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ABSTRACT 

Immature neurons migrate tangentially within the rostral migratory stream (RMS) to the 

adult olfactory bulb (OB), then radially to their final positions as granule and 

periglomerular neurons; the controls over this transition are not well understood.  Using 

adult transgenic mice with the human GFAP promoter driving expression of enhanced 

GFP, we identified a population of radial glia-like cells that we term adult olfactory radial 

glia-like cells (AORGs).  AORGs have large, round somas and simple, radially oriented 

processes.  Confocal reconstructions indicate that AORGs variably express typical radial 

glial markers, only rarely express mouse GFAP, and do not express astroglial, 

oligodendroglial, neuronal, or tanycyte markers.  Electron microscopy provides further 

supporting evidence that AORGs are not immature neurons.  Developmental analyses 

indicate that AORGs are present as early as P1, and are generated through adulthood.  

Tracing studies show that AORGs are not born in the SVZa, suggesting that they are born 

either in the RMS or the OB.  Migrating immature neurons from the adult SVZa are 

closely apposed to AORGs during radial migration in vivo and in vitro.  Taken together, 

these data indicate a newly-identified population of radial glia-like cells in the adult OB 

that might function uniquely in neuronal radial migration during adult OB neurogenesis. 

 

 

KEY WORDS 
astroglia, hGFAP, neurogenesis, adult olfactory radial glia-like cells (AORGs), rostral 
migratory stream 
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INTRODUCTION 

Immature neurons from the anterior subventricular zone (SVZa) undergo 

tangential chain migration in the rostral migratory stream (RMS) into the olfactory bulb 

(OB), where they then migrate radially and mature into OB interneurons such as granule 

and periglomerular neurons (Luskin, 1993; Lois and Alvarez-Buylla, 1993, 1994; Lois et 

al., 1996; Wichterle et al., 1997; Luskin, 1998), including the periglomerular 

glutamatergic short axon cell (Brill et al., 2009). Controls over the tangential migration of 

immature neurons through an extremely complex and restricted extracellular matrix have 

been studied extensively (Gates et al., 1995; Thomas et al., 1996; Peretto et al., 1997); 

these controls include the polysialylated form of the neural cell adhesion molecule PSA-

NCAM (Kiss, 1998; Chazal et al., 2000; Hu, 2000), integrins (Jacques et al., 1998; 

Emsley and Hagg, 2003), ephrins (Conover et al., 2000), and Slit (Hu and Rutishauser, 

1996; Wu et al., 1999).  However, much less is known about how migrating immature 

neurons make the critical developmental switch from tangential to radial migration, and 

are guided into their final positions as either granule or periglomerular neurons.  Recent 

studies have shown that the extracellular matrix molecule Tenascin-R (Saghatelyan et al., 

2004), as well as Slit (Nguyen-Ba-Charvet et al., 2004) and Reelin (Hack et al., 2002) 

can influence the radial migration of adult-born neurons. Although it is likely that the 

degree to which a physical substrate influences cell migration is variable, any cell types 

and physical substrate underlying the induction and control of radial OB migration 

remain unknown. 

 Radial glia are widespread throughout the developing CNS, acting as scaffolds for 

migration of neurons within the developing brain (Rakic, 1972; Hartfuss et al., 2001; 
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Rakic, 2003a).  More recently, radial glia have been identified as playing a proliferative, 

progenitor role, rather than solely a structural role, during neocortical development 

(Malatesta et al., 2000 ; Noctor et al., 2001; Parnavelas and Nadarajah, 2001; Noctor et 

al., 2002; Anthony et al., 2004; Ventura and Goldman, 2007; Merkle et al., 2007; Kelsch 

et al., 2008).  These and other studies have led to further characterization of the 

heterogeneity of type and function of radial glia in the developing CNS (Malatesta et al., 

2003).   
Many studies have described the transformation of radial glia into typical, stellate 

astrocytes (Schmechel and Rakic, 1979; Alvarez-Buylla et al., 1987; Hajos and Gallatz, 

1987; Voigt, 1989).  Studies have described a critical developmental and structural role 

for radial glia of providing a scaffold for both radially and tangentially migrating 

immature neurons (Schmechel and Rakic, 1979; Alves et al., 2002; Rakic, 2003b).  In 

combination with adhesion molecules, migrational repellents, and attractants (Hatten, 

1999), radial glia have been shown to have a central role in directing and positioning 

newborn neurons during development (Campbell and Götz, 2002; Nadarajah and 

Parnavelas, 2002; Rakic, 2003b). 

A number of studies have characterized the intricate temporal sequence of 

development of the OB (Chiu and Greer 1996; Bailey et al., 1999; Puche and Shipley, 

2001).  These studies have described the morphology of radial glia in the developing 

embryonic OB, specifically noting the convoluted trajectory of the radial processes from 

the ventricular region to the bulb’s pial surface (Puche and Shipley, 2001).  However, it 

has been thought that radial glia disappear after embryonic development (Schmechel and 

Rakic, 1979; Voigt, 1989; Hunter and Hatten, 1995). Whether there exists a cell 
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population similarly guiding radial migration during postnatal and adult OB neurogenesis 

has remained unknown. 
By analyzing transgenic mice that express eGFP under control of a critical regulatory 

region of the human GFAP promoter (Nolte et al., 2001), we now identify and 

characterize a population of radial glia-like cells in the adult OB.  Building on the 

previous, substantial work on olfactory radial glia during development, we describe adult 

olfactory radial glia-like cells (AORGs).  AORGs are simple, radially oriented cells with 

cell bodies within the granule cell layer of the adult OB, and share multiple common 

characteristics with radial glial cells in other CNS regions.  AORGs are abundant during 

early postnatal development, and some remain through adulthood.  We find that some 

AORGs are born in the adult, in the RMS/OB itself, rather than in the SVZ overlying the 

lateral ventricles, and comprise a small fraction of adult born cells in the OB.  Because of 

their phenotypic similarity to radial glia of the developing neocortex, and because of their 

close apposition to immature/migratory neurons in the adult OB, our data suggest that 

AORGs might function uniquely in controlling and guiding the final radial migration of 

adult-born OB neurons.
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OBJECTIVE 

 
The objective of this study was to investigate the cell type identity, characteristics, 

and potential function of a previously unknown and newly identified population of adult 

olfactory radial glia-like cells (AORGs).  We hypothesized that this discrete population 

of glia-like cells was phenotypically distinct from migrating immature neurons of the 

adult rostral migratory stream/olfactory bulb, but that they share structural, 

immunochemical, and functional characteristics of radial glia found during early neural 

and OB development.  To achieve our objective, we employed an array of 

complementary anatomical, morphological, and cell biological approaches including 

immunocytochemical analyses and confocal three-dimensional reconstruction, 

developmental studies, bromodeoxyuridine birthdating analyses, ultrastructural studies 

using electron microscopy, and cell culture studies using videomicroscopy. 
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METHODS 

Mouse genotyping and anesthesia 

Transgenic FVB/n mice with a 2.2 kB human glial fibrillary acidic protein 

(hGFAP) promoter driving expression of enhanced green fluorescent protein (eGFP) 

were derived from homozygous founders, kindly provided by Dr. Helmut Kettenmann 

(Max Delbrück Center, Berlin) (Nolte et al., 2001).  Heterozygous and wild-type 

littermates were used for all experiments reported here.  Heterozygosity was confirmed 

either by PCR for the eGFP gene (as described in Nolte et al., 2001) or by fluorescent 

illumination of neonatal mice under a fluorescence dissecting microscope (Nikon 

SMZ1500).  Adult mice were housed, and all procedures were performed, according to 

institutional and NIH guidelines.  All surgical and euthanasia procedures were performed 

using Avertin anesthesia beyond the neonatal period, and with hypothermia for neonatal 

mice. 

 
 

CellTracker and DiI labeling 

Adult female heterozygous mice (6-8 weeks old) were anesthetized and received 

stereotaxic injections of CellTracker Red (CMTPX, Molecular Probes, Eugene, OR) or 

DiI (5,5'-dibromo-1,1'-dioctadecyl-3,3,3',3'- tetramethylindocarbocyanine perchlorate, 

Molecular Probes) (Lois and Alvarez-Buylla, 1994; De Marchis et al., 2001).  

