AGPs in neocortex and SCWM may be defined by co-expression of Olig2 and NG2. 

In our glial tumor samples, NG2 Olig2 colocalization was also observed, although not 

quantified (Supplemental data Figure 3).

We also looked at co-expression of other markers expressed by glial progenitors, Nkx2.2 

and CNPase with Olig2 and further compared and contrasted co-expression of astroglial 

markers S100B and GFAP by IHC. We found little to no expression of GFAP in Olig2 cells 

and little to no expression of S100B in mitotic cells, whereas both these astroglial markers 

seemed to colocalize considerably with each other (See supplemental data Figure 1). 

Together these findings indirectly imply that S100B/Olig2 expression would be expected at 
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low levels. Because our Olig2 and S100B antibodies are raised in the same host species, 

direct double-labeling was not possible. We found a large overlap in Olig2 and Nkx2.2 

expression in the non-neoplastic brain and a sub-population of the Olig2 positive cells were 

found to express CNPase (Supplemental data Figure 3). Most importantly, all these 

observations of AGP immunophenotype in the non-neoplastic brain also held true for human 

gliomas (Supplemental data Figure 3). These data demonstrate a similar immunophenotype 

for Olig2/Mib-1 cells in non-neoplastic brains and glial tumors.

DISCUSSION

The data presented here provides the only comprehensive comparison between the 

prevalence of mitotic AGP cells in non-neoplastic human brain samples and human glioma 

tissues and provides insight into the role of the Olig2 AGP in the histogenesis of human 

gliomas as well as potential additional functional role(s) in glioma biology. The relative 

abundance of proliferating Olig2 AGPs in non-neoplastic human brain demonstrates that a 

large pool of these potential glioma target cells exists in the adult brain. Furthermore, the 

predominance of this same Olig2 immunophenotype in mitotic glioma cells of grade II and 

III (regardless of histologic type) and a smaller proportion of grade IV gliomas, supports 

important roles for the Olig2 AGP in the histogenesis and pathogenesis of human gliomas.

Cell proliferation in non-neoplastic human temporal lobe

We previously reported S+G2/M-phase fractions of 1.7% from freshly processed (Mesiwala 

et al. 2004) and 2.3% from formalin-fixed paraffin-embedded samples of epileptic brain 

(Rostomily et al. 1997) using flow cytometric techniques. However, comprehensive 

quantification of mitotic activity in situ in human non-neoplastic brain tissues using 

immunohistochemical techniques is lacking. The existing data, consisting of small numbers 

of non-neoplastic brain controls used for glioma studies, report absent (Park and Suh 2003; 

Kato et al. 2003) or low (0 +/− 0.01%) (Weil et al. 2001) mitotic acitivity. Here, for the first 

time, we rigorously characterized basal mitotic activity within human non-neoplastic brain 

samples and found that a sizeable pool of mitotic cells resides in human adult temporal lobe.

Given our findings of one mitotic cell among every 2500 to 5,000 cells in adult human non-

neoplastic gray matter and SCWM cells and an estimated 100 billion cells total in human 

gray and SCWM (Miller et al 1980; Pakkenberg and Gundersen 1997; Pelvig et al; 2003) a 

conservative estimate places the prevalence of mitotic cells within these brain regions at 20 

million. Since these estimates are based largely on epileptic tissue samples, their direct 

application to the setting of truly normal brain must be interpreted with caution. For 

instance, the impact of chronic seizures on cell proliferation is not known. Nevertheless, 

given the obvious limitations that restrict ready acquisition of “truly normal” brain, the 

present data set does provide significant insight into the resting mitotic activity of the non-

neoplastic human brain. Of importance, this estimate indicates that a sizeable pool of mitotic 

cells and potential glioma target cells exists within the brain parenchyma outside of deep 

structures and germinal zones of the SVZ and hippocampus.
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Prevalence of Olig2 glial progenitors in adult non-neoplastic brain

Just over 50% (40% in gray matter and 70% in SCWM) of the mitotic cells in non-

neoplastic human temporal lobe expressed Olig2. Extrapolating as above, the estimated 

prevalence of mitotic Olig2 AGPs is 10 million and supports their numerical relevance as a 

candidate glioma target cell. Although Olig2 has diverse functions in early development to 

specify multiple cell types (spinal cord motor neurons and oligodendroytes, e.g.), in adult 

rodent neocortical gray matter and SCWM, Olig2 is expressed in AGPs (Marshall et al. 

