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Abstract 

Morphogens and Axons in the Regulation of Adult Neural Stem Cells 

by 

Cheuk Ka Tong 

 

Neural stem cells (NSCs) persisting in the walls of the lateral ventricles of the 

adult mammalian brain continue to produce new neurons and glia throughout life. The 

identification of NSCs, and long-range migration and integration of new neurons and 

glia into fully developed neural circuits suggest possible strategies for brain repair. 

Understanding the mechanisms that regulate adult neurogenesis will better enable us to 

harness the regenerative potential of NSCs for neuronal replacement. In this 

dissertation, I demonstrate an extensive plexus of supraependymal serotonergic (5HT) 

axons. These 5HT axons form intimate contacts with the apical domain of NSCs and 

likely regulate their proliferation via the 5HT2C receptor. Also on the apical domain of 

NSCs is a small, highly specialized organelle called the primary cilium, known for its role 

in signal transduction, but whose function in adult NSCs is unknown. I show that primary 

cilia are required for a unique population of progenitors in the ventral region of the 

ventricular-subventricular zone (V-SVZ), and that ablation of primary cilia disrupts Sonic 

hedgehog (Shh) signaling in these progenitors. Further, I identify a novel Shh-

dependent domain in the dorsal V-SVZ, which generates not only olfactory bulb (OB) 

neurons, but also astrocytes and oligodendrocytes that migrate to the cortex and corpus 

callosum (CC). These new findings expand our knowledge on the endogenous 

mechanisms that control the NSC niche in the adult mammalian brain. 
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Chapter 1 

Introduction 

 

 Functions in the mature brain – from perception and motor control, to cognition 

and emotion – are based on neural networks that are initially shaped by experience 

during early life and later stabilized. Yet the discovery of adult neurogenesis (Altman, 

1962; Nottebohm, 2002) suggests that some level of plasticity persists in certain areas 

of the mature brain, specifically the hippocampus and the ventricular subventricular 

zone (V-SVZ) (for review, see Alvarez-Buylla and Garcia-Verdugo, 2002; Gage and 

Temple, 2013). This thesis explores how the adult neural stem cell (NSC) niche is 

regulated and reveals that axons projecting into the lateral ventricles and morphogens 

present in the V-SVZ influence the generation of neural and glial progenitors. The work 

also demonstrates that primary cilia, an organelle present in all NSCs, are surprisingly 

required only in a region-specific subpopulation of neural progenitors in the postnatal V-

SVZ. 

 

The Ventricular-Subventricular Zone Neurogenic Niche 

The wall of the lateral ventricles (the V-SVZ) is a site of major germinal activity in 

the brain of many adult mammals. Neural stem cells (NSCs) correspond to a 

subpopulation of specialized astrocytes (B1 cells) derived from radial glia. These B1 

cells are classified into quiescent NSCs, which are largely dormant in vivo and rarely 

form neurospheres in vitro, or active NSCs, which are highly proliferative in vivo and 

readily form neurospheres in vitro (Codega et al., 2014; Mich et al., 2014). Active NSCs 



! #!

give rise to intermediate progenitor cells (IPCs or C cells), which in turn, generate large 

numbers of neuroblasts (A cells) that migrate tangentially through the rostral migratory 

stream (RMS) to the olfactory bulb (OB) (Doetsch et al., 1996; Lois et al., 1996; for 

review, see Ihrie and Alvarez-Buylla, 2011). Recent cell cycle, and population analysis 

suggests that following the initial division of B1 cells, C cells divide three times and A 

cells once, possibly twice (Ponti et al., 2013). V-SVZ NSCs are heterogeneous, 

generating at least six different subtypes of OB interneurons depending on their position 

along the dorso-ventral and anterio-posterior axes (Merkle et al., 2007). In vitro live 

imaging of NSCs isolated from the adult mouse V-SVZ revealed that NSCs exclusively 

generate oligodendroglia or neurons, but never both within a single lineage (Ortega et 

al., 2013). However, it remains unknown if single progenitors generate both neurons 

and oligodendrocytes in vivo. 

 

Properties of the V-SVZ Neural Stem Cells 

B1 cells retain the basic apical-basal polarity of their predecessors, radial glia.  

Similar to neuroepithelial cells and radial glia, B1 cells contact the ventricle through 

small, specialized apical processes that contain a single primary cilium. They also have 

long basal processes with specialized endings contacting blood vessels (BVs). When 

viewed en face, from the ventricular side, the V-SVZ is organized as pinwheels; the 

small apical endings of B1 cells in the center are surrounded by a rosette of ependymal 

cells (E1 cells) with larger apical surfaces. B1 cells have homotypic cell-cell contacts 

that include gaps junctions with each other, as well as heterotypic and asymmetric 
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adherent junctions with E1 cells (Mirzadeh et al., 2008; for review, see Fuentealba et 

al., 2012). 

 

Signaling Pathways that Regulate V-SVZ Neurogenesis 

Growth Factors 

Signaling pathways downstream of fibroblast growth factor-2 (FGF-2 or bFGF), 

epidermal growth factor (EGF), and platelet-derived growth factor (PDGF) have been 

implicated in the regulation of V-SVZ stem cells and other progenitor cells. Ventricular 

infusion of FGF-2 increases V-SVZ proliferation, but decreases the number of newly 

born neurons, suggesting FGF-2 maintains the self-renewing V-SVZ population (Kuhn 

et al., 1997). Loss of FGF-2 results in a decrease in the slow-dividing stem cell pool and 

reduced neurogenesis (Zheng et al., 2004). EGF receptor (EGFR) is primarily 

expressed on C cells and a subpopulation of B1 cells (Doetsch et al., 2002; Codega et 

al., 2014; Mich et al., 2014). Upon activation, quiescent NSCs express high levels of 

EGFR and become highly proliferative (Codega et al., 2014; Mich et al., 2014). Infusion 

of EGF increases the number of B1 cells contacting the ventricle (Doetsch et al., 2002), 

increases V-SVZ proliferation, and causes generation of progeny that invade the 

surrounding parenchyma (Craig et al., 1996; Doetsch et al., 2002; Aguirre et al., 2005, 

2007; Gonzalez-Perez et al., 2009). Transforming growth factor-alpha (TGF-!) is the 

most likely endogenous ligand for the EGFR. TGF-!-deficient mice exhibit decreased V-

SVZ proliferation, which can be rescued in vitro by administration of EGF (Tropepe et 

al., 1997). Elevated EGF signaling biases V-SVZ cells toward the oligodendrocytic 

rather than neurogenic lineage (Gonzalez-Perez et al., 2009). TGF-! treatment 
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decreases the percentage of highly motile neuroblasts within the RMS (Kim et al., 

2009), but EGFR overexpression in NG2+ progenitors increases migration, suggesting 

this pathway has different functions in different cell types (Aguirre et al., 2005). 

Interestingly, the related receptor ErbB4 and its ligands, neuregulin 1 and 2, are also 

expressed in the V-SVZ and have been implicated in progenitor proliferation and the 

initiation of neuroblast migration (Ghashghaei et al., 2006). Similar to the effects of 

EGF, infusion of PDGF increases proliferation in V-SVZ cells, and many of these 

progenitors give rise to oligodendrocytes. It has been shown that the receptor PDGFR! 

is expressed by most glial fibrillary acidic protein (GFAP)+ cells within the V-SVZ 

(Jackson et al., 2006). However, recent work suggests that PDGFR! is expressed not 

by GFAP+ NSCs, but by NG2+ oligodendrocyte progenitors (OPCs) (Chojnacki et al., 

2011). Also expressed within the V-SVZ are the receptors EphA and EphB. Ephrin 

signaling appears to impact both B1 cell proliferation and A cell migration (Conover et 

al., 2000; Liebl et al., 2003; Ricard et al., 2006). Infusion of EphB2 ligand results in 

increased 5-bromo-2’-deoxyuridine (BrdU) incorporation by B1 cells, and disrupted the 

aberrant chains of migratory neuroblasts. Mice lacking either ephrinB3 or EphB3 show a 

significant increase in BrdU incorporation and Ki67 immunoreactivity in the V-SVZ (del 

Valle et al., 2011; Theus et al., 2010). Interestingly, cell death is reduced in EphB3-/- 

mice but increased in ephrinB3-/- mice (Furne et al., 2009; Theus et al., 2010). These 

results suggest that EphB3 signaling suppresses proliferation and induces cell death in 

the absence of ligand stimulation. In vitro and in vivo assays also demonstrated that 

EphA4 preserves postnatal NSCs in an undifferentiated state (Khodosevich et al., 

2011). 
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Morphogens 

Morphogens also act to regulate neurogenic activity in the adult V-SVZ. Bone 

morphogenetic proteins (BMPs) present in the cerebrospinal fluid (CSF) inhibit V-SVZ 

neurogenesis. E1 cells secrete the BMP antagonist noggin, which promotes V-SVZ 

progenitor proliferation and neuroblast generation in vitro and in vivo (Lim et al., 2000; 

Peretto et al., 2004). Ependymal expression of LRP2, a receptor that sequesters BMP4, 

is required for progenitor proliferation and neurogenesis in vivo (Gajera et al., 2010). 

Other evidence suggests that inhibition of BMPs increases oligodendrogenesis at the 

expense of neurogenesis (Colak et al., 2008). Wnt signaling also plays a role in 

progenitor cell proliferation in the V-SVZ. Retrovirus-mediated expression of "-catenin 

promotes the proliferation of C cells and inhibits their differentiation into neuroblasts, 

whereas expression of Dkk1, an inhibitor of Wnt signaling, reduces the proliferation of C 

cells (Adachi et al., 2007). In addition, administration of an inhibitor of GSK3" results in 

increased C cell proliferation and increased number of new OB neurons (Adachi et al., 

2007). However, recent in vitro data shows that activation of canonical Wnt signaling 

selectively stimulates olidodendrogliogenesis without changing lineage choice or 

proliferation within neurogenic clones (Ortega et al., 2013). The insulin-like growth factor 

2 (IGF2) in the CSF has also been shown to regulate V-SVZ progenitor proliferation 

(Lehtinen et al., 2011). Sonic hedgehog (Shh) signaling occurs specifically in the ventral 

subregion of the V-SVZ, and loss of Shh decreases production of ventrally derived 

neuron types (Ihrie et al., 2011). The apical primary cilium of B1 cells may directly 

integrate signaling of CSF factors, although such integration remains to be 
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demonstrated. Ablation of intraflagellar transport 88 (IFT88), a protein required for cilia 

assembly, in glutamate aspartate transporter (GLAST)+ cells results in decreased 

numbers of BrdU label-retaining cells (Beckervordersandforth et al., 2010). 

 

Cell-Cell Interactions 

Besides signaling downstream of diffusible factors, canonical Notch signaling is 

also active in V-SVZ NSCs and regulates their maintenance (Imayoshi et al., 2010). 

Conditional depletion of the downstream effector, recombining binding protein 

suppressor of hairless (RbpJK), in adult nestin+ cells leads to transient increase in IPCs 

and newly born OB neurons, followed by a drastic reduction in NSC numbers that 

results ultimately in reduced neurogenesis. Thus, Notch signaling appears to maintain 

B1 cells by inhibiting the production of IPCs. On the other hand, it has been suggested 

that increased numbers of IPCs due to enhanced EGFR signaling may suppress Notch 

signaling in NSCs. IPCs express high levels of achaete-scute complex homolog 1 

(ASCL1 or Mash1), which is repressed by Hes1, a downstream effector of Notch 

signaling. ASCL1 in turn is known to promote the expression of Notch ligands (Kopan 

and Ilagan, 2009), suggesting a feedback mechanism of lateral inhibition between IPCs 

(C cells) and NSCs (B cells). It is still unclear how Notch signaling is regulated in the V-

SVZ, but the Notch ligands Delta1 and Jagged1 expression has been observed in IPCs 

and neuroblasts. Moreover, Delta-like1 (Dll1) is induced in activated NSCs and 

segregates to one daughter cell during mitosis (Kawaguchi et al., 2013). Dll1-expressing 

cells are in close proximity to quiescent NSCs, reinforcing the hypothesis of feedback 

signal for NSC maintenance by their sister cells and progeny. 
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Neurotransmitters 

Nestled within the mature brain that is wired by functional neuronal circuits, the 

adult V-SVZ is regulated by various neurotransmitters. Neuroblasts spontaneously 

release gamma-aminobutyric acid (GABA), which induces depolarization of progenitors 

by activation of functional GABAA receptors. This in turn inhibits progenitor cell cycle 

progression and neuronal production via epigenetic mechanisms that involve 

phosphorylation of H2AX (Fernando et al., 2011; Liu et al., 2005). The diazepam 

binding inhibitor protein (DBI) is secreted into the extracellular space by B1 cells and 

IPCs, but not neuroblasts, and competes with GABA for binding to its receptor. The 

decrease in inward Cl- currents resulting from GABA stimulation is thought to increase 

progenitor proliferation (Alfonso et al., 2012). The excitatory neurotransmitter glutamate 

has been suggested to positively regulate neurogenesis, possibly by increasing C cell 

numbers. Immunostaining has suggested B1 cells as a source of glutamate within the 

V-SVZ (Platel et al., 2010a).  Exactly which populations of cells respond to glutamate 

have not been determined, but cells within the RMS and OB express functional 

AMPA/kainate, NMDA, and glutamate receptors, suggesting that neuroblasts may 

respond to glutamate (Carleton et al., 2003; Platel et al., 2008a, 2008b, 2010a, 2010b). 