CellTracker (10mM, 6 injections of 50 nL each) was dissolved in DMSO (Sigma, St. 

Louis, MO) and delivered stereotaxically via a pulled glass micropipette with a 50 m tip 

diameter into the anterior subventricular zone (SVZa) (De Marchis et al., 2001) at the 

following coordinates: RC 1.0 mm; ML –1.1 mm; DV –2.0 mm from Bregma (after 
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Franklin and Paxinos, 1997).  DiI (0.3% in DMSO, 10 injections of 50 nL each over 4 

minutes) was delivered directly into the lateral ventricle at the following coordinates: RC 

–0.2 mm; ML –0.9 mm; DV –2.0 mm from Bregma (Franklin and Paxinos, 1997).  Mice 

were perfused either 7 or 21 days after CellTracker or DiI injection, and processed as 

below for histology. 

 

BrdU administration 

For all cell proliferation and birthdating studies, the thymidine analog 5-Bromo-

2’-deoxyuridine (Sigma) was administered either as a pulse label (two injections i.p., 8 

hours apart, at a concentration of 100 mg/kg body weight per injection, in sterile saline) 

or given for a longer period of time (7 or 21 days) at low concentration in drinking water 

(1.5 mg/mL) (Magavi et al., 2000; Chen et al., 2004); approximate dose 100 mg/kg per 

day). 

 

Tissue collection and histology 

For tissue collection, mice were deeply anesthetized with an approved euthanizing 

dose of Avertin, or via extreme hypothermia (for pups P4 or younger), and were 

transcardially perfused with cold 0.1 M PBS/heparin (10 U/mL) followed by cold 4% 

paraformaldheyde (PFA) in 0.1 M PBS (pH 7.3).  Brains were carefully dissected from 

the skull, and were postfixed in 4% PFA at room temperature for 4 hours.  Portions of the 

brains containing the SVZa and olfactory bulbs were removed and embedded in 4% agar.  

Sections (coronal or sagittal) of 30 m thickness were cut on a Leica VT 1000S vibrating 

microtome, and were stored in 0.1M PBS/0.025% sodium azide. 
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All immunocytochemical procedures were performed on a minimum of every 12th 

tissue section.  Sections were rinsed in 0.1 M PBS, and blocked in 0.3% bovine serum 

albumin (BSA)/8% serum (e.g. goat) in 0.3% PBS-Triton X-100 (PBS-T).  Native eGFP 

signal was enhanced with either a rabbit (1:500; Molecular Probes) or chick (1:500; 

Millipore/Chemicon) polyclonal antibody.  Primary antibodies against glia (40E-C, 

A2B5, BLBP, CNPase, GalC, GFAP, GLAST, glutamine synthetase, Hes5, NG2, RC2, 

S100, and vimentin), microglia (F4/80), neurons/precursors (nestin, CD24, DARPP-32, 

Dcx, Hu, MAP2, NeuN, PSA-NCAM, Synaptophysin, Thy1.2, TuJ1, Tyrosine 

hydroxylase), cell guidance molecules/receptors (ApoE, DAB-1, Reelin, Slit1, Tenascin-

R, VLDLR), and Caspase-3 were employed.  The complete list of primary antibodies and 

their concentrations is summarized in Table 1.  Primary antibodies were applied 

overnight at 4 °C, in blocking solution, followed by a series of PBS rinses and incubation 

in appropriate secondary fluorescent antibodies (1:500; Alexa 488, 546, 630; Molecular 

Probes) in blocking solution at room temperature for 2-4 hours.  In most cases, a nuclear 

counterstain (DAPI, 1:5,000 in 0.1 M PBS) was also used. 

For colorimetric visualization of cells for light DIC microscopy, we used an 

alkaline phosphatase enhancement method with avidin-biotin complex (ABC-AP), and 

nitro blue tetrazolium chloride)/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; 

Roche, Indianapolis, IN) as the chromophore.  For BrdU staining, tissue sections were 

treated for 2 hours at room temperature in 2 M HCl prior to application of the primary 

antibody.  For tanycyte staining, phalloidin conjugated to Alexa 494 (5 U/mL; Molecular 

Probes) was used as an F-actin counterstain.  For Fluoro-Jade B (Schmued and Hopkins, 

2000) staining, we mounted 30 m sections on gelatin-subbed slides.  Sections were dried 
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to the slides, rinsed in 100% EtOH, 70% EtOH, ddH2O, and then treated in 0.06% 

potassium permanganate for 15 minutes.  Slides were rinsed in ddH2O, then treated with 

0.001% Fluoro-Jade B (from a stock diluted in 0.1% acetic acid; Histochem) for 30 

minutes.  Slides were rinsed in ddH2O, dried on a slide warmer at 45 °C for 30 minutes, 

rinsed in xylene, and mounted in DPX (Sigma). 

 

Electron microscopy 

Mice (as described above) were perfused with 4% paraformaldehyde, 0.4% 

glutaraldehyde, 5 mM CaCl2 and 1 mM sodium cacodylate buffer.  Brains were removed 

and post-fixed in the same fixative for 4 hours at RT.  40 µm sections were obtained with 

a vibrating microtome (VT1000, Leica), and were processed for GFP 

immunocytochemistry as described above, except that a biotinylated goat anti-rabbit 

antibody (1:250; Vector) was used, followed by an avidin-biotin complex (ABC), and 

labeling was revealed with diaminobenzidine (DAB; Vector) as the chromophore.  After 

immunostaining, sections were rinsed in 0.1 M sodium cacodylate buffer, pH 7.4 and 

post-fixed in 1% OsO4 in cacodylate buffer for 1 hr at RT.  Sections were rinsed in 

cacodylate buffer and then dehydrated through an increasing series of ethanol to 100%, 

embedded in EPON between liquid-release agent-coated glass slides and coverslips at 

60° C for 72 hours. After polymerization, sections were stripped from the glass slides and 

the region of interest in each slice was cut off and mounted on top of a resin block.  

Ultrathin sections (70 nm) were obtained from the mounted blocks, collected on 300 

mesh copper grids and stained with 1% uranyl acetate and lead citrate.  Samples were 

observed and imaged using a Zeiss 900 transmission electron microscope at 80 kV. 
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Cell culture 

For primary cell culture, P1, P7, and P14 mice were deeply anesthetized, either 

with ice (P1) or with Avertin, as described above.  Brains were carefully dissected, and 

the olfactory bulbs were isolated into cold dissociation medium (20 mM glucose, 0.8 mM 

kynurenic acid, 0.05 mM APV, 50 U/ml penicillin-0.05 mg/ml streptomycin, 0.09 M 

Na2SO4, 0.03 M K2SO4, and 0.014 M MgCl2).  Tissue was enzymatically digested in 

dissociation medium containing 0.16 g/L L-cysteine HCl and 10 U/ml papain at 37° C for 

60 min.  Papain digestion was blocked with dissociation medium containing 10 mg/ml 

ovomucoid (Sigma) and 10 mg/ml bovine serum albumin (BSA) at room temperature. 

Tissue was gently triturated with a flamed glass pipette in OptiMem (Invitrogen/Gibco) 

containing 20 mM glucose, 0.4 mM kynurenic acid, and 0.025 mM APV to protect 

against glutamate-induced neurotoxicity.  Suspended cells were plated on poly-L-lysine 

(0.1 mg/mL; Sigma) coated coverslips in glial cell conditioned medium.  For 

immunocytochemistry, cells were lightly fixed with 4% filtered PFA for 20 minutes, and 

immunocytochemical procedures as described above were performed with primary 

antibodies at the concentrations listed in Table 1.  Appropriate secondary antibodies were 

used at a concentration of 1:500. 

 

Videomicroscopy  

For videomicroscopy of cell cultures, cover slips (with adherent cells, 30 minutes 

to one hour after plating) were placed in Petri dishes, with ultrathin (0.17 mm) glass 

bottoms (Warner Instruments).  Cultures were maintained in a closed, heated chamber, 

supplied with warmed, humidified 5% CO2/room air (Zeiss), mounted on a Zeiss 
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Axiovert 200 microscope equipped with Hoffman optics and an X-Cite 120 fluorescence 

illuminator unit (EXFO).  Images (at 40X magnification with a 1.6X optical zoom) were 

taken every one to three minutes with a cooled CCD camera (Photometrics Coolsnap, 

Roper Scientific), and collected with MetaVue image analysis software (Version 6.0).  