2005; Menn et al. 2006) and post-mitotic oligodendrocytes (Ligon et al. 2004). These adult 

Olig2 AGPs are important for the generation of NG2 AGPs (Ligon et al, 2006) and mature 

oligodendrocytes (Ligon et al 2006; Marshall et al 2005). Our interpretation of mitotic Olig2 

cells as AGPs is supported by the findings of Olig2 co-expression in 62% of NG2 cells and 

Olig2 co-expression with additional markers expressed by AGPs, NKX2.2 and CNPase, but 

not with the astroglial marker GFAP. NG2 is expressed in cells widely dispersed in human 

brain (Shoshan et al. 1999) with characteristics of multipotent AGPs (Nunes et al. 2003; 

Goldman 2003). In rodent cerebral cortex and SCWM of the corpus callosum NG2 cells 

comprise approximately 74% of mitotic cells (Dawson et al. 2003). In light of these 

experimental studies our data supports the identity of mitotic Olig2 cells as AGPs that 

overlap with previously identified NG2 AGPs and together form a sizeable pool of potential 

glioma target cells.

Immunophenotype of mitotic human glioma cells

Despite the central importance of cell proliferation in glial oncogenesis, the identity of 

proliferating cells in human gliomas has not been well characterized. Mitotic GFAP (Kros et 

al. 1996) and Olig2-expressing (Mokhtari et al. 2005; Yokoo et al. 2004) cells have been 

observed in oligodendrogliomas but not quantified and Ligon et al, quantified proliferating 

Olig2 cells in grade IV GBMs alone (Ligon et al. 2007). Here, we quantified the prevalence 

of mitotic Olig2 cells in a comprehensive panel of human gliomas and found that the vast 

majority of mitotic cells co-expressed Olig2 in grade II and grade III gliomas, regardless of 

histologic type, and that the Olig2/Mib-1 LI was significantly reduced in grade IV 

glioblastomas.

Unlike Olig2, S100B was virtually absent from proliferating cells in human gliomas of any 

grade or histologic type. S100B is commonly co-expressed with GFAP and has been 

traditionally used to identify astrocytes (Boyes et al. 1986) although it has recently been 

detected in neurons and NG2+ oligodendroglial precursor cells (Deloulme et al. 2004; 

Hachem et al. 2005; Vives et al. 2003). S100B is expressed in tumor cells of grade II and III 

astrocytomas and in oligodendrogliomas (Hayashi et al. 1991; Van Eldik et al. 1986), with 

reduced expression in GBM (Camby et al. 1999; Hayashi et al. 1991). Although targeted 

transformation of S100B cells generates animal gliomas (Weiss et al. 2003) and S100B 

promoter reporter models demonstrate some co-expression of S100B and NG2 in AGPs 

(Hachem et al. 2005), S100B cells do not appear to significantly contribute to the 

proliferative population of human glioma cells. In the present study, the lack of S100B, but 

abundant Olig2 expression in proliferating cells from the same samples, suggests that Olig2/

Mib-1 defines a distinct mitotic cell type unrelated to the S100B cells described as 

oligodendroglial progenitors in animal studies (Weiss et al 2003; Hachen et al 2005). We 
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were unable to perform Olig2 and S100B co-expression analysis because our Olig2 and 

S100B antibodies are raised in the same host species, but we did demonstrate that another 

astroglial marker, GFAP, which colocalizes strongly with S100B, appears to be virtually 

absent from both proliferating cells and Olig2 cells in non-neoplastic brain and gliomas. 

Together these observations support the possibility that mitotic Olig2 AGPs are preferential 

targets for human gliomagenesis or that the Olig2 AGP cellular phenotype is preferentially 

recapitulated in mitotic human glial tumor cells.