Dopamine (DA) is released into the V-SVZ from terminals of axonal projections from the 

ventral tegmental area (Lennington et al., 2011). Activation of D2-like receptors on IPCs 

increases their proliferation via an EGF-dependent mechanism (Höglinger et al., 2004; 

O’Keeffe et al., 2009). DA may also induce progenitor proliferation and V-SVZ 

neurogenesis via D3 receptors (Kim et al., 2010). Serotonin (5HT) derived from the 
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raphe nuclei has also been shown to positively modulate neurogenesis, but it remains to 

be determined whether this effect is direct (Brezun and Daszuta, 1999; Banasr et al., 

2004). Lesions of cholinergic inputs decrease the number of newly born neurons in the 

OB (Cooper-Kuhn et al, 2004). Consistently, enhancing cholinergic signaling with the 

acetylcholinesterase inhibitor donepezil increases the survival of newly born OB 

neurons (Kaneko et al, 2006). In contrast, however, mice lacking the nicotinic 

acetylcholine receptor subunit beta-2 show increased survival of newly born neurons in 

the OB (Mechawar et al, 2004). 

 

Endothelial Signals 

Since BVs are an integrated component of the V-SVZ niche, blood-derived 

factors may directly access B1 cells and IPCs and regulate their proliferation. The 

chemokine stromal cell-derived factor 1 (SDF1) is expressed by endothelial and E1 

cells, forming a gradient within the V-SVZ (Kokovay et al., 2010). The SDF1 receptor 

CXCR4 is expressed by V-SVZ cells. High levels of SDF1 secreted by endothelial cells 

induce the recruitment of activated B1 cells and IPCs to the vascular plexus. This effect 

is mediated by !6"1-integrin expression in activated B1 cells and C cells. Disruption of 

!6"1-integrins in progenitor cells results in the loss of adhesion to the vasculature and 

proliferation defects in vivo. Interestingly, the transition of IPCs into neuroblasts is 

accompanied by a decrease in "1-integrin expression, allowing the differentiating 

progeny to migrate away from the niche.  Pigment epithelium-derived factor (PEDF) is 

also secreted by endothelial and E1 cells.  Ventricular infusion of PEDF results in 

increased numbers of BrdU label-retaining cells and dividing GFAP+ cells (Ramírez-
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Castillejo et al., 2006). PEDF acts synergistically with the Notch pathway to regulate 

self-renewal in vitro by increasing EGFR expression (Andreu-Agulló et al., 2009). 

Endothelial-derived betacellulin (BTC), an EGF-like growth factor, has been shown to 

stimulate progenitor proliferation in vitro. BTC can bind and activate ErbB4 and EGFR 

receptors present in neuroblasts and IPCs. Infusion of BTC in vivo increases V-SVZ 

proliferation and neurogenesis (Gómez-Gaviro et al., 2012). Vascular endothelial growth 

factor (VEGF) signaling has been implicated in V-SVZ NSC and progenitor survival and 

proliferation, and neuroblast migration and maturation (Zhang et al., 2003; Schänzer et 

al., 2004; Gotts and Chesselet, 2005; Meng et al., 2006; Wada et al., 2006; Mani et al., 

2010; Wittko et al., 2009; Licht et al., 2010). The vasculature also secretes IGF1 and 

brain-derived neurotrophic factor (BDNF), which promote proliferation and differentiation 

of progenitor cells, respectively (Chen et al., 2005; Llorens-Martín et al., 2009). 

 In my PhD work, I further reveal the mechanisms involved in the regulation of 

adult neurogenesis, especially with respect to the morphogens and neurotransmitters 

that influence the adult NSCs. In Chapter 2, I describe the materials and methods used 

in my study. In Chapter 3, I demonstrate an extensive plexus of supraependymal 5HT 

axons that make specialized contacts with B1 and E1 cells in the V-SVZ. Receptor 

expression analysis, electrophysiology and pharmacological studies suggest that these 

5HT axons regulate B1 cell proliferation via the receptor 5HT2C. In Chapter 4, I show 

how primary cilia are required for normal neurogenesis, but only in a unique 

subpopulation of progenitors in the ventral V-SVZ. Primary cilia removal disrupts Shh 

signaling in the V-SVZ. Unexpectedly, ablation of primary cilia after the beginning of the 

embryonic neurogenic period appears to have no major effects in telencephalon 
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development. In Chapter 5, I identify a dorsal Shh-dependent V-SVZ domain that gives 

rise to not only OB neurons, but also oligodendrocytes that migrate to the corpus 

callosum (CC). Altogether, this work advances our previous understanding of how the 

adult NSCs in different locations of the niche are influenced by morphogen levels and 

neuronal circuit activity. 
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Figure 1. The V-SVZ neurogenic niche and its associated signaling pathways 
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Chapter 2 

Materials and Methods 

 

Animals 

Mice were housed and treated according to the guidelines from the University of 

California, San Francisco (UCSF) Laboratory Animal Care and Use Committee. Mouse 

strains are described in Table 1. Unless otherwise stated, adult male (P30–P60) mice 

were used. 

 

Table 1. Mouse strains and relevant information 

Strain 
 

References 
 

Description 
 

CD1 
 

N/A 
 

Outbred wildtype from Harlan Laboratories 
 

GFAP::GFP 
 

Zhuo et al., 1997 
 

Transgenic mouse expressing GFP under 
the control of the human GFAP promoter 
 

Nestin::Cre 
 

Tronche et al., 1999; 
Graus-Porta et al., 2001 
 

Transgenic mouse expressing Cre under 
the control of the promoter and second 
intron of the rat Nestin gene  
 

hGFAP::Cre 
 

Zhuo et al., 2001; 
Malatesta et al., 2003 
 

Transgenic mouse expressing Cre under 
the control of the human GFAP promoter; 
(FVB/N-TgGFAPGFP14Mes/J) from 
Jackson Laboratories 
 

Ift88fl/fl 
 

Haycraft et al., 2007 
 

Knock-in mouse with loxP sites flanking 
exons 4-6 of the Ift88 gene 
 

Ift88+/- 
 

Murcia et al., 2000 
 

Knock-out mouse with exons 4-6 of the Ift88 
gene excised via Cre recombination in the 
germline; from Dr. N. Murcia 
 

Kif3afl/fl 
 

Marszalek et al., 2000 
 

Knock-in mouse with loxP sites flanking 
exon 2 of the Kif3a gene; from Dr. L. S. 
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Goldstein 
 

Ai14 
 

Madisen et al., 2010 
 

Knock-in mouse with the CAG promoter, a 
loxP-flanked stop cassette, tdTomato and 
WPRE inserted between exons 1 and 2 of 
the Rosa26 locus 
 

Z/EG 
 

Novak et al., 2000 
 

Mouse carrying the transgene containing 
LacZ and a stop cassette, flanked by loxP 
sites, followed by enhanced GFP, all under 
the control of the CMV promoter / chicken "-
actin promoter 
 

Gli1-LacZ 
 

Bai et al., 2002 
 

Knock-in mouse with a nuclear LacZ 
sequence replacing a genomic region 
encoding the Gli1 N-terminal and zinc finger 
domains 
 

Gli1::CreER 
 

Ahn et al., 2004 
 

Knock-in mouse with CreERT2 cDNA 
inserted into the 5’ UTR of exon 1 of the 
Gli1 gene, rendering it a null allele 
 

LacZ/EGFP 
 

Yamamoto et al., 2009 
 

Knock-in mouse with the CAG promoter, a 
loxP-flanked stop cassette, FRT-flanked 
LacZ gene with a secondary stop cassette, 
and enhanced GFP inserted into the 
Rosa26 locus 
 

Smofl/fl 
 

Long et al., 2001 
 

Knock-in mouse with loxP sites flanking 
exon 1 of the Smo gene 
 

SmoM2 
 

Jeong et al., 2004 
 

Knock-in mouse with a loxP-flanked stop 
cassette, followed by a constitutive active 
mouse Smo gene, all under the control of 
the Rosa26 promoter 
 

 

BrdU Administration 

BrdU was administered at a concentration of 50 mg/kg of body weight. Neonatal 

pups were injected subcutaneously; adult mice were injected intraperitoneally. 
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Tamoxifen Administration 

Tamoxifen was prepared at 20 mg/ml in corn oil and administered via oral 

gavage to nursing mothers at 5 mg/day for 3 consecutive days. 

 

Tissue Preparation 

Mice were deeply anesthetized with 250 mg/kg body weight tribromoethanol 

(Avertin) and perfused transcardially with saline (0.9% NaCl), followed by 4% 

paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA at 4°C overnight, 

rinsed in PBS at 4°C overnight, and cryoprotected in PBS/30% sucrose at 4°C 

overnight. For floating sections, the cryoprotected brains were cut into 50-µm sections 

using the sliding microtome, and the sections were stored in PBS/0.1% sodium azide at 

4°C. For non-floating sections, the cryoprotected brains were embedded in Tissue-Tek 

Optimal Cutting Temperature compound (Sakura), then cut into 12-µm sections and 

mounted onto microscope slides using the cryostat. The slides were stored at -80°C 

until immunohistochemical processing. For wholemount preparation, mice were 

perfused with saline. Brains were removed and the lateral walls were immediately 

dissected out in Leibovitz’s L15 medium as previously described (Mirzadeh et al., 2010). 

Wholemounts were fixed in 4% PFA at 4°C overnight and then stored in PBS/0.1% 

sodium azide at 4°C until immunohistochemical processing. 

 

Immunohistochemistry 

Both wholemounts and 50-µm sections were incubated for 24-48 hr at 4°C with 

primary antibodies, followed by 24-48 hr at 4°C with the appropriate secondary 
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antibodies (Molecular Probes, Invitrogen). 12-µm sections were incubated for 24 hr at 

4°C with primary antibodies, followed by 2 hr at 25°C with the appropriate secondary 

antibodies (Molecular Probes, Invitrogen). The blocking solutions used were PBS/0.5% 

Triton X-100/10% normal donkey serum (NDS) for wholemounts and PBS/0.1% Triton 

X-100/5% NDS for sections. For BrdU staining, samples were incubated for 40 min at 

37°C with 2N HCl followed by 10 min at 25°C with 0.1 M boric acid (pH 8.5) prior to 

incubation with antibodies. For mounting, the wholemounts and sections were 

embedded with Aqua Poly/Mount mounting medium (Polysciences). Primary antibodies 

used are listed in Table 2. Secondary antibodies used were conjugated to AlexaFluor 

dyes (Invitrogen/Molecular Probes). 

 

Table 2. Primary antibodies. 

Antigen 
 

Host 
 

Dilution 
 

Source 
 

5HT 
 

Rabbit (polyclonal) 
 

1:500 
 

Immunostar 
 

ACIII 
 

Rabbit (polyclonal) 
 

1:500 
 

Santa Cruz 
 

AcTub 
 

Mouse (6-11B-1) 
 

1:1000 
 

Sigma 
 

AldoC 
 

Goat (polyclonal) 
 

1:100 
 

Santa Cruz 
 

APC 
 

Goat (Ab-7) 
 

1:100 
 

Millipore 
 

"-catenin 
 

Mouse (14/"-catenin) 
 

1:500 
 

BD Transduction 
 

"-catenin 
 

Rabbit (polyclonal) 
 

1:500 
 

Sigma 
 

BrdU 
 

Rat [BU1/75(ICR1)] 
 

1:500 
 

Abcam 
 

CalR 
 

Rabbit (polyclonal) 
 

1:1000 
 

Swant 
 

CD24 
 

Rat (M1/69) 
 

1:500 
 

BD Pharmingen 
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Ctip2 
 

Rat (25B6) 
 

1:500 
 

Abcam 
 

Cux1 
 

Mouse (M222) 
 

1:500 
 

Abcam 
 

DCX 
 

Rabbit (polyclonal) 
 

1:200 
 

Cell Signaling 
 

GFAP 
 

Mouse (GA5) 
 

1:1000 
 

Millipore 
 

GFP 
 

Chicken (polyclonal) 
 

1:500 
 

Aves Labs 
 

γ-tubulin 
 

Mouse (GTU88) 
 

1:500 
 

Abcam 
 

Mash1 
 

Mouse (24B72D11.1) 
 

1:200 
 

BD Biosciences 
 

Nkx2.1 
 

Rabbit (polyclonal) 
 

1:500 
 

Santa Cruz 
 

Nestin 
 

Chicken (polyclonal) 
 

1:600 
 

Lifespan Biosciences 
 

NeuN 
 

Mouse (A60) 
 

1:200 
 

Millipore 
 

Olig2 
 

Rabbit (polyclonal) 
 

1:1000 
 

Millipore 

PH3 
 

Rabbit (polyclonal) 
 

1:500 
 

Millipore 
 

Satb2 
 

Mouse (SATBA4B10) 
 

1:500 
 

Abcam 
 

SERT 
 

Rabbit (polyclonal) 
 

1:500 
 

Immunostar 
 

Sox10 
 

Goat (polyclonal) 
 

1:100 
 

Santa Cruz 
 

Synaptophysin 
 

Rabbit (EP1098Y) 
 

1:500 
 

Abcam 
 

TH 
 

Rabbit (polyclonal) 
 

1:500 
 

Pel-Freeze Biologicals 
 

Tbr1 
 

Rabbit (polyclonal) 
 

1:500 
 

Millipore 
 

vGluT3 
 

Goat (polyclonal) 
 

1:200 
 

Abcam 
 

 

In-Situ Hybridization 
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In-situ hybridization was performed using standard protocols (Han et al., 2008, 

Ihrie et al., 2011) and antisense riboprobes from Gli1 cDNA (from Dr. A. Ruiz I Altaba) 

and Shh cDNA. 