Image stacks were assembled using NIH Image J software (Version 1.31), and time-lapse 

movies were compiled using Quicktime Player (Version 6.5.2). 

 

Data and image analysis 

 Tissue sections and cells were viewed on a Nikon E1000 microscope equipped 

with an X-Cite 120 fluorescence illuminator unit (EXFO).  Images were acquired with a 

Retiga EX cooled CCD camera (QImaging), and analyzed with OpenLab image analysis 

software (Version 3.5).  Confocal images were acquired with a BioRad Radiance 

Rainbow laser scanning confocal microscope equipped for spectral imaging and mounted 

on a Nikon E800 microscope.  Three-dimensional image reconstructions were analyzed 

using BioRad LaserSharp 2000 (Version 5.1), LaserVox 3-D (Version 1.0), and Imaris 

4.1.3 (Bitplane) rendering software. Unless indicated otherwise, all micrographs were 

produced from z-stacks.  All cell counts and measurements were made using NIH ImageJ 

software. 

Cell counts were performed in a blinded fashion, with the counter unaware of the 

experimental condition being assessed (6 mice per assessment).  Cells were only counted 

or measured if a full nucleus was present in the section (e.g. for nuclear labels such as 

NeuN), or if the cell body and its process could be visualized in the same section (e.g. for 

AORGs and cells positive for TuJ1 or Doublecortin (Dcx)).  For total cell counts, the 
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granule cell layer counting region was defined as the region from external to (and not 

including) the RMS to the external portion of the granule cell layer (defined by the 

internal margin of the mitral cell layer).  For cell density calculations, this same region 

(again, excluding the RMS) was systematically divided into three concentric regions (the 

most central of which did not include the RMS).  Measurements of cell diameters were 

made in an orientation perpendicular to the direction of the major process.  All statistical 

analyses were performed with InStat software (Version 3.0a, Graphpad), and parametric 

(t) and non-parametric (Mann-Whitney U) tests were employed where appropriate, with a 

minimum significance level set at p < 0.01. 
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RESULTS 

Olfactory radial glia-like cells are rare in the adult olfactory bulb 

We used the broad expression of eGFP driven by the hGFAP promoter to survey 

the extremely varied morphologies of GFAP-positive cells throughout the developing and 

adult CNS.  A wide variety of glial cell morphologies have been visualized in hGFAP-

eGFP mice (Nolte et al., 2001, Emsley and Macklis, 2006).  In addition, in the adult 

CNS, cells with radial glia-like morphology are found at the base of the lateral ventricle 

(Sundholm-Peters et al., 2004) as well as in the dentate gyrus, the neurogenic region of 

the hippocampus (Seri et al., 2001; Hüttmann et al., 2003).  However, radial cells of the 

type we identify, with the distinct radial morphology of radial glia, have not been 

previously reported in the adult OB, using either hGFAP-eGFP mice or other methods. 

The cell bodies of adult olfactory radial glia-like cells (AORGs) lie outside the 

outer border of the rostral migratory stream (RMS)/subventricular zone (SVZ) of the OB 

(in the granule cell layer), and their processes extend radially through the granule cell 

layer toward and into the mitral cell layer of the OB (Figs. 1A and 1A’). AORGs are 

morphologically very similar to those seen during embryonic and early postnatal 

neocortical development (Chiu and Greer 1996; Bailey et al., 1999; Puche and Shipley, 

2001).  They have large circular somata, and long, usually straight processes (Figs. 1B 

and 1C) that do not bear any spines or branches.  During embryonic olfactory bulb 

development, radial glia have an attachment to the ventricular surface, and in later stages 

of development such cells lose their physical connection to the ventricular zone (Puche 

and Shipley, 2001).  Confocal reconstructions and camera lucida drawings indicate that, 

in contrast, AORGs do not have endfeet associated with the proliferative zone, but, 
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rather, have short, simple, proximal processes that are not anchored to the ventricular 

zone (Figs. 1B and 1C).  The size of AORGs is quite uniform, with typical soma diameter 

of approximately 7 m and radial processes approximately 0.5 m in diameter; these 

radial processes are at minimum 100 m long, but commonly extend up to 300 m.  

However, no processes extend beyond the external plexiform layer.  We considered the 

possibility that visualization of these cells by enhancing GFP with an antibody against 

GFP followed by immunofluorescence might not show their complete, detailed 

morphology.  Therefore, we also stained selected sections with an alkaline phosphatase-

based colorimetric method (with NBT/BCIP), and found the same cell morphology as 

observed with eGFP immunofluorescence (data not shown). 

 AORGs are present throughout the granule cell layer of the adult OB, with higher 

density closer to the RMS, and lower density closer to the mitral cell layer.  To assess 

their relative abundance, we counted: 1) mature NeuN-positive granule cell neurons (one 

of the most abundant cell types in the OB); 2) doublecortin (Dcx)-positive immature 

migrating neurons; and 3) AORGs in the granule cell layer of the OB (excluding the 

RMS; per Methods).  Mature NeuN-positive neurons were the most abundant (75.1%; 

1,306 of 1,739 cells counted from a total of 10 sampling regions in serial sections of the 

olfactory bulb), followed by immature Dcx-positive neurons (22.8%; 396 of 1,739 cells 

counted), and AORGs (2.1%; 37 of 1,739 cells counted) (Fig. 1D). 

The density of AORGs is quite low, and decreases further radially from the 

central portions of the OB.  From three concentric regions of the granule cell layer (as 

described in the Methods section) we found that, while AORGs constitute approximately 

10-12% of cells of the most central portion of the granule cell layer (external to and 
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excluding the RMS), they constitute only approximately 4-5% of cells of the mid-granule 

cell layer, and only approximately 2-3% of cells of the outer granule cell layer.  The 

overall density of AORGs is considerably lower than that of radial glia in the developing 

mammalian neocortex (Gadisseux et al., 1992). 

 

AORGs in the adult olfactory bulb are morphologically and immunochemically 

similar to radial glia present during early postnatal neocortical development  

 AORGs in the adult OB are morphologically similar to those seen with eGFP in 

the developing P1 neocortex; in particular, both cell populations possess slightly oblong 

somata with thin, outwardly directed radial processes.  The size of these two 

morphologically similar populations of radial glia is very similar; the average soma 

diameter of AORGs is 7.4 ± 0.2 m (n=50), which does not significantly differ from that 

for radial glia in the developing P1 forebrain (8.2 ± 0.3 m; n=50) (p > 0.03) (Fig. 2A). 

 As neural development progresses, there is marked heterogeneity of expression of 

radial glial markers throughout development (Hartfuss et al., 2001).  We also find 

considerable heterogeneity among AORGs, analogous to that seen in forebrain radial 

glia.  Of interest is the fact that some cells that appear morphologically indistinguishable 

can either simultaneously express eGFP and brain-lipid binding protein (BLBP) (Feng et 

al., 1994) (Figs 2B, B’ and B’’) or else express only BLBP or eGFP (Figs 2C and D).  

However, the occurrence of BLBP-positive cells in the adult OB is very rare, and thus the 

percentage of AORGs expressing BLBP is extremely low (less than approximately 5%).  

There are also some BLBP-positive cells in the olfactory bulb that are morphologically 

dissimilar to radial glia (Fig. 2D).  In contrast, AORGs do not express the intermediate 
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filament protein vimentin (Dahl et al., 1981; Bailey et al., 1999) (Fig. 2E), 

phosphorylated vimentin, nor other radial glial markers such as the glutamate transporter 

GLAST (Shibata et al., 1997) (Fig. 2F), 40E-C (expressed by radial glia that have 

transformed into astroglia) (Alvarez-Buylla et al., 1987) (Fig. 2G), Hes5 (Wu et al., 

2003) (Fig. 2H), or glutamine synthetase (data not shown).  Together, these 

morphological and immunochemical results, along with the heterogeneity of expression 

of BLBP, identify AORGs as similar to, but distinct from, other forebrain radial glia. 