The roles of Olig2 AGPs in glioma biology

I. Glioma Histogenesis—The findings of this study demonstrated the relevance of the 

Olig2 AGP as a potential target cell for human gliomagenesis. First, the estimated 

prevalence of 10 million mitotic Olig2 AGPs in adult human neocortical GM and SCWM 

demonstrated their numerical relevance. In addition, the presence of Olig2/Mib-1 cells in all 

differentiated glioma sub-types (astrocytic, oligodendroglial and mixed oligoastrocytic) 

recapitulates their normal multi-potent differentiation potential (Nunes et al. 2003) (Marshall 

et al. 2005). Finally, their capacity for proliferation fulfills an important precondition for 

malignant transformation by permitting propagation of oncogenic mutations and genomic 

instability, a hallmark feature of cancer cells (Beckman and Loeb 2005; Hanahan and 

Weinberg 2000; Loeb and Loeb 2000). Of interest, unlike SVZ NSCs that decline in 

number, proliferation and self-renewal capacity with age (Molofsky et al, 2006), AGP 

numbers may actually increase in the adult (Dawson et al, 2003). Given that the age-

adjusted incidence of adult human gliomas steadily increases over time (CBTRUS 2005), 

and mirrors the acquisition of genetic instability with age in rodent neural progenitors 

(Bailey et al, 2004), future analysis of age-related changes in the prevalence of mitotic 

AGPs versus NSCs may provide important insight into their relative roles in gliomagensis.

Our data suggests that AGPs are a likely target for glioma histogenesis, but NSCs are also a 

potential cell of origin. Although CD133 has shown promise, the recent identification of 

CD133-negative tumor stem cells in glioblastomas underscores the lack of an unambiguous 

in vivo glioma stem cell marker (Beier et al, 2007). Not surprisingly, neural stem cell 

markers (CD133, Nestin, Musashi-1, Sox2) exhibit variable expression patterns in human 

glioma samples and importantly none co-localize with Mib-1 (Ma et al, 2008). Future 

studies to determine the identity of the Olig2−/Mib-1+ population will establish the relative 

prevalence of a stem cell versus AGP immunophenotype in human gliomas and provide 

additional insight into human glioma histogenesis.

II. Recruitment of Endogenous AGPs—An alternative interpretation of our results is 

based on the notion that gliomas can activate proliferation and recruitment of endogenous 

AGPs to the tumor. In a murine model of primary glioblastoma, Assanah et al, show that 

less than 20% of tumor cells were target cells infected by oncogenic retrovirus, and that the 

vast majority of the total and proliferating cell population had an Olig2 or A2B5 AGP 

immunophenotype (Assanah et al. 2006). Ikovic et al, also observed a similar phenomenon 

they termed “progenitor hyperplasia” in an EGFR driven animal model (Ikovic et al. 2008). 

Glass et al, further showed that the degree of endogenous neural progenitor cell recruitment 

to the tumor is inversely related to host age but directly related to improved survival (Glass 
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et al. 2005). These findings suggest that the decrease in Olig2/Mib-1 LI observed here and 

total Olig2 expression in grade IV versus grade II and III tumors documented by many 

others (Mokhtari et al 2005; Aguirre-Cruz et al 2005; Ohnishi et al 2003) could, in part, 

reflect decreased recruitment of endogenous Olig2 AGPs by GBMs. The potential clinical 

relevance of endogenous neural progenitor recruitment warrants further investigation that 

will require development of techniques to distinguish Olig2/Mib-1glioma cells from 

recruited AGPs.

III. Glioma Pathogenesis—An overall reduction in Olig2 expression, irrespective of its 

localization in mitotic cells, is noted in multiple studies of grade IV tumors compared to 

lower grade tumors (Mokhtari et al. 2005; Aguirre-Cruz et al. 2005; Ohnishi et al. 2003). 