 

Imaging and Quantification 

High-magnification images were acquired and tiled using the Leica SP5 confocal 

microscope (Leica). Low-magnification images were acquired using the Olympus AX70  

(Olympus) or the Zeiss epifluorescence microscope (Zeiss) and tiled using the 

Neurolucida software (MBF Bioscience). For quantification of axon density, proportions 

of pinwheel cores and B1 cells associated with the axons and numbers of GFAP+ GFP+ 

cells, Mash1+ cells and DCX+ cells that co-labeled with BrdU, four non-overlapping 

high-power fields (386 x 386 mm2) in each of the four regions (anterior dorsal (AD), 

anterior ventral (AV), posterior dorsal (PD), and posterior ventral (PV)) of the lateral wall 

(Chapter 3, Figure 3A) were analyzed for each hemisphere. Length of the axons was 

measured using the Imaris software (Bitplane). Labeled cells were counted using the 

Cell Counter plugin in ImageJ (NIH) or the Imaris software (Imaris, Bitplane). Sections 

at comparable rostrocaudal levels of each mouse were used. Measurements of OB 

interneuron localization were carried out as described previously (Merkle et al., 2007), 

using the Measure and Label plugin in Image J (NIH), with normalization to granular 

layer width. Data were analyzed by one-way ANOVA or Student’s t-test, with a value of 

p < 0.05 considered statistically significant. In Chapter 3, Movie S1 of the en face map 

of supraependymal axons was constructed using the Imaris software (Bitplane). In 

Chapter 5, brain section contour and cell tracing was performed using the Zeiss 
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epifluorescence microscope and the Neurolucida software (MBF Bioscience). 

 

Axon Tracing 

Adult mice were anesthetized with 250 mg/kg Avertin until pedal reflex was 

abolished and were placed in ear bars on a stereotaxic rig. After a small incision was 

made on the skin, a hole was drilled in the skull at the appropriate injection coordinate 

(see below) to expose the brain surface. The brain was injected with 250 nl of 

retrobeads (Lumafluor) or 10 nl of 10% biotinylated dextran amine (BDA)-10,000 

(Molecular Probes, Invitrogen) from a beveled pulled glass micropipette (Wiretrol 5 ml, 

Drummond Scientific Company) with a 40-mm diameter tip positioned at 90° to the brain 

surface. The x (medial-lateral) and y (anterior-posterior) coordinates were zeroed at 

bregma and the z (depth) coordinate was zeroed at the brain surface (coordinates in 

mm). Retrobeads were injected into the lateral ventricle (x: 0.63, y: 0.38, z: -2.40), the 

third ventricle (x: 0.00, y: 0.94, z: -2.40) or the central nucleus of the amygdala (x: 2.50, 

y: 1.70, z: -4.40) and BDA was injected into the caudal part of the dorsal raphe (x: 0.00, 

y: 5.02, z: -3.50). Brains were analyzed 3 weeks post-injection. Alexa-Fluor-488-

streptavidin conjugate (Molecular Probes, Invitrogen) was used to visualize the BDA. 

For transsynaptic tracing, 250 nl of 7.2 x 108 transduction unit/ml VSV(LCMV-G) (from 

Dr. Leszek Lisowski, GT3 Core Facility, Salk Institute) was stereotactically injected into 

the dorsal raphe (x: 0.00, y: 5.02, z: -3.50). Control injections were made by injecting 30 

nl of the virus at every 0.50 mm depth interval at the coordinates (x: 00, y: 5.02, z: -0.50 

to -3.00). Injected brains were analyzed at 1, 2, 3, 4, 5, and 6 at 28 days post-injection 

(dpi). 
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Electron Microscopy (EM) 

For transmission EM (TEM), mice were anesthetized as described above (see 

Tissue Preparation) and perfused with 2% PFA/2.5% glutaraldehyde. Brains were 

removed, post-fixed in 2% PFA/2.5% glutaraldehyde overnight, rinsed in 0.1 M PB, and 

cut into 200-mm sections using the vibratome. Sections were post-fixed in 2% osmium, 

dehydrated, and embedded in Araldite (Durcupan, Fluka). Semithin sections (1.5 mm) 

were cut with a diamond knife and stained with 1% toluidine blue for light microscopy. 

Ultrathin sections (70 nm) were cut, stained with lead citrate, and examined under a 

TEM (Tecnai Spirit G2, FEI, Oregon) using a digital camera (Morada, Soft Imaging 

System, Olympus, Japan). For pre-embedding immunogold stainings, mice were 

perfused with 4% PFA/0.5% glutaraldehyde. Brains were postfixed in 4% PFA and cut 

into 50-mm sections using the vibratome. Pre-embedding immunogold stainings were 

carried out as previously described (Sirerol-Piquer et al., 2012). Sections were 

contrasted with 1% osmium/7% glucose and embedded in Araldite. 1.5-mm semithin 

sections were prepared, selected at the light microscope level, and cut into 70-nm 

ultrathin sections. 

 

Pharmacological Studies 

Miniosmotic pumps (Alzet 1007D) were assembled under sterile conditions, filled 

with vehicle (saline), fenfluramine (200 mg/ml) (Sigma), RO600175 (400 mg/ml) (Tocris 

Bioscience), or SB206553 (160 mg/ml) (Sigma) and allowed to equilibrate at 37°C 

overnight. Pump implantation was performed on a stereotaxic rig as previously 
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described (Ihrie et al., 2011) such that the cannula was inserted into the lateral ventricle 

(x: 1.10, y: 0.00, z: -2.35). Mice with fenfluramine pumps were analyzed 2 days post-

implantation and mice with RO600175 or SB206553 pumps were analyzed 5 days post-

implantation. For acute agonist and antagonist treatment, 500 nl of saline, RO600175 

(400 mg/ml), or SB206553 (160 mg/ml) was injected into the lateral ventricle 

(x: 0.63, y: 0.38, z: -2.40) as described above (see Axon Tracing). V-SVZ wholemounts 

were dissected from the contralateral hemispheres 4 hr post-injection. 

 

FACS and RT-PCR 

V-SVZ were dissected from adult GFAP::GFP mice or wild-type CD1 mice and 

cut into small pieces with a hand-held scalpel in cold L15 medium. Papain (Worthington) 

was activated in 1.1 mM EDTA/5.5 mM cysteine HCl for 30 min and mixed with L15 

medium to a 6 mg/ml solution and sterile filtered. Tissue was incubated in papain 

solution for 10 min at 37°C, spun down at 1,300 rpm for 5 min at 4°C, resuspended in 

10% FBS/0.5 mg/ml DNase in Neurobasal medium, and pipette-triturated. Dissociated 

cells were laid on top of cold 22% Percoll (Sigma), spun down at 1,800 rpm for 30 min 

at 4°C, and resuspended in 1% BSA/0.1% glucose in HBSS. Cells were simultaneously 

incubated for 30 min with phycoerythrin (PE)-conjugated rat anti-CD24 (BD 

Pharmingen, 1:100) and biotinylated EGF coupled with Alexa-Fluor-647-streptavidin 

(EGFA647) (Molecular Probes, Invitrogen, 1:300) (Pastrana et al., 2009). All of the 

different cell populations were isolated in one single sort using a Becton Dickinson 

FACS Aria II (BD Biosciences) using 13 psi pressure and 100 mm nozzle aperture. Data 

were collected by using a linear digital signal process. Gates were set manually using 
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control samples (Chapter 3, Figure S5). Data were analyzed with FlowJo software. 

Sorted cells were collected in RLT lysis buffer and stored at -80°C until all samples were 

collected. RNA isolation was done with the RNeasy Plus Micro kit (QIAGEN). cDNA was 

synthesized using SuperScript III RT (Invitrogen) and RT-PCR was completed using 

SYBR Green PCR Master Mix (Applied BioSystems) on an ABI7900HT. For RT-PCR 

analysis using freshly dissected tissue without FACS, different regions of the V-SVZ 

were microdissected from 300-µm vibratome sections of unfixed brains. Dissected 

tissue was immediately placed in RLT buffer and stored at -20°C until all tissue was 

collected. RNA isolation, cDNA synthesis and RT-PCR were performed as above. 

 

Electrophysiology 

V-SVZ wholemounts were dissected from GFAP::GFP mice (P7–P12). Patch 

electrodes were made from borosilicate glass capillaries (B-120-69-15, Sutter 

Instruments) with a resistance of 5-7 M#. Pipettes were tip-filled with internal solution 

containing the following (in mM): 125 K-gluconate, 15 KCl, 10 HEPES, 4 MgCl2, 4 

Na2ATP, 0.3 Na3GTP, 10 Tris-phosphocreatine, and 0.2 EGTA. Individual wholemounts 

were transferred to a submerged recording chamber and continuously perfused with 

oxygenated (95% O2 and 5% CO2) artificial CSF (aCSF) containing the following (in 

mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1.3 MgCl2, 1.3 NaH2PO4, 25 NaHCO3, and 10 

glucose (4.0 ml/min) at 30-32°C. Slices were visualized under a microscope (Olympus 

BX50WI) using infrared video microscopy and differential interference contrast optics. 

Recordings were made with an Axon 700B patch-clamp amplifier and 1320A interface 

(Axon Instruments). Signals were filtered at 2 kHz using amplifier circuitry, sampled at 
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10 kHz, and analyzed using Clampex 10.2 (Axon Instruments). For local drug 

application, drugs were pressure applied through a pipette (tip diameter 10-20 mm) to 

the established whole-cell patches. All antagonists were bath applied. 

 

Neonatal Pup Injections 

Mice were anesthetized by hypothermia for 4 min, positioned in the head mold 

and injected with 20 nl Ad::Cre or Ad::Flp in a region-specific manner as described 

previously (Merkle et al., 2007). Injections were carried out with a beveled pulled glass 

micropipette (Wiretrol 5 µl, Drummond Scientific) with a 40-µm diameter tip. For dorsal 

lateral and ventral injections, the micropipette was positioned at an angle of 45°. Using 

the center of the eyeball to zero the x (anterior-posterior) and y (medial-lateral) 

coordinates, and the skin surface to zero the z (depth) coordinate, the injection 

coordinates were (x, y, z in mm): dorsal V-SVZ (1.20, 1.85, -2.30), and ventral V-SVZ 

(1.10, 2.90, -3.20). For cortical dorsal injections, the micropipette was positioned 

perpendicular to the head. Using the center of the eyeball to zero the x (anterior-

posterior) coordinate, the midline to zero the y (medial-lateral) coordinate, and the skin 

surface to zero the z (depth) coordinate, the injection coordinates were (x, y, z in mm): 

(2.00, 1.00, -0.30). 

 

Human Specimens 

For pre-mortem specimens, intraoperative tissue was excised as part of the 

planned margin of resection surrounding a periventricular lesion as previously described 

(Quiñones-Hinojosa et al., 2006). For post-mortem specimens, autopsied brains were 
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cut coronally at the level of the mammillary bodies and fixed in 4% PFA for 1-2 weeks 

and then stored in 0.1 M PBS. Autopsy specimens were obtained within 12 hr of death. 

All causes of death were non-neurological and all patients had no evidence of brain 

pathology. All specimens were collected with informed consent and in accordance with 

the UCSF Committee on Human Research. 

 

5,7-DHT Injections and Home Cage Monitoring 

 5 µg of 5,7 dihydroxytryptamine (5,7-DHT) in 100 nl of saline/0.1% ascorbic acid 

or vehicle alone was injected into each lateral ventricle (x: (-)0.63, y: 0.38, z: -2.40) as 

described above (see Axon Tracing). 25 mg/kg desipramine was injected 

intraperitoneally 30 min before 5,7-DHT injection. Home cage monitoring was performed 

as previously descry bed (Goulding et al., 2002). 
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Chapter 3 

Axonal Control of the Adult Neural Stem Cell Niche 

 

The ventricular-subventricular zone (V-SVZ) is an extensive germinal niche 

containing neural stem cells (NSCs) in the walls of the lateral ventricles of the adult 

brain. How the adult brain’s neural activity influences the behavior of adult NSCs 

remains largely unknown. We show that serotonergic (5HT) axons originating from a 

small group of neurons in the raphe form an extensive plexus on most of the ventricular 

walls. Electron microscopy revealed intimate contacts between 5HT axons and NSCs 

(B1) or ependymal cells (E1) and these cells were labeled by a transsynaptic viral tracer 

injected into the raphe. B1 cells express the 5HT receptors 2C and 5A. 