  

AORGs are not neurons 

 We investigated the theoretical possibility that AORGs are atypical OB neurons 

or newly-generated immature neurons that retain hGFAP-driven expression of eGFP 

following generation in the SVZ. Immature neurons  (“Type A cells”; Doetsch et al., 

1997) are present in the RMS, arising from intermediate “Type C” progenitor cells; these 

cells are thought to be produced by GFAP-positive progenitors (“Type B cells”) in the 

SVZa (Doetsch et al., 1999; Doetsch, 2003).  We identified many eGFP-positive 

immature neurons, both within the RMS and in the granule cell layer, and found that they 

typically co-express immature neuronal markers such as beta-III tubulin (TuJ1) (Lee et 

al., 1990; Menezes and Luskin, 1994; Memberg and Hall, 1995) or doublecortin (Dcx) 

(Francis et al., 1999; Gleeson et al., 1999) (Fig. 3B).  In addition, there are many Dcx- or 

TuJ1-positive immature neurons in the OB that are not eGFP-positive. 

However, AORGs (identified by morphology and OB position) do not express 

markers of progressive neuronal differentiation.  They do not express the immature 

neuronal markers TuJ1, Dcx (Figs. 3A-A’’, 3B and 3C), PSA-NCAM, or CD24, a marker 
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of developing neurons (Calaora et al., 1996; Shewan et al., 1996) (supplemental figure, 

D).  AORGs do not exhibit mature neuronal morphology, nor do they express the early 

post-mitotic neuronal marker Hu (Marusich et al., 1994; Barami et al., 1995) (Fig. 3D), 

or the mature neuronal markers NeuN (Fig. 3E), MAP-2 (Fig. 3F), or Thy 1.2 (data not 

shown).  AORGs do not express the periglomerular neuron marker tyrosine hydroxylase 

(supplemental figure, E).  To further investigate whether AORGs receive synaptic input, 

we employed immunocytochemical analysis with the presynaptic marker synaptophysin 

(expressed at many, but not all, presynaptic terminals in the olfactory bulb), and found 

that AORGs do not appear to receive synaptic innervation as assessed by synaptophysin 

labeling (Fig. 3G). 

AORGs are quite morphologically distinct from immature granule or 

periglomerular neurons.  They are significantly larger than immature neurons, both with 

respect to cell body diameter and cross-sectional area.  The average diameter of AORGs 

is 7.4 ± 0.2 m (SEM, n=50), which is significantly larger than the average diameter of 

TuJ1-positive neurons in the olfactory bulb (4.9 ± 0.2 m, SEM, n=50) (p < 0.0001, 

Mann-Whitney U-Test) (Fig. 3H).  Similarly, the cross-sectional area of AORGs and 

immature neurons differs significantly; the average cross-sectional area of AORGs is 150 

± 6.6 m2 (SEM, n=50) versus 51 ± 2.8 m2 in TuJ1-positive immature neurons (SEM, 

n=50) (p < 0.0001) (Fig. 3I).  In addition, AORGs are clearly not present in the 

periglomerular region, nor do they extend a pial process beyond the MCL, as is common 

for granule cells. The only eGFP-positive cells present in the periglomerular layer are 

stellate astroglia. 
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 To investigate even more deeply whether AORGs might be immature neurons, we 

performed detailed transmission electron microscopy (EM) analysis.  GFP-positive cells 

are rare, and readily distinguished by the presence of electron-dense DAB 

immunoreaction product (Fig. 4).  Reaction product precipitate is present within both the 

cytoplasm and nucleus in a homogeneous fashion, with occasional patches (Fig. 4 B’).  

Because of the electron-dense reaction product and the detergent treatment necessary for 

revealing GFP expression, many cytoplasmic ultrastructural features, such as 

microtubules or intermediate filaments, are masked.  However, despite this technical 

limitation, preserved features such as chromatin organization, cytoplasm/nucleus ratio, 

and unlabeled organelles including mitochondria and dense bodies (lysosomes) can be 

observed.  We performed detailed EM analyses of a total of 8 heavily labeled cells within 

the granule cell layer (i.e., those considered AORGs by morphological assessment at the 

light microscopy level).  At the ultrastructural level, AORGs are non-neuronal: they 

possess pale nuclei, with smooth or slightly irregular contours and poor chromatin 

organization (Figs. 4B and 4C).  These features are compatible with immature 

glioblast/astrocyte phenotypes (Peretto et al., 2005; Choi, 1988; Privat, 1975; Hinds and 

Ruffett, 1971), and also with the relatively undifferentiated type C progenitors of the 

adult SVZ (Doetsch et al., 1997).  AORGs are generally interposed between mature 

granule cells, which can be easily distinguished by their large pale cytoplasm rich with 

organelles and rounded nuclei (Reyher et al., 1991; Figs. 4B and 4C).  Two other DAB-

labeled cell types could also be observed by EM.  The first are lightly DAB-labeled, 

small cells within or adjacent to the SVZ of the olfactory bulb, which were identified as 

neuroblasts (Fig. 4D). These cells usually included an invaginated nucleus, with slightly 
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darker cytoplasm and nucleus (Lois et al., 1996). The second cell type was found in the 

periglomerular, or external plexiform layer, and was always heavily labeled by the DAB 

immunoreaction product (Fig. 4E). These cells have the EM characteristics of fibrous 

astrocytes, including their typical irregularly shaped nuclei with highly organized 

chromatin (Peters et al., 1991).  Further, no DAB-positive oligodendrocytes or microglia 

were found in any of the specimens analyzed with EM.  

 

AORGs rarely express astroglial markers 

We investigated whether AORGs, identified by their expression of eGFP driven 

by the hGFAP promoter, also express GFAP protein.  We found that eGFP-positive 

AORGs do not express GFAP, assessed by immunocytochemistry and confocal 

microscopic reconstructions (Fig. 5A).  In agreement with a prior report (Nolte et al., 

2001), we find that eGFP-positive cells in other brain regions only very rarely express 

GFAP, and this rare co-expression of GFAP is typically limited to fine processes of 

GFAP-positive astroglia.  AORGs only rarely express the alternate astroglial marker 

S100 (Ludwin et al., 1976), but never display expression of A2B5 (Raff et al., 1983) 

(Figs. 5B and 5C). 
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AORGs are not oligodendroglia 

 We also investigated whether AORGs are members of the oligodendroglial 

lineage.  AORGs do not co-express the proteoglycan NG2 (Stallcup and Beasley, 1987) 

(Fig. 5D), CNPase (2', 3'-cyclic nucleotide 3'-phosphodiesterase) (McMorris et al., 1984) 

(Fig. 5E), or the mature oligodendroglial marker galactosylcerebroside (GalC) (Ranscht 

et al., 1982) (Fig. 5F). 

 

AORGs are not tanycytes, microglia, or olfactory 

ensheathing cells, nor are they nestin-positive 

 We investigated the unlikely possibility that AORGs are tanycytes, a form of 

elongated epithelial cell commonly found lining the CNS ventricles (Goslar and Bock, 

1971).  AORGs are not tanycytes by either location or immunochemical analysis for 

tanycyte markers.  AORGs are not labeled with the F-actin stain phalloidin  (Phalloidin-

594), nor do they express the dopamine- and cAMP-regulated phosphoprotein DARPP-

32 (data not shown).  DARPP-32, though more commonly used as a marker for medium 

spiny neurons of the striatum (Ouimet and Greengard, 1990) is also a label for tanycytes 

(Hokfelt et al., 1988). 

 Similarly, AORGs are not microglia, olfactory ensheathing cells, or nestin-

positive progenitors.  AORGs do not express the microglial marker F4/80 (Leenen et al., 

1994) (supplemental figure, B).  AORGs do not express the olfactory ensheathing cell 

markers GFAP or O4 (Au and Roskams, 2003) (supplemental figure, C).  AORGs do not 

express the intermediate filament protein nestin, often expressed by early neural 

progenitor cells (Lendahl et al., 1990) (supplemental figure, A). 
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 Taken together, these morphological and immunochemical characterizations 

indicate that AORGs are a new form of adult forebrain radial glia-like cells, and are not 

neurons, astroglia, oligodendroglia, microglia, or tanycytes.  The presence of adult radial 

glia-like cells in the OB, the site of ongoing adult neurogenesis and radial migration from 

the RMS into the OB itself, suggests that AORGs might function critically in the radial 

migration of adult-born neurons. 