The decreased expression of Olig2 in grade IV gliomas brings up the possibility that Olig2 

may function to suppress features of a malignant phenotype. Our finding that the mean 

Olig2/Mib-1 LI decreased from 67.7% for grade II and 83.5% for grade III gliomas to 24% 

for grade IV GBMs also supported an inverse correlation between Olig2 expression and 

Olig2 AGP prevalence and malignant glioma phenotype. For instance, Tabu et al, show that 

Olig2 suppresses cell proliferation, migration and anchorage independent growth in 

malignant glioma cells by activation of Rho A and the cyclin-dependent kinase inhibitor p27 

(Tabu et al. 2006, 2007). Of note, increased p27 expression in human glioma samples 

correlates with better patient outcome and lower tumor grade (Cavalla et al. 1999; Kirla et 

al. 2003; Mizumatsu et al. 1999; Tamiya et al. 2001; Zagzag et al. 2003). In addition 

microarray studies demonstrate that loss of Olig2 expression is characteristic of progression 

from a prognostically favorable “pro-neural” glioma sub-type to a more aggressive 

“mesenchymal” glioma phenotype (Phillips et al. 2006). Of interest, the “pro-neural” glioma 

sub-type is characterized by activation of the Notch signaling (Phillips et al. 2006) that is 

also a feature of Olig2/LMO1 driven leukemogenesis (Lin et al, 2005). Together these 

observations suggest that in gliomas Olig2 may participate in tumor formation but that its 

loss may permit or contribute to more malignant phenotypes.

In contrast, Ligon et al demonstrate a requirement of Olig2 for gliomagenesis from neural 

progenitor cells associated with suppression of p21 (but not activation of p27) that 

contributes to a more malignant phenotype (Ligon et al. 2007). This same study reports an 

Olig2/Ki67 LI of ~85% by FACS in 11 GBM samples confirmed by IHC as 85% from 3 

GBM samples (Ligon et al. 2007). The differences in this report and the present study 

related to Olig2/Mib-1 LIs in GBM may reflect the highly heterogeneous nature of these 

neoplasms and their distinct molecular sub-types. Additional analysis of a larger series of 

glioma samples defined more rigorously by clinical, molecular and neuropathologic features 

is required to better define the clinical relevance of the mitotic Olig2 cell and its prevalence 

in human gliomas. The apparent conflicting functional roles reported for Olig2 in malignant 

glioma biology also require clarification. Future studies should account for the possibility 

that the functional impact of Olig2 is context-dependent, related to the stage of 

tumorigenesis or progression and the molecular/clinical glioma sub-type.
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SUMMARY

This study quantified mitotic cells with Olig2 AGP phenotype in non-neoplastic human 

brain outside the germinative zones and a full spectrum of human gliomas. Olig2 marks the 

majority of mitotic cells in non-neoplastic brain, particularly in white matter and provides a 

numerically large pool of potential targets for gliomagenesis and/or endogeneous activation 

that can contribute to the overall physiology of human gliomas. Within human gliomas, 

Olig2 cells represented a high proportion of mitotic cells of grade II and III tumors but a 

lesser minority in grade IV GBM. Future studies are required to probe the significance of 

this disparity. Characterizing Olig2 function and the role of Olig2 AGPs in animal models of 

gliomagenesis will add to our understanding of glioma biology, generate relevant pre-

clinical models of human gliomas and reveal novel targets for glioma therapy.
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Figure 1. 
Detection of mitotic cells in non-neoplastic human brain. Photomicrographs of a 

representative section of non-neoplastic human brain stained with DAPI (A), Mib-1 (B) and 

merged (C) showing nuclear localization of Mib-1 immunoreactivity (arrow). Scale bar= 

3µm.
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Figure 2. 
Prevalence of mitotic Mib-1 immunoreactive cells and cell densities in non-neoplastic 

human brain. (A) The Mib-1 labeling index in samples of gray matter (GM) and white 

matter (WM; also referred to as SCWM) and in patients with (Grid) and without (No Grid) 

prior grid application. (B) Total cell densities from samples corresponding to those above 

(A) demonstrate increased cell density in WM versus GM that was statistically significant 