Electrophysiology showed that activation of these receptors in B1 cells induced small 

inward currents. Intraventricular infusion of 5HT2C agonist or antagonist increased or 

decreased V-SVZ proliferation, respectively. These results suggest that 

supraependymal 5HT axons directly interact with NSCs to regulate neurogenesis via 

5HT2C.
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Introduction 

Primary precursors or neural stem cells (NSCs) persist in the adult brain in the 

ventricular-subventricular zone (V-SVZ) on the walls of the lateral ventricles (Fuentealba 

et al., 2012; Tong and Alvarez-Buylla, 2014). These NSCs produce new neurons that 

become integrated into functional circuits, raising questions of whether and how 

neuronal circuits may themselves contribute to the regulation of postnatal NSCs. It has 

been suggested that multiple neurotransmitter systems influence postnatal NSC and 

intermediate progenitor functions (Young et al., 2011). However, little is known about 

the functions or physical interactions among axonal terminals and NSCs or other 

progenitors in the adult brain. 

The V-SVZ contains a large population of NSCs known as B1 cells (Doetsch et 

al., 1999; Mirzadeh et al., 2008). These primary progenitors give rise to intermediate 

progenitors (C cells), which generate large numbers of neuroblasts (A cells) (Doetsch 

and Alvarez-Buylla, 1996; Ponti et al., 2013). These young neurons migrate tangentially 

along the rostral migratory stream (RMS) to the olfactory bulb (OB), where they 

differentiate into mature interneurons primarily in the granular and periglomerular layers 

(Lledo et al., 2008; Fuentealba et al., 2012). B1 cells have morphological properties and 

marker expression profiles of astrocytes. B1 cells have a basal process that contacts 

blood vessels and a small apical process, frequently containing a primary cilium, that 

anchors B1 cells to the epithelium and allows these cells to contact the ventricular 

lumen (Mirzadeh et al., 2008; Shen et al., 2008; Tavazoie et al., 2008). This epithelial 

organization of B1 cells is reminiscent of radial glia, the NSCs of the developing brain 

(Kriegstein and Alvarez-Buylla, 2009), which serve as progenitors for the B1 cells 
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(Merkle et al., 2004). Yet, a major difference with radial glia is that the apical contact of 

B1 cells is surrounded by the large apical surfaces of multiciliated ependymal cells (E1 

cells), forming structures known as pinwheels (Mirzadeh et al., 2008). Furthermore, B1 

cells function as primary progenitors of new neurons within a fully developed 

synaptically connected brain. Indeed, cross-sections of the ventricular walls of mice, 

rats, monkeys, and humans have revealed the presence of axons containing the 

monoamine serotonin (5-hydroxytryptamine; 5HT) (Aghajanian and Gallager, 1975; 

Lorez and Richards, 1982; Mathew, 1999). Intriguingly, these axons are not within the 

SVZ proper, but are found inside the ventricles on the surface of the ependyma 

(Mathew, 1999). These supraependymal axons are within a region of the adult brain 

that is devoid of dendrites or other conventional postsynaptic partners. It is not known 

how extensive the network of supraependymal axons is or how they influence adult 

neurogenesis. 

Here we use new methods to visualize supraependymal 5HT axons and found an 

unexpectedly extensive plexus covering most of the walls of the lateral ventricle. These 

axons developed postnatally and originated from a small subset of neurons in the dorsal 

and median raphe. Intriguingly, the axons criss-crossed pinwheels to form specialized 

contacts with B1 and E1 cells. Transsynaptic tracing suggests that dorsal raphe 

neurons communicated directly with B1 and E1 cells. Supraependymal 5HT release 

increased V-SVZ cell proliferation. Expression analysis, agonist activation, antagonist 

blockade, and whole-cell patch-clamp recordings indicate that 5HT effects on B1 cells 

were primarily mediated by the 5HT2C receptors. These findings reveal a direct control 

of adult NSCs by a select group of raphe 5HT neurons. 
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Results 

A Dense Plexus of Supraependymal Axons along the V-SVZ Neurogenic Niche 

Previous work using immunocytochemistry or electron microscopy (EM) has 

shown that long processes identified as axons are present on the ependymal wall 

(Aghajanian and Gallager, 1975; Lorez and Richards, 1982; Mathew, 1999). We 

modified the wholemount preparation of the walls of the lateral ventricle (Mirzadeh et al., 

2008) to better visualize the organization of supraependymal axons. Antibodies against 

acetylated tubulin (AcTub) stained, in addition to the long motile cilia of E1 cells and the 

short primary cilia of B1 cells, long slender processes that were tightly associated with 

the ventricular surface (Figure 1A). These processes occurred singly or in bundles of 

two to five and varied in thickness from 0.25-0.95 µm. They overlapped each other and 

coursed around clusters of ependymal cilia. Varicosities (0.35-0.75 µm diameter) were 

observed along these axons (Figure 1A). Transmission EM (TEM) images of transverse 

and tangential sections of the ventricular walls revealed dark-core vesicles, typical of 

monoaminergic cells, and light-core vesicles present predominantly within the 

varicosities (Figure 2A). Microtubules and mitochondria were also observed (Figures 

2A-B). Microvillae along the length of suprapendymal axons appeared to hold the axons 

in apposition to the ventricular surface (Figures 2B-C). These observations indicate that 

the walls of the lateral ventricle are densely innervated by thin unmyelinated axons that 

are tightly bound to the ependymal surface. 

 

Supraependymal Axons Originate from the Dorsal and Median Raphe Nuclei 
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Previous studies have reported that some raphe nuclei neuronal projections into 

the forebrain (Hornung, 2003) penetrate into the cerebral ventricles (Aghajanian and 

Gallager, 1975; Dinopoulos and Dori, 1995; Mathew, 1999). To confirm this observation 

and pinpoint the origin of axons that contact the V-SVZ apical surface, we injected a 

retrograde tracer, fluorescent retrobeads, into the lumen of the lateral ventricle (Figure 

1B). The retrobeads labeled the ventricular surface and were not transported deeper 

into the underlying SVZ (Figure 1C). Three weeks post-injection, the retrobeads were 

transported retrogradely into the midbrain where they accumulated in a restricted group 

of neuronal cell bodies in the caudal aspect of the dorsal raphe nucleus (Figures 1D-E). 

A smaller number of neurons were also labeled in the median raphe (Figures 1D, F). 

Sagittal sections confirmed these retrograde tracing results (Figure S1). To address the 

possibility that retrobead uptake in the third and fourth ventricles could have contributed 

to raphe staining, we injected green retrobeads into the lateral ventricle and red 

retrobeads into the third ventricle (or vice versa to control for differential retrograde 

transport). This consistently resulted in singly labeled raphe neurons from the tracer 

injected into the lateral ventricle (data not shown). To confirm that dorsal raphe neurons 

project to the V-SVZ apical surface, we injected a very small volume (10 nl) of the 

anterograde tracer, biotinylated dextran amine (BDA), into the dorsal raphe (Figures 

1G-I). Consistent with our retrograde tracing results, we detected BDA in a 

subpopulation of supraependymal axons (Figures 1J-L). These findings indicate that a 

subpopulation of raphe 5HT neurons project supraependymal axons onto the walls of 

the lateral ventricle. 
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Serotonergic Axons Blanket the Apical Surface of the Lateral Ventricle 

Out of the nine groups of 5HT cells (Hornung, 2003), B1 to B9, the above 

observations indicate that the dorsal (B6 and B7) and median (B8) raphe give rise to 

axons in the lateral ventricles. 5HT has been shown to be present in the V-SVZ (Lorez 

and Richards, 1982) and it has been suggested that this neurotransmitter may regulate 

adult neurogenesis (Brezun and Daszuta, 1999). However, it is not known if 5HT is 

uniquely present on supraependymal axons, or how extensive the supraependymal 5HT 

innervation is on the walls of the lateral ventricle. Counterstaining the V-SVZ 

wholemounts showed that AcTub+ processes contained 5HT (Figures 2F-I) as well as 

punctate expression of the 5HT transporter (SERT) along their length (Figures 2J-M). 

TEM immunogold staining confirmed that 5HT expression was confined to the 

supraependymal axons (Figures 2D-E). We found no evidence of 5HT axons beneath 

the ependymal layer or among SVZ cells. 

Using confocal microscopy, we mapped the supraependymal 5HT axons 

spanning the entire lateral wall of the lateral ventricle in adult mice (Figure 3, Movie S1). 

Particularly striking was the high density of varicosities in both thin and thick 

supraependymal axons. The axons also formed distinct structures: loops and bulbous 

endings (Figure 3D), suggesting physical interaction with the cells in the ventricular wall. 

Interestingly, supraependymal axons coursed in a pattern reminiscent of that observed 

for cerebrospinal fluid (CSF) flow and neuroblast migration (Sawamoto et al., 2006), 

especially along the anterio-posterior axis on the dorsal V-SVZ (Figure 3F), and along 

the dorso-ventral axis immediately posterior to the adhesion point (Figure 3G). 
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To investigate when during development 5HT axons innervate the V-SVZ, we 

examined V-SVZ wholemounts from mice of various ages. We found that the axons 

were scarcely present at birth, but rapidly increased between P0 and P10 (Figures S2A-

B). Interestingly, the density of supraependymal 5HT axons continued to increase with 

age up to 14-15 months (Figures S2C-E). Consistent with this postnatal expansion, 

growth-cone-like structures were observed in the neonatal V-SVZ (Figure S2A). These 

observations indicate that supraependymal axons invade the ventricular surface soon 

after birth and continue to grow during juvenile and adult life, suggesting a postnatal 

function. 

 

Supraependymal Axons Form Specialized Contacts with B1 and E1 Cells 

We next investigated whether supraependymal axons had ultrastructural features 

of synapses. As indicated above, we observed that the supraependymal axon 

varicosities were filled with light and dark-core vesicles (Figures 4A-B). Mitochondria 

(Figure 2A), the presynaptic marker synaptophysin (Figures 4C-E), and the vesicular 

glutamate transporter type 3 (vGluT3) were also found in varicosities (Figures 4F-H). 

These observations suggest that the supraependymal axon varicosities are active sites 

for vesicle release. 

Immunostaining for "-catenin and AcTub or adenylyl cyclase III (ACIII) (to reveal 

apical cell borders of E1 and B1 cells and the pinwheels) and 5HT (to visualize the 

supraependymal axons) indicate that these processes criss-crossed the centers of 

pinwheels (Figures 4I-L). Axonal varicosities were frequently observed on pinwheel 

cores where B1 cells’ apical endings reside. We found that in P30 mice, 75.2% ± 2.2% 
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of pinwheel cores and 53.5% ± 4.3% of B1 cells have their apical surface traversed by 

the axons. These numbers were similar in 14 to 15-month-old mice (71.7% ± 2.2% of 

pinwheel cores and 60.4% ± 0.9% of B1 cells). The proportions of pinwheel cores and 

B1 cells associated with axons were similar among the anterior dorsal, anterior ventral, 

posterior dorsal, and posterior ventral regions of the V-SVZ (data not shown). 

TEM demonstrated that the axons made contacts with the apical surface of B1 

cells (Figures 4M-N, Figure S3). B1 cells extended microvilli that enwrapped the axonal 

varicosities (Figures 4O-R). In some of these contacts, electron-dense profiles were 

observed in the axons (Figures 4P, R). However, no postsynaptic-like specializations 

were observed in the B1 cells. Supraependymal 5HT axons also formed tight contacts 

with E1 cells (Figures 4S-U). In this case, the contacts included symmetrical electron-

dense specializations that resembled desmosomes (Figure 4S). In E1 cells, a fragment 

of endoplasmic reticulum cisterna with ribosomes on the cytoplasmic side was often 

observed adjacent to the sites of contact (Figures 4T-U). Interestingly, membrane 

invaginations and clathrin-coated vesicles were observed in B1 cells and in axons close 

to their site of contact (Figures 4Q, V), suggesting active exchange of materials 

between the axons and V-SVZ cells. 

 

Transsynaptic-like Transport from Supraependymal Axons into B1 and E1 Cells 

To determine if supraependymal 5HT axons and B1 or E1 cells establish 

synaptic-like contacts, the EGFP-expressing vesicular stomatitis virus (VSV) that has 

been developed to trace neuronal connections in vivo (Beier et al., 2011) was injected 

into the dorsal raphe. Specifically, we used a VSV pseudotyped with glycoprotein from 
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the lymphocytic choriomeningitis virus (LCMV), which spreads transsynaptically in the 

anterograde direction (Beier et al., 2011). Four days post-injection (4 dpi), EGFP was 

present in a small group of 5HT neurons in the dorsal raphe (Figures 5A-B). Prominent 

labeling was also observed in the V-SVZ and along the RMS (Figures 5L-M). We found 

a number of VSV(LCMV-G)-infected (EGFP+) B1 cells that were glial-fibrillary acidic 

protein (GFAP)+ (Figures 5C-E, Figures S4B-C) and in the center of pinwheels (Figures 

5F-H). A number of E1 cells were also EGFP+ (Figures 5I-K), consistent with the 

observation that supraependymal 5HT axons also establish intimate contacts with these 

cells. Labeled cells in the RMS were doublecortin (DCX)+, indicating that the virus also 

made its way into A cells (Figures 5L-M). Since EGFP expression was mostly confined 

to the dorsal raphe before 4 dpi, the anterograde spread of the VSV(LCMV-G) most 

likely occurred via the supraependymal axons directly onto B1 cells, rather than through 

multiple synapses. VSV(LCMV-G) spreads rapidly between A cells (Beier et al., 2011), 

likely through adherens junctions (Lois et al., 1996). This likely explains the labeling of 

DCX+ cells at 4 dpi. Control experiments injecting the virus dorsal to the raphe did not 

result in labeling of B1 cells or other progenitors in the V-SVZ or RMS (data not shown). 