 

Lack of association of cell guidance molecules with AORGs 

 Several molecules, including Tenascin-R (Saghatelyan et al., 2004), Slit1 (Wu et 

al., 1999; Nguyen-Ba-Charvet et al., 2004), and Reelin (D'Arcangelo et al., 1997; Hack 

et al., 2002) play critical roles in the migration and guidance of newly-generated 

immature neurons.  While it is not possible using immunocytochemistry to detect 

whether AORGs secrete any of these cell guidance molecules (data not shown), we found 

that AORGs do not express the Reelin receptors ApoER2 or VLDLR, or the Reelin 

adaptor protein Disabled-1 (Dab-1; data not shown) (Hiesberger et al., 1999; 

Trommsdorff et al., 1999; Rice and Curran, 2001). 

 

AORGs are born during development and in the adult 

AORGs are present as early as P1, and are much more abundant at P1 than at P7, 

P14, or adulthood.  AORGs at P1, P7, P14, and adulthood are morphologically 

indistinguishable.  AORGs are also morphologically indistinguishable from radial glia in 

the developing neocortex. 
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We investigated when AORGs present in the adult OB are born, using postnatal 

injections of BrdU and examination in 8 week old adults. Examination of the adult OB 

following injection of BrdU at P14 indicates that AORGs are born as early as P14 (data 

not shown).  BrdU injections at an earlier developmental time (P2) did not yield labeled 

adult AORGs.  This result suggests that BrdU might have been diluted following multiple 

cell divisions from earlier precursor proliferation.  Interestingly, administration of BrdU 

to adult mice demonstrates that AORGs continue to be born in the adult OB (Fig. 6A).  

Taken together, these data suggest both developmental and limited adult birth of AORGs 

that are present in adulthood. 

Adult-born AORGs comprise approximately 3% of all of the adult-born cells 

throughout the entire granule cell layer of the adult OB (141 of 4,177 BrdU-positive cells 

counted by random sampling of multiple sections of the adult OB).  In contrast, our data 

and that of others reveals that approximately 95% of BrdU-positive adult-born cells 

differentiate into mature, NeuN-positive neurons (Winner et al., 2002; Magavi et al., 

2005).  There are no substantial differences in the number of adult-born AORGs in 

different regions of the adult OB along its rostral to caudal extent, suggesting that AORG 

generation and incorporation is relatively uniform in the adult OB, and that there are no 

proliferation “hot spots” for production of AORGs in the adult OB. 

 

Adult born AORGs become mature in 10-14 days 

and exhibit long-term survival in the OB 

 We investigated the time course of development of AORGs in the adult OB, from 

3 to 35 days after administration of a single pulse label of BrdU.  Consistent with 
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previously reported data, we found that, 3 days after BrdU administration, BrdU-

positive/eGFP-negative cells are present throughout the RMS and granule cell layer of 

the OB (Menezes et al., 1995; Winner et al., 2002; Magavi et al, 2005).  Newborn, BrdU-

positive/eGFP-positive cells are found only in proximity to the RMS after three days; at 

three days, no mature AORGs are BrdU-positive, and no BrdU-positive cells are yet 

AORGs.  The very few BrdU-positive/eGFP-positive cells present at day 3 possess round 

somas with short radial processes (Fig. 6B).  By 7 days, BrdU-positive/eGFP-positive 

cells with somewhat elongated processes exist (Fig. 6C), occasionally within the granule 

cell layer.  By days 10 and 14, BrdU-positive/eGFP-positive AORGs possess mature 

morphology (Fig. 6D).  Consistent with prior reports (Petreanu and Alvarez-Buylla, 

2002; Winner et al., 2002; Magavi et al., 2005), 14 days after their birth, many large 

BrdU-positive/eGFP-negative adult-born interneurons reside in the granule cell layer.  

Adult-born, BrdU-positive AORGs maintain their eGFP-positive morphology and long 

radially oriented processes 21 and 35 days after their birth.  This mature AORG 

morphology is quite distinct from that already exhibited by adult-born granule neurons by 

21-35 days (Kishi, 1987; Petreanu and Alvarez-Buylla, 2002); granule neurons have 

complex arborization even by day 21, in addition to their significantly different soma 

size. 

We investigated the theoretical possibility that AORGs might be largely a 

transient population, with only a smaller population surviving in the adult.  However, 

experiments did not detect substantial amounts of cell death.  Specifically, AORGs are 

not labeled with the cell death markers cleaved caspase-3 (Kuida et al., 1996) or Fluoro-

Jade B (Schmued and Hopkins, 2000); adult mice were administered BrdU and analyzed 
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3 and 6 weeks later for cell death markers.  There was an average of 1.4 ± 0.2 eGFP-

positive/BrdU-positive AORGs per section in the 3 week survival group versus 1.2 ± 0.3 

eGFP-positive/BrdU-positive AORGs per section in the 6 week survival group, and this 

difference was not significant (p < 0.5873).  These results indicate that there is very little 

ongoing death of AORGs in the adult OB, and support the interpretation that AORGs are 

not a transient population, but, rather, are a long-lived population in the adult.  These 

results also suggest the possibilities that AORGs might be differentiating into astrocytes, 

losing eGFP expression, or even returning to the cell cycle. 

 

AORGs are born locally in the olfactory bulb 

 We investigated whether AORGs are generated in the anterior SVZ (SVZa), a 

region known to produce immature neurons that migrate via the RMS to the OB (Lois 

and Alvarez-Buylla, 1994).  We injected CellTracker Red into the SVZa (De Marchis et 

al., 2001) or DiI into the lateral ventricle (Lois and Alvarez-Buylla, 1994).  Seven and 21 

days after injection, many dye-labeled cells were present in the RMS, but very few of 

these were also eGFP-positive.  21 days after CellTracker Red or DiI injection, there 

were fully mature, dye-labeled granule cells in the OB (Figs. 6G and 6H), and of the 594 

CellTracker Red cells analyzed, none was a dye-labeled AORG.  Intriguingly, many of 

the dye-labeled migrating immature neurons are positioned in close apposition to the long 

radial processes of AORGs (Figs. 6F, 6G, and 6H), suggesting a possible interaction 

during radial migration of neurons.  Taken together, these data indicate that AORGs are 

born either in the RMS or in the parenchyma of the OB, rather than in the SVZa (where 
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most adult-born neurons originate), and suggest a physical interaction of AORGs with 

newborn immature neurons migrating radially in the adult OB. 

 

Immature OB neurons are found close to AORG radial processes in vitro 

 AORGs retain their radial morphology in vitro, assessed in primary dissociated 

cultures of P7 and P14 OB (Fig. 7).  AORGs are considerably less abundant than most 

other cell types in the OB (neuroblasts, granule neurons, and astroglia).  It appears, 

however, that at least some immature neurons (including those that are eGFP-positive) 

are found closely apposed to AORGs in these cultures, and every AORG is observed to 

have smaller, immature neurons in close apposition to its major process and soma (Figs. 

7A and 7B).  Videomicroscopy of P7 cultures reveals immature neurons apposed to the 

somas and radial processes of AORGs, and appear to sometimes initiate migration (Figs. 

7C and 7D).  Taken together with 1) the known functions of radial glia in neuronal 

migration in other CNS regions; 2) the data on AORG radial morphology in the adult 

OB; 3) their identification as related to developmental forebrain radial glia; and 4) their 

stability in this form in the adult OB, these data showing close apposition of immature, 

migratory neurons in vivo and in vitro suggest that AORGs might likely function in radial 

migration of adult-born neurons into the body of the OB during ongoing adult 

neurogenesis.  
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CONCLUSIONS 

 

1) We have identified a rare population of adult olfactory radial glia-like cells 

(AORGs), which are radially oriented in the olfactory bulb, and which share 

morphological and immunochemical characteristics of forebrain radial glia. 

 

2) AORGs are morphologically, immunochemically, and ultrastructurally distinct 

from astroglia, oligodendroglia, tanycytes, and neurons. 

 

3) AORGs are born in the rostral migratory stream or olfactory bulb, both 

developmentally and in the adult, and exhibit long-term survival. 

 

4) Immature olfactory bulb neurons are found in close association with AORG radial 

processes in vivo and in vitro.  
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DISCUSSION 

We report the identification of radial glia-like cells in the adult OB for the first 

time; these adult olfactory radial glia-like cells (AORGs) have several unique defining 

characteristics.  AORGs possess large, round somas and non-arborized, exclusively 

radially oriented processes, directed away from the core of the RMS of the adult OB.  