(p<0.05).
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Figure 3. 
Montage demonstrating Olig2 expression in mitotically active cells of non-neoplastic human 

brain. A) A 20× confocal image of non-neoplastic human brain labeled with Mib-1 (FITC) 

and Olig2 (rhodamine) demonstrates a double-labeled cell (outlined by box). B) 60 × 

confocal image of same area as in (A) showing two Olig2 cells, one of which co-expresses 

Mib-1. The inset shows the distinct specific immunofluorescent signals for Mib-1 (upper) 

and Olig2 (lower). C) Z-stack series of the same field demonstrates distinct non-overlapping 

signal for each antibody. D) A magnified view of the double-labeled cell shown in (C). E) 
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Image of single and double-labeled cells from a separate specimen. Scale bars: A) 80 µm; B) 

8 µm; C) 10 µm E) 9 µm.
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Figure 4. 
Co-expression of Olig2 in Mib-1 immunoreactive cells. Histogram of the Olig2/Mib-1 

labeling index expressed as a percentage for sub-groups of gray matter (GM), white matter 

(WM), prior and no grid samples. The LI was lower in GM than WM and this difference 

was statistically significant (p<0.05).
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Figure 5. 
Mitotic Olig2 cells in human gliomas. Representative confocal images of human glioma 

tumor samples double-labeled with Mib-1 (FITC) and Olig2 (rhodamine) are shown from a 

grade II oligodendroglioma (A), grade II astrocytoma (B) and grade IV GBM (C). Lower 

power 20× images (scale bar= 120 µm) are shown in the left panel and 60 × images (scale 

bar= 13 µm) are shown to the right.
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Figure 6. 
S100B expression in mitotic human glioma cells. Representative 40× photomicrographs of 

grade II oligodendroglioma (A) and grade II astrocytoma (B) immunostained with S100B 

(rhodamine) and Mib-1 (FITC). A rare double-labeled cell is identified in (A) while Mib-1 

immunoreactive cells (arrows) in (B) do not co-express S100B.
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Figure 7. 
Comparison of mitotic Olig2 and S100B cells in human gliomas of different type and grade. 

Histograms summarize labeling indices of double-labeled cells expressed as a percentage of 

total Mib-1 mitotic cells from grade II oligodendrogliomas (oligo II, n=5), grade II 

astrocytoma (astro II, n=4), grade II mixed oligoastrocytoma (mixed II, n=2), grade III 

oligodendrogliomas (oligo III, n=4), grade III astrocytoma (astro III, n=3), grade III mixed 

oligoastrocytoma (mixed III, n=4) and grade IV glioblastoma (GBM IV, n=9). Considered 

individually by sub-type, all grade II and grade III gliomas had significantly higher Olig2/
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Mib-1 LI than grade IV GBM (Astro II p<0.001; Oligo II p<0.05; Mixed II p<0.01; Astro III 

p<0.001; Oligo III p<0.001; Mixed III p<0.001). S100B/Mib-1 cells were rarely identified 

and no statistically significant difference in S100B/Mib-1LI was detected between glioma 

sub-types or grades.
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Figure 8. 
Immunoprofile of proliferating cells in non-neoplastic brain and gliomas. Photomicrographs 

of adjacent sections from samples of non-neoplastic brain (A–D) and tumors (E–T) from 

human patients. All H&E sections are 20×, all IHC images are 40×, scale bars are shown in 

Q (10µm) and R (5µm). Olig2, S100 and GFAP are labeled with rhodamine (red) and Mib-1 

is labled with FITC (green). One example of a Mib1 cell is shown by an arrow in each 

panel. Colabeled cells are yellow. Most proliferating cells in both non-neoplactic and 

neoplastic brain express Olig2 but not S100B or GFAP.
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Figure 9. 
Co-expression of Olig2 and NG2 in non-neoplastic human brain. Representative confocal 

microscopic image demonstrating co-expression of Olig2 (rhodamine) and NG2 (FITC) in 

section of non-neoplastic human brain. NG2 immunoreactivity is abundant in cell processes 

and also co-localizes with adjacent Olig2 immunoreactive nuclei. We detected Olig2 co-

localization in 62% of cells where NG2 staining could be resolved to a particular cell body 

and nucleus. Scale bar = 20 µm.
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