These findings further suggest that a select group of neurons in the dorsal raphe extend 

projections into the lateral ventricles and establish intimate contacts with B1 cells. 

 

Supraependymal Axons Regulate V-SVZ Proliferation via 5HT2C Signaling 

How do supraependymal 5HT axons influence adult neurogenesis in the V-SVZ? 

To address this question, we infused the 5HT-releasing agent fenfluramine (Arrant et 

al., 2013) into the lateral ventricle of adult mice (Figure 5N). Numbers of 5-bromo-2’-
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deoxyuridine (BrdU)-labeled cells and DCX+ neuroblasts significantly increased 

following 2-day infusion of fenfluramine, as compared to saline-infused controls (Figures 

5O-P and Figures S4E-P), suggesting that 5HT induced an increase in proliferation and 

neurogenesis. 

To identify which V-SVZ cell types were responsible for 5HT ligand reception, we 

used the adult GFAP::GFP transgenic mice for V-SVZ microdissection followed by 

fluorescence-activated cell sorting (FACS) based on GFP, CD24, and EGFR expression 

(Pastrana et al., 2009). We enriched for B1, C, A, and E1 cells (Figures 6A-B) and 

verified by quantitative RT-PCR that the sorted cells expressed known markers (Figure 

S5G). As expected, high levels of the autoreceptors Htr1a and Htr1b were detected in 

the dorsal raphe and Htr2c was expressed in the choroid plexus (Figure S5I). However, 

among the 12 5HT receptor subtypes tested, only Htr2c and Htr5a were expressed in V-

SVZ cells (Figures 6C-D, Figure S5I). 

To evaluate the effect of 5HT on B1 cells, we performed whole-cell recordings on 

V-SVZ wholemounts dissected from GFAP::GFP mice. B1 cells were identified by their 

GFP expression (Figure 6E), their long basal process extending from the cell body 

(Figure 6F), and their linear current-voltage (I-V) relationship (Figures 6G-H) (Lacar et 

al., 2010). We found that B1 cells exhibited astrocyte-like membrane properties, with 

hyperpolarized resting membrane potential (-83.3 ± 1.1 mV, n = 40) and low membrane 

resistance (32.6 ± 3.3 M#, n = 40) (Liu et al., 2006). Application of 5HT induced an 

inward current in B1 cells; this current was partially blocked by 5HT2C or 5HT5A 

antagonists (SB206553 and SB699551, respectively) (Figures 6I-J, L). Co-application of 

5HT2C and 5HT5A antagonists abolished the 5HT-induced current in B1 cells (Figures 
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6J, L). Application of 5HT2C agonist (RO-60-0175) also induced an inward current in B1 

cells that was fully blocked by 5HT2C antagonist (SB206553) (Figures 6K-L). In the 

presence of the gap junction blocker cabenoxolone (100 µM), B1 cells exhibited similar 

resting membrane potential (-85.7 ± 1.2 mV, n = 9) but increased membrane resistance 

(130.6 ± 16.2 M#, n = 9) (Lacar et al., 2010), consistent with decreased electrical 

coupling. A consistent, albeit smaller in amplitude, inward current was recorded upon 

application of 5HT2C agonist (Figure 6L). 5HT-induced currents in B1 cells were 

sensitive to Ba2+, a K+ channel blocker (Figure 6L) (Bonsi et al., 2007), suggesting a 

main contribution of K+ currents to the 5HT response of B1 cells. 

The above suggests that 5HT axons could directly regulate B1 cells, possibly 

affecting their progenitor function through 5HT2C and/or 5HT5A receptors. We therefore 

tested the effects of 5HT2C agonist and antagonist on V-SVZ proliferation in adult mice 

(Figure 7A). After 5-day infusion of RO-60-0175 into the lateral ventricle, the number of 

BrdU+ cells in the V-SVZ increased (Figures 7B, E). Conversely, a 5-day infusion of 

SB206553 resulted in a decrease in the number of BrdU+ cells (Figures 7D, F). 

To better understand the cell population that contributes to the proliferative effect 

of 5HT2C activation, we analyzed V-SVZ proliferation in GFAP::GFP mice after acute 

treatment (4 hr) of either the agonist or antagonist of 5HT2C (Figure 7G). The total 

number of BrdU+ cells was significantly higher in the agonist-injected mice compared to 

the antagonist-injected mice 4 hr post-injection (Figure S6B). Co-immunostaining for 

GFAP/GFP (B1 cell marker), Mash1 (C cell marker), DCX (A cell marker), and BrdU in 

V-SVZ wholemounts (Figures 7H-P) showed no significant difference in the total 

numbers of B1, C, or A cells in agonist- and antagonist-treated mice (Figures S6C-E). 
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The proportion of C and A cells that were BrdU+ was also not significantly different 

(Figures 7R-S). In contrast, the proportion of B1 cells that were BrdU+ was significantly 

higher in agonist-injected mice (15.1% ± 2.4%) compared to antagonist-injected mice 

(7.4% ± 0.6%) (Figure 7Q). These results suggest that B1 cells increased their 

proliferation in response to 5HT2C activation. 

 

Discussion 

We provide evidence for an extensive plexus of supraependymal 5HT axons on 

the apical surface of the lateral ventricles where they contact B1 and E1 cells with 

specialized junctions. These axons, which originate from a small group of neurons in the 

raphe, transfer VSV(LCMV-G) — used to trace synaptic contacts (Beier et al., 2011) — 

to B1 and E1 cells. Characterization of 5HT receptor subtype expression in the V-SVZ 

cells, electrophysiology recordings, and pharmacological studies implicate 5HT2C 

receptors in the 5HT stimulation of adult V-SVZ cell proliferation and neurogenesis. 

The presence of axons in the ventricle next to the ependymal lining was first 

noted by histochemistry for monoamines (Lorez and Richards, 1982). Elegant 

neurotoxin experiments suggested that many of these supraependymal axons were 

serotonergic (Lorez and Richards, 1982). However, the density and extent of this axonal 

plexus and its relationship to the V-SVZ neurogenic niche remained unknown. Other 

work using 5HT staining in coronal or sagittal brain sections revealed only portions of 

putative supraependymal axons, because the distribution of 5HT axons was difficult to 

map in sectioned material. Previous work suggested the existence of an extensive 

network of 5HT axons within the SVZ (Jahanshahi et al., 2011), an observation that we 
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were not able to confirm. Oblique cutting angles can suggest a subependymal location 

for supraependymal axons. We therefore adapted the wholemount V-SVZ preparation 

(Mirzadeh et al., 2008) to map supraependymal 5HT axons. This approach revealed an 

extensive plexus with large numbers of overlapping axons and varicosities that express 

presynaptic terminal markers synaptophysin and vGluT3. Wholemount staining also 

allowed the juxtaposition of supraependymal axons and pinwheels (Mirzadeh et al., 

2008). 

EM studies revealed intimate contacts between vesicle-filled supraependymal 

axon varicosities and the small apical processes of a subset of B1 cells. Both dark and 

light-core vesicles were observed, consistent with prior observations that 5HT may be 

co-released with other co-transmitters (Fu et al., 2010). A high incidence of membrane 

invaginations indicative of active exo/endocytosis was observed between 

supraependymal axon varicosities and both B1 and E1 cells. However, the specialized 

contacts between the axons and B1 and E1 cells differ significantly from classical 

synapses between neurons. For example, we did not observe a typical postsynaptic 

density in B1 cells. Yet the presence of 5HT2C and 5HT5A receptors in B1 cells 

suggests that these cells have evolved response mechanisms to 5HT. The time course 

of B1 cell response to 5HT, as demonstrated by electrophysiology, is much slower than 

that required for transmission between neurons and therefore may not necessitate 

complex postsynaptic machinery. 

The transfer of VSV(LCMV-G) from dorsal raphe neurons to B1 cells reinforces 

the concept of material exchange between supraependymal axons and NSCs. While 

VSV(LCMV-G) is a known anterograde transsynaptic tracer, it operates by fusing with a 
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closely juxtaposed membrane where there is rapid membrane fusion and recycling 

(Beier et al., 2011), so it is possible that the VSV(LCMV-G) crossed over from the 

supraependymal axons to the B1 or E1 cells not by specific synaptic transmission but 

by close membrane appositions and intimate exo/endocytosis. The expression of EGFP 

by A cells along the SVZ and RMS might be due to viral infection of their progenitor B1 

cells, or A cells themselves might be infected via dorsal raphe projections within these 

migratory corridors. Based on our observations, it is more likely that EGFP+ DCX+ cells 

were progeny of VSV(LCMV-G)-infected B1 cells because EGFP+ DCX+ cells were 

only observed in the caudal RMS proximal to the V-SVZ and we did not observe 5HT 

axons near the A cells in the SVZ. It is not clear how large numbers of A cells were 

labeled at 4 dpi, but a few labeled A cells are likely to spread the virus to other A cells 

via their adherens junctions within highly packed chains (Lois et al., 1996; Beier et al., 

2011). We were not able to observe EGFP+ cells in the OB 28 dpi. This is probably due 

to cell death from viral load or toxicity. Consistently, at 6 dpi the number of labeled cells 

had decreased in the V-SVZ and RMS, and at 28 dpi we did not observe virally labeled 

cells in these regions (data not shown). 

E1 cells are another major target of supraependymal 5HT innervation in the V-

SVZ. E1 cells that closely associate with supraependymal axons often contain a distinct 

fragment of endoplasmic reticulum cisterna with ribosomes attached on the cytoplasmic 

side next to the site of axonal contact, suggesting active protein synthesis at the site of 

interaction with the axons. Besides the lateral wall of the lateral ventricles, 

supraependymal axons have been observed throughout the ventricular system 

(Aghajanian and Gallager, 1975; Chan-Palay, 1976; Lorez and Richards, 1982; Alvarez-
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Morujo et al., 1992). Immunostaining for AcTub on wholemounts of the medial wall of 

the lateral ventricles, and the walls of the third and fourth ventricles, revealed similar 

axonal processes coursing among clusters of ependymal cilia (data not shown). Little is 

known about the function of these supraependymal axons. One study reported that 

5HT increased the ciliary beating frequency of ependymal cells in rat brainstem slices 

(Nguyen et al., 2001). Supraependymal 5HT axons in the lateral ventricles might exert a 

similar influence on E1 cells. Consistently, our VSV(LCMV-G) transsynaptic tracing 

provided evidence of material exchange between dorsal raphe neurons and E1 cells of 

the V-SVZ, and mapping of the lateral ventricular surface revealed a distribution of 

supraependymal axons partially correlated with the direction of CSF flow. 

Previous work using RT-PCR on dissected V-SVZ tissue suggested the 

expression of 5HT receptors 1A, 1B, 1D, 2A, 2B, 2C, 3A, and 6 (Councill et al., 2006), 

but only 1A, 2A, and 2C were reported by Hitoshi et al. (2007). Dissected V-SVZ tissue 

is often contaminated by striatal tissue, which may explain some of the discrepancies. 

Here, we sorted the different V-SVZ cell populations based on marker expression prior 

to RT-PCR detection of 5HT receptor subtypes, minimizing contamination from adjacent 

tissues. We found that V-SVZ cells expressed Htr2c and Htr5a. Previous studies using 

5HT3A-EGFP bacteria artificial chromosome (BAC) transgenic mice have shown that A 

cells in the RMS express 5HT3A (Inta et al., 2008). We did not detect Htr3a in any of 

the sorted V-SVZ cell populations. This discrepancy might stem from different 

sensitivities between RT-PCR and the 5HT3A-EGFP BAC reporter mice, or A cells 

might upregulate 5HT3A expression only when they leave the V-SVZ to enter the RMS. 
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Lesions of the raphe nuclei and administration of 5HT agonists or antagonists 

induce changes in adult neurogenesis, including changes in BrdU incorporation in the 

V-SVZ (Brezun and Daszuta, 1999; Banasr et al., 2004). Pharmacological experiments 

implicate the presence and functionality of 5HT1A, 5HT1B, and 5HT2C in the V-SVZ 

(Banasr et al., 2004, Soumier et al., 2010). However, the absence of Htr1a and Htr1b 

detected in our sorted V-SVZ cell populations suggests that these autoreceptors likely 

act indirectly through the dorsal raphe. It has been suggested that 5HT released by 

supraependymal axons activates 5HT2C in choroid plexus cells, causing them to 

secrete fibroblast growth factor (FGF), known to increase V-SVZ proliferation (Soumier 

et al., 2010). This hypothesis remains to be confirmed. However, our electrophysiology 

studies and acute analysis of proliferation after 5HT2C-specific drug administration 

suggest that activation of 5HT2C on B1 cells could activate downstream signaling that 

directly promotes their proliferation. Direct demonstration that regulation of 

neurogenesis is elicited by the 5HT axons that originate from the raphe would require 

electrophysiological or pharmacological stimulation of the raphe, followed by 

observation of altered neurogenic activity in the V-SVZ. 