AORGs are rare, and comprise a very small percentage of the cells found in the adult OB.  

AORGs possess a variety of features very similar to those of radial glial cells present 

during normal embryonic and early postnatal neocortical and striatal development; 

AORGs are neither immature neurons nor astroglia.  In vivo, in vitro, and 

videomicroscopic analyses also suggest that immature, migratory OB neurons are often 

closely apposed to AORG radial processes.  Taken together, our data suggest that 

AORGs might likely function in directing the radial migration of immature neurons 

during adult OB neurogenesis. 

 Although increasingly detailed phenotypic characterization of a variety of 

astroglial, oligodendroglial, neuronal, and precursor cell types in the adult CNS is the 

subject of much research, there have been very few reports in the past century describing 

a new cell type.  A novel neuronal phenotype generated from hypothalamic progenitor 

cells in vitro has been reported recently (Markakis et al., 2004), and radial glia-like cells 

in the ventral portion of the lateral ventricle, present in the embryo as well as in limited 

regions in the adult lateral ventricle, have also been reported recently (Sundholm-Peters 

et al., 2004; Gubert et al., 2009).  The fact that other brain regions contain radial glia-like 

cells that do not transform into stellate astroglia is consistent with our findings that radial 

glia continue to exist and be produced in the adult OB.  Indeed, the production and 
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maintenance of cells with the radial glial phenotype in the SVZ and striatum of the adult 

CNS has been reported, both in neural stem cell cultures and in vivo (Gregg and Weiss, 

2003), as well as in response to targeted neocortical neuron death in the adult mouse 

(Leavitt et al., 1999), following placement of astrocytes into an embryonic environment 

or embryonic conditioned medium (Hunter and Hatten, 1995), or after transplantation of 

embryonic Cajal-Retzius cells into the adult cerebellum (Soriano et al., 1997).  In 

addition, the existence of radial glia-like cells in the other well-characterized neurogenic 

region of the adult brain, the dentate gyrus of the hippocampal formation (Seri et al., 

2001; Hüttmann et al., 2003; Shapiro et al., 2005), presents an opportunity to explore as 

yet undefined shared markers or molecular signatures in common between AORGs and 

the radial glia of the adult dentate gyrus. 

 

The hGFAP-eGFP promoter enables initial identification of AORGs 

We originally used transgenic mice with the human GFAP (hGFAP) promoter 

driving eGFP expression (Nolte et al., 2001) in order to visualize stellate astroglia in the 

adult CNS.  However, the GFAP gene itself is highly regulated, and numerous 

transcriptional mechanisms control the subsequent translation of GFAP protein.  Indeed, 

there can be great variability in GFAP transgene expression; such variability is related to 

the specific promoter used, and to the type of reporter being employed (such as LacZ or 

GFP).  In the mouse line we used, a segment of approximately 2.2kb upstream of the 

human GFAP gene is sufficient to drive gene expression in astroglial cells in the brain 

(Brenner et al., 1994; Zhuo et al., 1997; Nolte et al., 2001; Su et al., 2004), as is the 

equivalent segment in the mouse (Johnson et al., 1995).  The imperfect overlap of eGFP 
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reporter and GFAP protein expression has been described previously for this particular 

transgenic mouse line (Nolte et al., 2001) and in other similar transgenic models (Brenner 

et al., 1994; Su et al., 2004).  This imperfect match between expression of the transgene 

and GFAP protein is likely due to higher sensitivity of the reporter protein, a lack of other 

regulatory sequences, and low endogenous expression of GFAP protein by some 

astrocytes, such as gray matter astrocytes (Ludwin et al., 1976; Kalman and Hajos, 1989).  

However, consistent with the glial nature of the hGFAP promoter activity, we did not 

detect ectopic expression of the reporter outside of the nervous system (data not shown).  

Regardless of the inconsistency between GFAP protein expression and hGFAP driven 

expression of eGFP, the robust expression of eGFP provided an opportunity to detect 

cells of a unique, radial glia-like morphology. 

The presence of GFAP, while often taken as evidence that expressing cells are 

astroglial, does not necessarily mean that a cell is a true astrocyte.  Indeed, some 

forebrain precursor cells might also express GFAP (Doetsch et al., 1999).  We found 

hGFAP-eGFP-positive cells in the RMS and the OB that are Dcx-positive and are labeled 

by CellTracker Red injected into the SVZa, indicating that these cells are likely the 

progeny of GFAP-positive precursors in the SVZ.  Thus, GFAP, while generally a 

reliable marker for activated astroglia, cannot be used as a sole phenotypic marker of 

astroglia.  In addition, it is widely understood that GFAP immunocytochemistry does not 

provide an accurate indication of the number of astroglia. 

In contrast to the homologous GFAP promoter region in mice (Galou et al., 

1994), the human GFAP promoter drives gene expression in multipotential progenitors 

during early development (Brenner et al., 1994; Malatesta et al., 2000, 2003), well before 
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GFAP expression is detectable in mice (Galou et al., 1994).  Detailed analysis of eGFP 

expression driven by this hGFAP promoter in adult transgenic mice suggests that there is 

considerable cellular, and specifically astroglial, heterogeneity in the adult CNS (Emsley 

and Macklis, 2006).  These latter results are consistent with earlier descriptions of 

astroglial heterogeneity in the CNS (Prochiantz and Mallat, 1988; Scotti Campos, 2003). 

 

AORGs are very similar to radial glia seen during CNS development 

We present several independent lines of evidence that AORGs are radial glia-like 

cells rather than neurons, oligodendroglia, typical astroglia, or other cell types.  hGFAP 

promoter expression of eGFP cannot serve as a sole phenotypic indicator, due to the 

specifics of GFAP expression and processing discussed above.  The identification of 

AORGs as a novel population of radial glia-like cells is based on a combination of 

morphology and both positive and exclusionary phenotypic protein expression.  Light, 

fluorescence, and electron microscopy studies indicate that AORGs are very similar in 

size, shape, and ultrastructural characteristics to “classical” radial glia present during 

neocortical development.  Further, AORGs rarely express classical astroglial markers, but 

largely express classical radial glial markers, such as brain lipid binding protein (BLBP). 

Interestingly, AORGs do not express vimentin, known to be expressed by radial glia of 

the developing OB (Bailey et al. 1999). 
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AORGs are born locally 

Two lines of evidence suggest that AORGs are produced locally in the RMS or 

parenchyma of the OB, rather than in the SVZ.  The first set of data supporting this 

conclusion comes from experiments in which CellTracker Red or DiI were used to label 

cells originating in the SVZ.  Although immature neurons that were labeled with 

CellTracker Red or DiI and were eGFP-positive were present in the RMS (likely the 

progeny of GFAP-expressing precursors), there were no CellTracker Red or DiI stained 

eGFP-positive AORGs in the adult OB.  Importantly, there were CellTracker Red or DiI 

stained immature neurons closely apposed to eGFP-positive AORGs (unlabeled by 

CellTracker Red or DiI) in the granule cell layer 7 days after injection, and mature 

granule cell interneurons stained with CellTracker Red or DiI were present in the granule 

cell layer 21 days after SVZa dye injection. 

A second line of evidence that AORGs do not originate in the SVZa derives from 

the cell proliferation experiments.  Injection of a single pulse of BrdU, followed by 

analysis either 3 or 7 days later, revealed small, BrdU-positive/eGFP-positive cells 

lacking either mature AORG morphology or the long migratory processes of TuJ1-

positive neuroblasts.  This observation indicates that AORGs are born in the RMS/OB 

and undergo migration locally, with extension of their radial processes over 7-14 days 

following their birth.  It will be of interest to investigate these cells’ lineage, motility, and 

proliferative capacity in more detail. 
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Why were AORGs previously undetected? 

After so much interest in the OB as a model of adult neurogenesis, it might seem 

surprising that AORGs have not been detected previously.  However, there are two 

simple reasons: their rarity, and their lack of expression of most common cell-type 

phenotypic markers.  Since AORGs make up only an extremely small percentage of cells 

in the adult OB (and only ~ 2% even in the granule cell layer, where they reside and are 

at maximal concentration), it is not surprising that they escaped detection.  Their lack of 

labeling with most immunochemical markers would have made their detection extremely 

difficult.  AORGs might likely have been grouped with other OB cell types, e.g. 

immature migrating neurons.  However, detailed confocal microscopic analysis and 

reconstructions, analyses of TuJ1 and Dcx expression, electron microscopy, and 

morphometric measurements all reveal that AORGs are quite distinct.  Importantly, the 

hGFAP promoter serendipitously enabled AORG identification because the rare AORGs 

would likely not be detected by Golgi staining (which only labels a small fraction of any 

cell population, and thus might be expected to label vanishingly few AORGs) or other 

methods.  In addition, approximately 95-97% of newborn cells in the adult OB 

differentiate into mature neuronal phenotypes (Winner et al., 2002; Magavi et al., 2005), 

and this rare population of cells might account for at least some of the remaining ~ 3-5% 

of newborn cells in the adult OB. 
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Do AORGs act as a physical substrate for radial 

migration of adult-born OB neurons? 

 Though some of the molecular factors contributing to the transition by adult-born 

OB neurons from tangential to radial migration are known, the process is not well 

understood.  These factors include Reelin (Hack et al., 2002), Tenascin-R (Saghatelyan et 

al., 2004), ADAM2 (Murase et al., 2008), and IGF-1 (Hurtado-Chong et al., 2009).  In 

addition, it has recently been shown that astroglial permissivity to migration differs along 

the RMS, thereby influencing movement of immature neurons destined for the olfactory 

bulb (Garcia-Marqués et al., 2010).  AORGs are not immunopositive for Reelin and, 

because Tenascin-R is an extracellular matrix molecule with diffuse expression 

throughout the parenchyma (Gates et al., 1995; Thomas et al., 1996), 

immunocytochemistry cannot conclusively determine whether it is secreted by AORGs.  

It would be of interest in the future to investigate whether AORGs express other 

guidance-related and/or chemo-attractant molecules. 

 It is interesting to speculate that adult-born AORGs might likely function in the 

transition of migrating, immature neurons from tangential migration through the RMS to 

radial migration into the OB parenchyma.  Additionally, AORGs might provide a cellular 

substrate for such immature neurons to reach their proper positions primarily within the 

granule cell layer, or they might provide directional guidance as far as the mitral cell 

layer for the smaller population of adult-born periglomerular neurons.  It would be of 

interest to investigate possible cellular interactions of AORGs with adult-born OB 

neurons, and molecular mechanisms underlying their potential role in radial migration 

during adult olfactory bulb neurogenesis. 
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 FIGURE LEGENDS 

 
 
TABLE 1 
Antibodies used for immunocytochemical characterization of AORGs  
 
 
FIGURE 1  
 
Location, morphology, and abundance of AORGs 

(A) Photomontage of a coronal section of the adult OB in an hGFAP-eGFP transgenic 

mouse, in which eGFP is expressed under the control of a human GFAP promoter 

fragment, showing the position and orientation of AORGs in the granule cell layer (gcl; 

box B), extending their processes from the base of the RMS (asterisk) toward the gcl.  

Inner white line denotes outer perimeter of the RMS (*); outer white line denotes outer 

perimeter of the gcl; arrowheads indicate clusters of astroglia in the mitral cell layer 

(mcl). Inset in A (A’) shows a magnified view of the granule cell layer, with NeuN in red, 

and AORGs in green).  The box (B) in panel A denotes the approximate region from 

which panel B is derived.  Scale bar, 500 m.  (B) Confocal reconstruction (z-stack) of a 

typical AORG in the adult OB.  Note the simple, elongated, and unbranched apical 

(arrowheads) and basal (small arrow) radial processes, and the large, round soma.  Scale 

bar, 10 m.  (C) Camera lucida drawing of a typical AORG, oriented from the RMS to 

the mcl.  Scale bar, 50 m.  (D) AORGs comprise a very small percentage of cells in the 

granule cell layer of the adult OB (2.1%), compared to mature, NeuN-positive granule 

cells (75.1%) and immature, Dcx-positive migrating neurons (22.8%).  (AORG, adult 

olfactory radial glia-like cell; RMS, rostral migratory stream; gcl, granule cell layer; mcl, 

mitral cell layer). 
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FIGURE 2 

AORGs are morphologically and immunochemically similar to developmental 

cortical radial glia 

(A) AORGs are similar in size to radial glia present during early postnatal neocortical 

development (6 mice per assessment).  (B, B’, and B’’) A subset of AORGs expresses the 

radial glial marker BLBP, as shown with images of eGFP alone (B, green), BLBP alone 

(B’, red) and merged (B’’, shown with orthogonal reconstruction in the XZ and YZ 

planes).  (C) Some BLBP-positive cells are eGFP-negative, but have AORG-like 

morphology (outlined by arrowheads).  (D) Some non-radial cells express BLBP 

(arrowheads), and some eGFP-positive AORGs (green, arrow) do not express BLBP 

(red).  (E-H) AORGs (green) do not express any of a panel of other radial glial markers at 

high level, including vimentin (E, inset, indicated by an asterisk); GLAST (F, red, 

arrowheads); 40EC (G, arrowhead), or Hes5 (H, red).  Scale bar in (C), 10 m for panels 

(B) through (D) and (F) through (H); scale bar in (E), 25 m. 

 

FIGURE 3 

AORGs are not neurons 

High magnification three-dimensional confocal reconstructions of AORGs in the adult 

OB indicate that AORGs (arrows; green in all panels) do not express any of a variety of 

markers of progressive neuronal differentiation. (A through A’’) Confocal reconstruction 

showing an AORG in the OB (A, green) closely apposed to cells that express the 

immature neuronal marker TuJ1 (A’, red, and merged A’’); the arrow indicates the soma 

of the AORG, and arrowheads indicate TuJ1-positive fibers and their close apposition to 
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the radially extended process of the AORG. AORGs do not express TuJ1. (B-G) AORGs 

also do not express a broad set of other immature and mature neuronal markers (shown in 

red). AORGs do not express the immature neuronal marker doublecortin, Dcx (B and C, 

arrowheads).  (B) Low magnification view of the end of the RMS (asterisk), indicating 

substantial co-expression of eGFP and Dcx in many migrating immature neurons within 

and proximal to the RMS.  Within the granule cell layer, there are numerous Dcx-positive 

cell bodies (arrowheads) and fine processes, as well as an eGFP-positive AORG (arrow).  

(C) High magnification image of an AORG (arrow) in close association with Dcx-

positive processes of immature migrating neurons (arrowheads).  (D-F) AORGs do not 

express the post-mitotic neuronal marker Hu (D, arrowhead), the mature neuronal nuclear 

marker NeuN (E, arrowheads), or the neuron-specific, somato-dendritic microtubule-

associated protein MAP-2 (F, arrowheads). (G) AORGs are also not labeled by the 

presynaptic protein synaptophysin (neuron rimmed by synapses, arrowheads; DAPI 

nuclear counterstain is in blue).  Panels (A’’) and (G) include orthogonal reconstructions 

in the XZ and YZ planes to demonstrate lack of co-localization of eGFP with TuJ1 or 

synaptophysin.  Scale bar in (C) for all panels, 10 m, except for (B), in which the scale 

bar is 25 m.  (H, I) AORGs are significantly larger than TuJ1-positive immature 

neurons, in both soma diameter and cross-sectional area (*, p < 0.0001; 6 mice per 

assessment). 
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FIGURE 4 

AORGs resemble immature glia ultrastructurally 

(A) Photomontage of a coronal section of the adult OB from an hGFAP-eGFP transgenic 

mouse in which expression of GFP is reported via immunoperoxidase staining.  White 

boxed areas (left, right) indicate approximate regions from which images shown in A’ 

and E were obtained, respectively.  (A’) Higher magnification image of left boxed area in 

A, showing deep layers of the OB, granule cell layer, and the anterior extension of the 

RMS.  Note that the DAB precipitate reveals cells of different intensity in the granule cell 

layer and SVZ. Dashed boxes indicate areas shown in B and C.  (B, B’, and B’’) An 

example of an AORG, found between mature granule cells.  (B’ and B”) Higher 

magnification of boxed areas in B, showing the DAB immunoprecipitate (arrowheads 

indicate precipitate in nuclei; arrows indicate cytoplasmic precipitate). (C) Another 

example of an identified AORG positioned between granule cells.  (D) An example of a 

neuroblast with a typical invaginated nucleus within the SVZ/RMS; such neuroblasts are 

usually lightly labeled.  (E) A typical astrocyte in the periglomerular region. Scale bar in 

(A), 1 mm, (A’) 250 µm; for panels (B) through (E), 30 µm and for (B’ and B’’), 5 µm.  