The dorsal raphe is known to regulate many aspects of behavior including mood, 

sleep, appetite, reproductive activity, and cognition (Abrams et al., 2004). The role of 

5HT in promoting waking and inhibiting rapid eye movement sleep (Monti, 2010) 

suggests that the dorsal raphe might exert a circadian rhythm on adult V-SVZ 

neurogenesis, increasing the production of OB interneurons when the animal is actively 

interacting with its environment and suppressing it during periods of dormant sleep. 
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Lesion of the dorsal raphe impairs object recognition (Lieben et al., 2006), a faculty that 

may require the generation of new OB neurons. The dorsal raphe may also send 

signals through the supraependymal axons to increase V-SVZ neurogenesis during 

stress and anxiety, possibly anticipating a requirement for heightened olfactory function. 

Injection of the stress and anxiety-related neuropeptide urocortin 2 has been shown to 

increase c-Fos expression in 5HT neurons in the caudal part of the dorsal raphe that 

projects to the ventricular system (Hale et al., 2010). Urocortin 1 injected into the same 

dorsal raphe region induces reduction in food intake (Weitemier and Ryabinin, 2006). In 

tamoxifen-treated Nestin::CreERT2; neuron-specific enolase-diptheria toxin fragment A 

mice, in which newly born neurons are genetically ablated, females displayed deficits in 

fertility and nurturing (Sakamoto et al., 2011). Interestingly, a separate study shows that 

pregnant female mice have higher 5HT innervation in the V-SVZ (Díaz et al., 2009). 

Perhaps the modulation of V-SVZ neurogenesis provides a means by which the dorsal 

raphe influences these behavioral responses. 

In sum, the present study reveals how extensive the plexus of supraependymal 

5HT axons originating from the raphe nuclei is. These axons lie conspicuously on the 

apical surface of the lateral ventricles, a site that harbors the apical compartment of B1 

cells, the largest population of NSCs in the adult brain. We demonstrate intimate 

contacts between B1 cells and suprependymal axons and the physiological response of 

these NSCs to 5HT. These findings suggest how NSCs could use a distinct network of 

axons, arising from nerve cells located far away from their niche, to integrate 

information associated with affective control and behavior. 



! %"!

 

 

Figure 1. Supraependymal axons in the lateral ventricles originate from dorsal 
and median raphe nuclei (A) En-face view of V-SVZ stained with antibodies against 
AcTub show, in addition to the motile cilia in E1 cells (E1c) and primary cilia of B1 cells 
(B1c, red arrowheads), long fibers (white arrowheads) with varicosities (arrows) 
corresponding to the supraependymal axons. (B) Three weeks after injection of 
retrobeads into the lateral ventricle (C), cell bodies in the raphe nuclei (both dorsal 
[arrow in D, magnified in E] and median [arrowhead in D, magnified in F]) are labeled. 
Retrobeads are present in a subpopulation of raphe nuclei cell bodies that express 5HT 
(E-F). For a sagittal view see Figure S1. (G) BDA injected into the dorsal raphe (H, 
magnified in I) is transported anterogradely into the walls of the lateral ventricle where it 
is present in a subpopulation of supraependymal 5HT axons (J-L). 
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Figure 2. Supraependymal axons are serotonergic and tightly bound to the 
ependymal surface by microvilli (A) TEM shows that supraependymal projections 
have characteristic features of unmyelinated axons. Note the presence of vesicles 
(arrow) and mitochondria (arrowhead). (B) Cross-section of microtubules (arrow) 
oriented parallel to the axon shafts. Note how microvilli (arrowheads) ‘‘hug’’ the axons. 
(C) Tangential view of the ventricular wall showing the alignment of microvilli 
(arrowheads) along single and bundled supraependymal axons. Note how the axons 
circumvent ependymal cilia (arrow). (D,E) Immunogold staining for 5HT confirms that 
supraependymal axons are serotonergic. (F-I) Confocal microscopy showing costaining 
of 5HT in AcTub+ supraependymal axons. (J-M) AcTub+ supraependymal axons also 
co-express SERT. 
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Figure 3. Supraependymal 5HT axons are densely present throughout most of the 
lateral wall of the lateral ventricle (A-E) Dense axons are present in the anterior 
dorsal (AD), anterior ventral (AV), posterior dorsal (PD), and posterior ventral (PV) 
regions of the V-SVZ. For a panoramic view see Movie S1. Many supraependymal 
axons run parallel to the anterio-posterior axis of the lateral ventricle, an orientation 
similar to that of CSF flow and neuroblast migration (Sawamoto et al., 2006); note 
orientation of axons dorsal (F) and posterior (G) to the adhesion point. (C) Arrows and 
arrowheads point to thick and thin axons, respectively. (D) Arrows and arrowheads 
indicate loops and bulbous structures, respectively. (F) Large and small varicosities 
(arrows and arrowheads, respectively) are present along the axons, giving the 
impression of beaded threads. For axon densities at different developmental ages see 
Figure S2. 
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Figure 4. Varicosities in supraependymal axons contain synaptic markers and 
vesicles, and they make specialized contacts with B1 and E1 cells En-face (A) and 
transverse (B) views of supraependymal axons show light and dark-core vesicles in the 
varicosities. The varicosities also contain the presynaptic markers synaptophysin (C-E, 
arrows) and vGluT3 (F-H, arrows). (I-L) Supraependymal axons criss-cross pinwheels 
and have varicosities at their cores where B1 cells’ apical endings are located. Arrow 
indicates a cluster of seven B1 cells. (M-N) Pseudo-colored TEM images showing 
endings of supraependymal axons on the apical surface of B1 cells. (M) Arrow and 
arrowhead point to primary cilia and an orthogonal sister centriole, respectively. (O-P) 
High-magnification serial sections of boxed region in (N) (see Figure S3 for complete 
series of sections). (O) Arrow points to dark-core vesicle within the axon terminal. (P,R) 
Electron-dense profiles (arrow) indicative of specialized contacts between 
supraependymal axons and B1 cells could be observed. (Q) Arrows indicate clathrin-
coated vesicles forming on a B1 cell membrane next to a supraependymal axon. (R) 
Arrowhead points to complementary membrane invaginations on a B1 cell and an 
adjacent supraependymal axon. (S) Supraependymal axons also form desmosome-like 
contacts with a putative E1 cell. (T-U) A piece of endoplasmic reticulum cisterna is often 
observed adjacent to the site of contact. (V) Membrane invaginations and clathrin-
coated vesicles also occur in the supraependymal axons. 
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Figure 5. Transsynaptic VSV(LCMV-G) injected into the dorsal raphe spreads into 
V-SVZ cells, and fenfluramine-induced 5HT release increases proliferation and 
neurogenesis in the V-SVZ (A) Four or five days after VSV(LCMV-G) injection into the 
dorsal raphe nucleus, a small number of infected 5HT neurons are observed at the site 
of injection (arrows in B). The virus is also present in B1 cells of the V-SVZ, shown in 
both coronal section (C-E; for orthogonal projections of regions indicated by arrow and 
arrowhead, see Figures S4B and S4C, respectively) and wholemount preparation (F-H). 
(I-K) A small number of virally labeled E1 cells are also EGFP+. (L-M) EGFP is also 
observed in A cells migrating along the RMS in sagittal (L) and coronal (M) sections. (N) 
Fenfluramine was infused into the lateral ventricle by miniosmotic pump for 2 days. (O-
P) Quantification of BrdU+ cells (O) and DCX+ cells (P) shows significant increase in 
proliferation and neurogenesis following fenfluramine administration. ***p < 0.002, *p < 
0.05 from Student’s t test. Error bars = SD from at least three mice per experimental 
group. See Figure S4 for immunohistochemistry data. 
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Figure 6. B1 cells express 5HT receptors 2C and 5A (A-B) A combination of 
expression of EGFR, CD24, and GFAP::GFP in transgenic mice was used to sort for B1 
cells (GFP+), C cells (GFP- EGFR+ CD24-), A cells (GFP- EGFR- CD24low), and E1 
cells (GFP- EGFR- CD24high) as previously described in Pastrana et al. (2009) (see 
Figure S5 for FACS controls). (C-D) Out of the 12 5HT receptor subtypes tested, only 
Htr2c and Htr5a are detected in V-SVZ cells by RT-PCR. HYP; hypothalamus, DRN; 
dorsal raphe nucleus. Error bars = SD from three independent experiments (see Figure 
S5 for RT-PCR data of other receptor subtypes). (E-L) V-SVZ wholemounts dissected 
from GFAP::GFP mice were used for patch-clamp recording of B1 cells. (E) Differential 
interference contrast (DIC) image superimposed with GFP fluorescence (green). (F) B1 
cells were also identified by their cell morphology as shown by intracellular loading with 
Alexa Fluor 568 (magenta); note the long process extending from the cell body. (G) 
Representative traces showing whole-cell currents of B1 cells upon stepped potentials 
ranging from -140mV to 60mV at a holding potential of -80 mV. (H) I-V curve of B1 cells. 
(I-J) B1 cells display inward currents in response to local application of 5HT. This 
current is partially blocked in the presence of 5HT2C antagonist (SB206553) (I, bottom) 
or 5HT5A antagonist (SB699551) (J, middle). (J, bottom) Co-application of 5HT2C 
antagonist and 5HT5A antagonist completely abolishes the 5HT-induced current. (K) 
Inward current induced by 5HT2C agonist (RO-60-0175) is also completely inhibited by 
5HT2C antagonist. (L) Bar graph showing 5HT-induced currents in the absence or 
presence of 5HT2C and/or 5HT5A antagonist(s) or Ba2+, and 5HT2C agonist-induced 
currents in the absence or presence of 5HT2C antagonist and/or the gap junction 
blocker carbenoxolone. ***p < 0.001, **p < 0.01 from Student’s t test or one-way 
ANOVA with post hoc Bonferroni test. Error bars = SEM. 
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Figure 7. 5HT2C agonist increases V-SVZ B1 cell proliferation and antagonist 
decreases it (A) Five-day infusion of 5HT2C agonist and antagonist results in 
increased (B,E) and decreased (D,F) numbers of BrdU+ cells, respectively, in the V-
SVZ compared to saline-infused controls (C). *p < 0.05 from Student’s t test. Error bars 
= SD from at least three mice per experimental group. (G) For cell population analysis of 
proliferation, adult GFAP::GFP mice or wild-type CD1 mice were injected 
intraventricularly with 5HT2C agonist or antagonist and their V-SVZs were dissected 
from the contralateral hemisphere 4 hr postinjection. (H-P) The V-SVZ wholemounts 
were stained for GFAP/GFP (B1 cell marker) (H-J), Mash1 (C cell marker) (K-M), and 
DCX (A cell marker) (N-P). Cells co-labeled with BrdU are indicated by arrows. (Q-S) 
Bar graphs showing the proliferating fractions of B1 (Q), C (R), and A (S) cells in agonist 
and antagonist-treated mice. **p < 0.02 from one-way ANOVA with post hoc Tukey test. 
Error bars = SEM from at least five mice per experimental group. For total numbers of 
BrdU+, B1, C, and A cells, see Figure S6. 
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Figure 8. Schematic of the V-SVZ and the influence of supraependymal axons on 
the NSC niche
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Figure S1: Sagittal perspective of retrograde tracing of supraependymal axons 
Sagittal section showing retrobeads injected into the lateral ventricle traced to 
serotonergic cell bodies in the dorsal raphe (A, magnified in B). Besides the ventricular 
system, specific labeling is observed in the dorsal raphe (arrow). At higher magnification 
the majority of retrobead-labeled cell bodies (green) are also stained with 5HT 
antibodies (red). 
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Figure S2: Supraependymal 5HT axons develop postnatally and increase with age 
(A) Supraependymal axons are rare soon after birth (P0), a time when the E1 cells have 
not yet developed their tufts of motile cilia and the ventricular wall is largely lined by 
radial glia. Each radial glia extends a relatively long primary cilium into the ventricular 
lumen. Growth cone-like structures are observed at this age (arrow). (B-D) As the 
mouse age increases, the density of supraependymal axons increases. With maturation 
the ventricular wall becomes filled with differentiated E1 cells with bundles of AcTub+ 
motile cilia. (E) Quantification of mean axon density (per mm2) from four representative 
regions (AD, AV, PD, PV; see Figure 3 for reference) of the lateral wall of the lateral 
ventricle. Bars represent mean ± SD from three mice per age group. 
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Figure S3: Supraependymal 5HT axons make intimate contacts with B1 cells (A) 
TEM image showing a supraependymal axon terminal contacting the apical surface of a 
B1 cell. (B-L) High-magnification serial sections of boxed region in Figure A. (D-E,G) 
Arrows point to dark-core vesicles typical of monoamine-containing vesicles within the 
axon terminal. (H) Electron-dense profile (arrowhead) indicative of specialized contact 
between supraependymal axon and B1 cell could be observed. (J-L) Arrows point to 
invaginations of the B1 cell membrane. (M) Another example of a supraependymal axon 
making intimate contact with a B1 cell. (N-V) High-magnification serial sections of boxed 
region in Figure M. (O) Arrows indicate clathrin-coated vesicles attached to the B1 cell 
membrane next to the supraependymal axon. Note the horseshoe-shaped sister 
centriole (arrows in P-R) beside the B1 cell’s primary cilium (arrows in S-V). (V) Black 
arrowhead indicates a specialized contact between the B1 cell and the supraependymal 
axon. White arrowhead indicates an invagination on the B1 cell membrane that is 
complementary in shape to the invagination on the apposing membrane of the 
supraependymal axon. 