(a, astrocyte; gc, granule cell; gcl, granule cell layer; n, nucleus). 

 

FIGURE 5 

AORGs rarely express astroglial markers, and are not oligodendroglia 

(A) High magnification confocal three-dimensional reconstructions reveal that AORGs 

(green, arrow) do not express GFAP (red, arrowheads indicate GFAP-positive astroglial 

processes).  (B) AORGs occasionally express S100; an AORG (large arrow) with an 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 
 

 61 

S100-positive process (small arrows).  AORGs are often immunonegative for S100 

(arrowheads).  (C) AORGs (arrows) do not express A2B5 (arrowheads).  (D-F) AORGs 

(arrows) do not express the oligodendroglial markers NG2 (D, arrowheads), CNPase (E, 

arrowheads), or GalC (F).  Scale bar in (A), 10 m for panels A through F. 

 

FIGURE 6 

AORGs are born in the adult OB, and are closely apposed to migrating, immature 

neurons 

(A) Newborn AORGs (arrows) are found in the adult OB granule cell layer following 

adult BrdU administration.  Co-labeling by BrdU (red) and eGFP (green) in AORGs was 

confirmed by three-dimensional confocal orthogonal reconstructions in the XZ and YZ 

planes.  (B-D) Pulse labels of BrdU demonstrate that (B) AORGs (arrows) develop short 

processes (small arrow) by 3 days after their birth.  Note eGFP-negative/BrdU-positive 

cells in (B) and (C) (arrowheads, putative adult-born granule neurons).  (C) AORGs 

extend their processes further by 7 days (small arrow), and (D) display mature AORG 

morphology by 14 days after their birth.  (E) Schematic representation of the olfactory 

bulb, indicating the regions from which panels F, G, and H are derived.  (F) The whole 

cell label CellTracker Red was injected into the adult SVZa, revealing a close association 

between immature, adult-born migrating neurons (red, arrowheads) and the radial process 

of eGFP-positive AORGs (green, arrow) 7 days after CellTracker Red injection. (F’, 

inset) an example of a cell labeled by CellTracker Red that is immunopositive for 

doublecortin (Dcx, green), in the granule cell layer of the OB.  Arrow indicates the cell 

body, and arrowheads mark the leading process of this migrating, immature neuron.  (G 
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and H) The close anatomical relationship between adult-born mature granule neurons 

(arrowheads) in the gcl and the radially oriented eGFP-positive fibers of AORGs (arrows) 

21 days after CellTracker Red injection is shown via confocal reconstructions at lower 

(G; box indicates area magnified in (H)) and higher magnification (H).  Scale bar in (A), 

10 m for panels (A-D); scale bar in each of (F-H), 50 m.  (gcl, granule cell layer; mcl, 

mitral cell layer; rms, rostral migratory stream).  Schematic diagram based on Franklin 

and Paxinos (1997). 

 

FIGURE 7 

Immature OB neurons are closely apposed to AORG radial processes in vitro 

(A) Dissociated culture of the developing OB shows an eGFP-positive AORG (arrow) 

with an extensive linear process (small arrows).  Smaller presumptive immature neurons 

(arrowheads) are often located in close apposition to the somas and radial processes of 

AORGs.  In culture, as in vivo, AORGs are morphologically different from eGFP-

positive astrocytes (inset in A).  (B) Processes of TuJ1-positive immature neurons (red, 

arrowheads) are adjacent to the radial process of a mature AORG (arrow).  (C) 

Dissociated cells at P14 illustrate the close apposition between immature neurons 

(arrowheads) and the soma and radial process of an AORG (arrow).  (D) Time-lapse 

videomicroscopy suggests that immature neurons (arrowheads) are capable of attaching 

to radial processes of AORGs (arrow) and sometimes initiate migration.  Representative 

still images are shown from t=5 minutes to t=120 minutes.  Scale bar in (A) for panels 

(A) and (B), 25 m. 
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SUPPLEMENTAL FIGURE 1 

AORGs do not express phenotypic markers of progenitors, microglia, 

oligodendroglia, or neurons 

High magnification confocal three-dimensional reconstructions reveal that AORGs 

(green, arrow) do not express a set of standard phenotypic markers, including: (A) the 

intermediate filament protein nestin; (B) the microglial marker F4/80; (C) the 

oligodendrocyte marker O4; (D) the immature neuronal marker CD24 (arrowheads 

encircle the positions of CD24-positive immature neurons), or (E) the enzyme tyrosine 

hydroxylase, a marker of dopaminergic neurons of the mitral cell layer.  Scale bar in (A), 

10 m for all panels. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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TABLE 1 

 
 

Mono- or polyclonal Concentration Source 

40E-C Monoclonal 1:5 DSHB 
A2B5 Monoclonal 1:250 P. Follett 
ApoE Monoclonal 1:25 Chemicon/Millipore 
BLBP polyclonal, rabbit 1:500 N. Heintz 
BrdU monoclonal, rat 1:400 Harlan 
Caspase-3 polyclonal, rabbit 1:750 NEB 
CD24 Monoclonal 1:100 eBioscience  
CNPase Monoclonal 1:250 Chemicon/Millipore 
DAB-1 polyclonal, rabbit 1:100 Chemicon/Millipore 
DARPP-32 polyclonal, rabbit 1:250 Chemicon/Millipore 
Dcx polyclonal, guinea pig 1:500 Chemicon/Millipore 
F4/80 monoclonal, rat 1:100 eBioscience 
GalC polyclonal, rabbit 1:50 Chemicon/Millipore 
GFAP polyclonal, rabbit 1:500 Chemicon/Millipore 
GFP polyclonal, rabbit 1:500 Molecular Probes 
GFP polyclonal, chick 1:500 Chemicon/Millipore 
GLAST polyclonal, rabbit 1:250 Chemicon/Millipore 
Glut. Synth. polyclonal, rabbit 1:100 Sigma 
Hes5 polyclonal, rabbit 1:100 Chemicon/Millipore 
Hu Monoclonal 1:100 Molecular Probes 
MAP2 Monoclonal 1:500 Sigma 
Nestin Monoclonal 1:25 R. McKay 
NeuN Monoclonal 1:500 Chemicon/Millipore 
NG2 polyclonal, rabbit 1:1000 Chemicon/Millipore 
PSA-NCAM Monoclonal 1:5 DSHB 
RC2 Monoclonal 1:5 DSHB 
Reelin Monoclonal 1:100 Chemicon/Millipore 
Slit1 polyclonal, goat 1:25 Santa Cruz 
Synaptophysin Monoclonal 1:500 Chemicon/Millipore 
S100β Monoclonal 1:250 Sigma 
Tenascin-R polyclonal, goat 1:10 Santa Cruz 
Thy1.2 Monoclonal 1:100 eBioscience  
TuJ1 Monoclonal 1:500 CoVance 
TuJ1 polyclonal, rabbit 1:500 CoVance 
Tyrosine 
hydroxylase 

polyclonal, rabbit 1:1000 Chemicon/Millipore 

Vimentin Mab 
3400 

Monoclonal 1:100 Chemicon/Millipore 

Vimentin V9 Monoclonal 1:1000 DAKO 
Vimentin (ser55) Monoclonal 1:500 Stressgen 

VLDLR polyclonal, goat 1:50 Santa Cruz 
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Identification of radial glia-like cells in the adult mouse olfactory bulb 
 
JASON G. EMSLEY*, JOAO R.L. MENEZES*, RODRIGO F. MADEIRO DA 
COSTA, ANA MARIA BLANCO MARTINEZ, AND JEFFREY D. MACKLIS 
 
RESEARCH HIGHLIGHTS 
 
1. We have identified a novel population of adult olfactory radial glia-like cells 
(AORGs). 
2. AORGs are radially oriented, and restricted to the granular layer of the OB. 
3. AORGs exhibit phenotypical characteristics of forebrain radial glia. 
4. AORGs are generated locally throughout life, and exhibit long-term survival. 
5. AORGs might likely play a role in radial neuronal migration in the postnatal OB. 
 