! &&!

 

 

Figure S4: Orthogonal projections of VSV(LCMV-G)-infected B1 cells and 
rostrocaudal sections showing increased V-SVZ proliferation and neurogenesis 
upon fenfluramine infusion (A) The V-SVZ was analyzed 4 or 5 days after 
VSV(LCMV-G) injection into the dorsal raphe nucleus. (B-C) Orthogonal projections 
showing expression of EGFP in GFAP+ B1 cells. (D) Fenfluramine was infused into the 
lateral ventricle for 2 days and the V-SVZ was analyzed 1 hr after BrdU injection. (E-P) 
Infusion of fenfluramine results in increased numbers of BrdU+ cells (K-M) and DCX+ 
neuroblasts (N-P) in the V-SVZ compared to saline-infused controls (E-J). 
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Figure S5: FACS purification of V-SVZ cells for the characterization of 5HT 
receptor expression (A-F) The V-SVZ from GFAP::GFP transgenic mice was 
dissected and dissociated into single cells. The cell suspensions were labeled with EGF 
ligand conjugated to Alexa Fluor 647 (A647-EGF) and PE-conjugated antibodies 
against CD24 (Figure 7) (Pastrana et al., 2009). (A-B) Astrocyte-like B1 cells were 
sorted based on the green fluorescence from the GFAP::GFP transgenic mice (green in 
B). (C-D) EGFR+ C cells were sorted using the far-red channel (red in D). (E-F) A cells 
and E1 cells were sorted based on low and high-level expression of the cell-surface 
marker CD24 (yellow in F). (A,C,E) The thresholds for collection were placed based on 
the auto-fluorescence levels observed in controls. (G) Validation of enrichment for B1, 
C, A and E1 cells in the sorted populations. Sorted B1 cells have high expression of 
GFAP and GLAST, some expression of EGFR, and low expression of Mash1, DCX, 
TuJ1 and CD24. Conversely, sorted cells enriched for C cells have the highest 
expression of EGFR and Mash1, and A cells have the highest expression of DCX and 
TuJ1. (H) Table showing RT-PCR primer sequences for detection of 5HT receptor 
subtypes. (I) Out of the 12 5HT receptor subtypes tested, only 2C and 5A are detected 
in V-SVZ cells by RT-PCR (Figure 7). HYP; hypothalamus, DRN; dorsal raphe nucleus. 
Error bars = SD from three independent experiments. 
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Figure S6. V-SVZ cell population proliferation analysis following acute 5HT2C 
agonist and antagonist treatment (A) To test which cell population responds to 
5HT2C activation or blockade, adult GFAP::GFP mice or wildtype CD1 mice were 
injected intraventricularly with 5HT2C agonist or antagonist and their V-SVZ were 
dissected from the contralateral hemisphere 4 hr post-injection. (B-E) Bar graphs 
showing the total numbers of BrdU+ (B), B1 (GFAP/GFP+) (C), C (Mash1+) (D) and A 
(DCX+) (E) cells in agonist and antagonist-treated mice. ***P < 0.002 from one-way 
ANOVA with post hoc Turkey test. Error bars = SEM from at least five mice per 
experimental group. 
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Chapter 4 

Primary Cilia are required in a Unique Subpopulation of Neural 

Progenitors 

 

The apical domain of embryonic (radial glia) and adult (B1 cells) neural stem 

cells (NSCs) contains a primary cilium. This organelle has been suggested to function 

as an antenna for the detection of morphogens or growth factors. In particular, primary 

cilia are essential for Hedgehog (Hh) signaling, which plays key roles in brain 

development. Their unique location facing the ventricular lumen suggests that primary 

cilia in NSCs could play an important role in the reception of signals within the 

cerebrospinal fluid (CSF). Surprisingly, ablation of primary cilia using conditional alleles 

for genes essential for intraflagellar transport (Kif3a and Ift88) and Cre drivers that are 

activated at early (Nestin; E10.5) and late (hGFAP; E13.5) stages of mouse neural 

development resulted in no apparent developmental defects. Neurogenesis in the 

ventricular-subventricular zone (V-SVZ) shortly after birth was also largely unaffected, 

except for a restricted ventral domain previously known to be regulated by Hh signaling. 

However, Kif3a and Ift88 genetic ablation also disrupts ependymal cilia resulting in 

hydrocephalus by P4. To directly study the role of B1 cells’ primary cilia without the 

confounding effects of hydrocephalus, we stereotaxically targeted elimination of Kif3a 

from a subpopulation of radial glia, which resulted in ablation of primary cilia in a subset 

of B1 cells. Again, this resulted in decreased neurogenesis only in the ventral V-SVZ. 

Primary cilia ablation led to disruption of Hh signaling in this subdomain. We conclude 
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that primary cilia are required in a specific Hh-regulated subregion of the postnatal V-

SVZ. 

 

Introduction 

The primary cilium, a minute elongated organelle with a (9+0) microtubular 

cytoskeleton (axoneme) on the surface of most cells, is essential for signal transduction 

and particularly for Hedgehog (Hh) signaling (Huangfu et al., 2003; Corbit et al., 2005; 

Haycraft et al., 2005; Rohatgi et al., 2007). The primary cilium, therefore, has very 

important functions during vertebrate development (Gerdes et al., 2009; Goetz et al., 

2009), including the development of the central nervous system (Han and Alvarez-

Buylla, 2010; Lee and Gleeson, 2011; Louvi and Grove, 2011). Primary cilia are 

required for the expansion of progenitor pool during cerebellar development (Chizhikov 

et al., 2007; Spassky et al., 2008), and in the formation of neural stem cells (NSCs) and 

progenitors in the adult hippocampus (Breunig et al., 2008; Han et al., 2008; Amador-

Arjona et al., 2011). Moreover, it has been shown that primary cilia regulate dendritic 

refinement and synaptic integration of adult-born hippocampal neurons (Kumamoto et 

al., 2012). Recent evidence also shows that Arl13b in primary cilia is essential for the 

early polarization of the neuroepithelium and the formation of radial glia (Higginbotham 

et al., 2013). Primary cilia and Arl13b also regulate migration and placement of 

interneurons in the developing cerebral cortex (Baudoin et al., 2012; Higginbotham et 

al., 2012). 
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The walls of the lateral ventricles retain an active germinal niche in the 

ventricular-subventricular zone (V-SVZ) that continues generating neurons and glial 

cells in the postnatal brain of many mammals (Fuentealba et al., 2012). The astroglia-

like NSCs (B1 cells) give rise to intermediate progenitor cells (C cells), which in turn 

generate neuroblasts (A cells) (Lois and Alvarez-Buylla, 1994; Doetsch and Alvarez-

Buylla, 1996; Ponti et al., 2013). These young neurons migrate along the rostral 

migratory stream (RMS) to the olfactory bulb (OB). B1 cells retain epithelial 

characteristics including an apical domain that contacts the lateral ventricle (Mirzadeh et 

al., 2008). This apical process contains a primary cilium and is surrounded by 

multiciliated ependymal (E1) cells in a pinwheel-like organization (Mirzadeh et al., 

2008). Given their location and the important functions that primary cilia have in the 

processing of extracellular signals, B1 cells’ primary cilia could have key roles in the 

reception of ventricular signals for the regulation of adult neurogenesis (Lehtinen and 

Walsh, 2011; Falcão et al., 2012). Yet, the function of B1 cells’ primary cilia remains 

unknown. Genetically ablating primary cilia, by removing essential components of the 

intraflagellar transport (IFT) system (Rosenbaum and Witman, 2002), inevitably 

eliminate the motile cilia of E1 cells, resulting in disruption of CSF flow and 

hydrocephalus. Since E1 cells and CSF are thought to play important roles in the 

regulation of B1 cell proliferation, it is not possible to dissociate non-cell autonomous 

effects of disruption of ependymal cilia from direct effects of primary cilia removal in B1 

cells. 
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Here we used various approaches to genetically ablate primary cilia in NSCs at different 

developmental stages and in different locations. Surprisingly, we found that primary cilia 

removal during fetal development had strikingly little effect in the development of the 

telencephalon. During early postnatal life, primary cilia were also dispensable in most 

B1 cells, but were essential in a specific Hh-regulated subdomain of the V-SVZ. Our 

results suggest that primary cilia function is tightly linked to Hh signaling within a 

restricted domain of the postnatal neurogenic region. 

 

Results 

Primary cilia removal in fetal NSCs results in no major developmental forebrain 

defects 

To investigate if primary cilia are required for normal telencephalon development, 

we conditionally ablated the primary cilia in neural progenitors by crossing Nestin::Cre 

mice (Tronche et al., 1999; Graus-Porta et al., 2001) with mice homozygous for 

conditional alleles of the Kif3a gene (Kif3afl/fl), which is essential for the IFT system that 

maintains the primary cilia (Kozminski et al., 1995). The Nestin promoter drives 

expression of Cre throughout the embryonic neural tube as early as embryonic day 10.5 

(E10.5) (Tronche et al., 1999; Graus-Porta et al., 2001). Nestin::Cre; Kif3afl/+ mice had 

primary cilia on the apical surface of their radial glia, as visualized using antibodies 

against the microtubule subunit acetylated tubulin (AcTub) and the primary cilia marker 

adenylyl cyclase III (ACIII) (Figure S1A-C). In contrast, Nestin::Cre; Kif3afl/fl mice had 

lost most of their radial glial primary cilia by E14.5 (Figure S1A’), with only a few cells 

retaining a primary cilium in the posterior regions of the V-SVZ. By E16.5 (Figure S1B’) 
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and postnatal day 0 (P0) (Figure S1C’), no primary cilia were observed in V-SVZ 

wholemounts of Nestin::Cre; Kif3afl/fl mice. 

Consistent with the observation that the primary cilium was removed from many 

of the VZ NSCs in Nestin::Cre; Kif3afl/fl mice, we found that most cells in the cortex, 

striatum and OB were devoid of a primary cilium (Figure S1D’-F’). Surprisingly, there 

was little, if any, defect in the neonatal cerebral cortex of Nestin::Cre; Kif3afl/fl mutants. 

At P0, the mutant telencephalon was normal in size, with dorsal-ventral (D-V) and 

medial-lateral (M-L) dimensions [D-V (4.03±0.18) mm; M-L (2.87±0.14) mm] similar to 

Nestin::Cre; Kif3afl/+ controls [(D-V (3.80±0.37) mm; M-L (2.89±0.16) mm] (Figure 

S2A,D). Hematoxylin and eosin staining showed that cortical layer organization was 

similar in Nestin::Cre; Kif3afl/fl mice and controls (Figure S2B). This was confirmed by 

immunostaining for Tbr1 (deep layer cortical marker) (Bulfone et al., 1995) and Satb2 

(upper layer cortical marker) (Britanova et al., 2008) (Figure S2E-G,K-M). In both 

Nestin::Cre; Kif3afl/fl and control neonates, Cux1 was expressed in cells throughout the 

developing cortical layers (32), while Ctip2 was highly expressed within cortical layer 

5/6, as well as in many cells in the striatum (33) (Figure S2H-J,N-P). The OB diameter 

was also similar between Nestin::Cre; Kif3afl/fl [(1.67±0.04) mm] and control [(1.61±0.05) 

mm] mice (Figure S2C,D). The Nestin::Cre; Kif3afl/fl V-SVZ also appeared surprisingly 

normal at birth, with the ventricular lumen comparable in size to controls (Figure 

S2A,D). Consistently, we observed normal expression of the cortical layer markers 

Tbr1, Satb2, Cux1 and Ctip2 in another cilia mutant mice that we generated: 

Nestin::Cre; Ift88fl/- (Figure S2Q-V). Similar to Kif3a, IFT88 is an essential component of 

the IFT system that maintains the primary cilia. At P0, most of the cells in the forebrain 
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of Nestin::Cre; Ift88fl/- mice also had no primary cilia (Figure S1G’-I’). These results 

suggest that genetic ablation of primary cilia does not result in major telencephalic 

developmental defects. 

  

Early removal of primary cilia results in reduced proliferation in a specific 

subregion of the postnatal V-SVZ 

The above observations suggest that removal of primary cilia using Nestin::Cre 

(Tronche et al., 1999; Graus-Porta et al., 2001) and the conditional alleles Kif3afl/fl or 

Ift88fl/- had little effect in cortical, striatal and septal development. Yet these animals 

developed hydrocephalus starting at P4, coinciding with ciliogenesis of E1 cells. Before 

hydrocephalus develops (P0-P4), the V-SVZ is highly proliferative and produces a large 

number of young neurons destined for the OB (Bayer, 1983; Batista-Brito et al., 2008). 

We therefore investigated the effect of primary cilia removal in Nestin::Cre; Kif3afl/fl mice 

before confounding effects of hydrocephalus were apparent. At P0, basal bodies were 

clearly observed on the apical surface of V-SVZ progenitors (Figure 1B-E, red), and in 

controls each basal body was next to a primary cilium (Figure 1B-E, green). In contrast, 

in Nestin::Cre; Kif3afl/fl mice, basal bodies were correctly localized in the apical domain, 

but we could not detect primary cilia by ACIII staining (Figure 1B’-E’). 

In the absence of primary cilia, proliferation in the neonatal anterior cortical (AC), 

anterior dorsal (AD), anterior medial (AM), posterior cortical (PC), posterior dorsal (PD), 

posterior ventral (PV) and posterior medial (PM) V-SVZ regions was similar in 

Nestin::Cre; Kif3afl/fl and control mice (Figure 1F,H-J & Figure S3A,C-E). However, a 

subtle, but significant, decrease in phosphohistone H3 (PH3) staining (Figure 1G’,J) and 
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5-bromo-2’-deoxyuridine (BrdU) labeling (Figure S3B’,E) was observed in the anterior 

ventral (AV) region. Very few activated caspase 3+ apoptotic cells were observed in 

both Nestin::Cre; Kif3afl/fl and control animals (Figure S3F), suggesting that the 

decreased numbers of proliferating cells in the AV V-SVZ was unlikely due to increased 

apoptosis. Similar observations of primary cilia ablation throughout the V-SVZ (Figure 

S3G’-J’), but reduced proliferation only in the AV region were obtained when analyzing 

the Nestin::Cre; Ift88fl/- mice using PH3 staining (Figure S3K-O). These results suggest 

that primary cilia are not required for proliferation in most regions of the V-SVZ, but are 

essential for normal proliferation in the AV V-SVZ. 

The reduced proliferation observed in the AV V-SVZ of Nestin::Cre; Kif3afl/fl mice 

could be due to defects in the early embryonic specification of progenitor cells in this 

ventral domain (e.g. number of primary progenitors are reduced). We therefore 

investigated the effects of removal of Kif3a with hGFAP::Cre (Zhuo et al., 2001; 

Malatesta et al., 2003) on V-SVZ proliferation. The hGFAP promoter (and Cre) first 

becomes active dorsally (in cortex) at around E13.5 (Zhuo et al., 2001; Malatesta et al., 

2003), then between P0 and P10 (Anthony and Heintz, 2008) Cre expression spreads 

ventrally in the V-SVZ facing the striatum. Consistently, we observed that hGFAP::Cre; 

Ai14 reporter mice showed a dorsal-restricted pattern of Cre recombination at P0 

(Figure S4A-B). Confocal microscopy revealed that while most Nestin+ cells in the 

cortical V-SVZ expressed tdTomato, very few tdTomato+ Nestin+ cells were observed 

in the dorsal and ventral V-SVZ (Figure S4C-D). In accordance to this Cre 

recombination pattern, hGFAP::Cre; Kif3afl/fl mice had lost primary cilia only in the 

cortical V-SVZ at P0 (Figure S4E’-H’). These animals did not exhibit any significant 
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change in the numbers of activated caspase 3+ cells (Figure S4I), PH3+ cells (Figure 

S4J) or BrdU+ cells (Figure S4K) in any of the V-SVZ subregions compared to 

hGFAP::Cre; Kif3afl/+ controls. This is consistent with the above observations suggesting 

that primary cilia are not required for normal proliferation in AC and PC V-SVZ. 

By P10, hGFAP::Cre recombination (assessed by Ai14 reporter expression) had 

extended ventrally (Figure S4L-M). Both endogenous GFAP and transgenic Ai14 

reporter expression were observed in all regions (cortical, dorsal and ventral) of the V-

SVZ (Figure S4N-P). In hGFAP::Cre; Kif3afl/+ controls, ACIII+ primary cilia were present 

dorsally and ventrally (Figure S4Q-T). By this stage radial glia had differentiated into 

CD24+ E1 cells (Figure S4N-P) (Tramontin et al., 2003) or B1 cells. E1 cells’ motile cilia 

were not stained by ACIII. The sparse distribution of ACIII staining was a reflection of 

B1 cells at the center of pinwheels (Mirzadeh et al., 2008). Consistent with the pattern of 

Ai14 recombination, almost all primary cilia in the hGFAP::Cre; Kif3afl/fl V-SVZ were 

ablated (Figure S4Q’-T’). The rare exceptions occurred generally in the most ventral V-

SVZ, consistent with the observation that this region was last to undergo recombination. 

When BrdU was injected daily from P0 to P10 (Figure 2A), the numbers of BrdU+ cells 

in AC, AD, AM, PC, PD, PV and PM regions of the V-SVZ were similar between 

hGFAP::Cre; Kif3afl/fl mice and controls (Figure 2B-D). However, the AV region had 

significantly lower numbers of BrdU labeled cells in hGFAP::Cre; Kif3afl/fl mice 

compared to controls (Figure 2B,E). Consistent with this finding, when BrdU was 

injected twice at P0-P1 (Figure S4U), by P10 we observed significantly higher numbers 

of BrdU-labeled cells in the AV V-SVZ (Figure S4V). This increase was not due to 

reduced neuroblast migration and/or reduced cell death as the number of BrdU+ 
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migrating neuroblast (Figure S4W) and caspase 3+ cells (Figure S4X) in the V-SVZ 

were similar in hGFAP::Cre; Kif3afl/fl mice and controls. The increase in BrdU-labeled 

cells in the AV V-SVZ, when BrdU was only injected at P0-P1, was likely due to reduced 

proliferation and decreased dilution of the BrdU (Ganusov and Boer, 2013) between P1 

and P10. However, by P10, hGFAP::Cre; Kif3afl/fl  mice had already developed 

hydrocephalus (Figure 2C’-D’) and changes in CSF composition and intraventricular 

pressure as a result of hydrocephalus could affect the proliferation of V-SVZ 

progenitors. 

 

Selective postnatal ablation of primary cilia in B1 cells leads to fewer ventrally 

derived deep granule cells in the OB 

To specifically ablate primary cilia in B1 cells while maintaining the integrity of the 

ependymal layer, we microinjected adenovirus expressing Cre (Ad::Cre) into Kif3afl/fl; 

Z/EG mice at P0 using previously developed methods (Merkle et al., 2007) (Figure 3A). 

Kif3afl/fl; Z/EG mice are heterozygous for the Z/EG reporter, which constitutively express 

LacZ and conditionally express EGFP upon Cre recombination (Novak et al., 2000). 

Using stereotaxic technique, Ad::Cre was targeted at the distal ends of restricted 

populations of radial glial basal processes. The virus is transported to the radial glial cell 

body (Merkle et al., 2007) where it recombines the floxed alleles (Kif3afl/fl; Z/EG) 

resulting in selective labeling and genetic recombination of a restricted group of radial 

glia. We used stereotaxic coordinates that allowed specific recombination of dorsal 

(Figure S5A-B) or ventral (Figure S5C-D) V-SVZ radial glia. The distribution of GFP+ 

cells in V-SVZ wholemounts (Figure S5A,C) and coronal sections (Figure S5B,D) 
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confirmed that a restricted group of radial glia was targeted by these microinjections. By 

P40, B1 (Figure 3B) and E1 (Figure S5G) cells derived from Ad::Cre-infected Kif3afl/fl; 

Z/EG radial glia became organized as pinwheels similar to those in Kif3afl/+;Z/EG 

controls. The V-SVZ patches of affected cells had a mosaic distribution of recombined 

and wildtype cells, indicating that only a subpopulation of the radial glia within an 

injected region was infected by the Ad::Cre. In most cases, only one or two cells within 

a pinwheel were recombined. We frequently observed single GFP+ B1 cells with no 

primary cilia, but other GFP- B1 cells within the same pinwheel retaining their cilia 

(Figure 3B’). Quantification confirmed that the majority of recombined B1 cells in 

Kif3afl/fl; Z/EG mice had no primary cilia (Figure S5E-F). In contrast, primary cilia were 

observed in the GFP+ and GFP- B1 cells of Kif3afl/+; Z/EG control mice (Figure S5E-F). 

GFP+ E1 cells in Kif3afl/fl; Z/EG mice had also lost their motile cilia (Figure S5G’). Since 

the number of E1 cells affected was very small, these animals did not develop 

hydrocephalus. 

Interestingly, it took more than 30 days for cilia to be ablated following the 

Ad::Cre injection at P0. We therefore injected BrdU to the mice at P40-P45 and 

analyzed their OB at P60 (Figure 3A) to allow time for BrdU-labeled cells to migrate and 

differentiate. OB neurons that were GFP+ BrdU+ (Figure 3C-D) were identified as the 

progeny of B1 cells that had undergone Cre recombination. Previous work has shown 

that dorsal and ventral-targeted radial glia give rise to different populations of granule 

cells in the OB: superficial and deep granule cells, respectively (Merkle et al., 2007; 

Ihrie et al., 2011). Consistently, in both Kif3afl/fl; Z/EG and control mice, dorsal Ad::Cre 

targeting of V-SVZ progenitor cells gave rise to mostly GFP+ superficial granule cells 
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(Figures 3E and S5H), and ventral injections generated mostly GFP+ deep granule cells 

(Figures 3F and S5I). This suggests that loss of B1 cells’ primary cilia does not change 

the specification of the types of neurons they produce. However, primary cilia loss in the 

ventral, but not the dorsal, B1 cells had a dramatic effect on the number of neurons 

generated: injection of Ad::Cre at P0, followed by BrdU administration at P40 resulted in 

much fewer adult-born (GFP+ BrdU+) deep granule cells derived from the ventral V-

SVZ (Figure 3F), but no significant effect in the numbers of progeny neurons derived 

from the dorsal V-SVZ (Figure 3E). These results indicate that primary cilia are not 

required for dorsal V-SVZ neurogenesis, but are essential in the ventral V-SVZ. This is 

consistent with observations made above using the Nestin and hGFAP::Cre lines. 

  

Primary cilia are required for Shh signaling in the anterior ventral V-SVZ 

Studies in the developing neural tube, limb bud, cerebellum, and dentate gyrus 

have shown that primary cilia are required for Sonic hedgehog (Shh) signaling (Huangfu 

et al., 2003; Corbit et al., 2005; Haycraft et al., 2005; Huangfu and Anderson, 2005; Liu 

et al., 2005; May et al., 2005; Rohatgi et al., 2007; Spassky et al., 2008; Breunig et al., 

2008; Han et al., 2008). Notably, the AV V-SVZ, which exhibited reduced proliferation in 

Nestin::Cre; Ift88fl/-, Nestin::Cre; Kif3afl/fl, hGFAP::Cre; Kif3afl/fl and Ad::Cre-infected 

Kif3afl/fl; Z/EG mice, coincides with the V-SVZ domain with high Shh signaling (Palma et 

al., 2005; Ihrie et al., 2011; Merkle et al., 2014). Indeed, in-situ hybridization (ISH) 

showed an enriched expression of Gli1, a Shh target gene, in the AV V-SVZ of 

Nestin::Cre; Ift88fl/+ mice at P0 (Figure 4A-D). This Gli1 expression was abolished in 

Nestin::Cre; Ift88fl/- cilia mutants (Figure 4A’-D’). ISH signal was also reduced in the 
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brain parenchyma of Nestin::Cre; Ift88fl/- sections (Figure 4A’-D’), likely due to 

elimination of low-level Gli1 expression in neurons and glial cells (Petrova et al., 2013). 

This suggests that primary cilia in the brain parenchyma, which are dramatically 

reduced in the Nestin::Cre; Ift88fl/- mice (Figure S1G’-I’), are also required for this low-

level Gli1 expression. Moreover, the AV V-SVZ of neonatal Nestin::Cre; Ift88fl/- mice had 

drastically decreased numbers of cells expressing Nkx2.1 (Figure 4E-F, I), a marker for 

Shh-responsive cells. This decrease was not observed in hGFAP::Cre; Kif3afl/fl mice 

(Figure 4G-H, J), which still had primary cilia in the ventral V-SVZ (Figure S4H’). These 

results suggest that primary cilia-mediated Shh signaling is required for the regulation of 

proliferation and neurogenesis in the AV subdomain of the postnatal V-SVZ. 

 

Discussion 

The V-SVZ harbors the largest population of NSCs in the adult brain. Like radial 

glia during development, B1 cell apical endings have a primary cilium that projects into 

the ventricle, which has been suggested to contain signaling factors (Lehtinen and 

Walsh, 2011; Falc,o et al., 2012). Here we have generated cilia mutant mice using Cre 

lines driven by Nestin or hGFAP promoters to remove the conditional alleles Kif3afl/fl and 

Ift88fl/-. Genetic disruption of ciliary genes are inevitably confounded by the 

simultaneous removal of ependymal cilia that leads to severe hydrocephalus. Therefore 

we have additionally adapted a method previously developed to target region-specific 

subpopulations of neonatal radial glia (Merkle et al., 2007), to selectively ablate primary 

cilia in NSCs by stereotaxic injection of Ad::Cre into neonatal brains of Kif3afl/fl; Z/EG 

mice. This results in minimal disruption to the ependymal layer and the animals did not 
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develop hydrocephalus. We provide evidence that removal of primary cilia has a 

subdomain-specific effect on V-SVZ neurogenesis. In the AV region, elimination of 

primary cilia from NSCs led to decreased proliferation and production of deep granule 

neurons. In contrast, neurogenesis in posterior and dorsal regions was unaffected. 

Furthermore, we show that ablation of primary cilia disrupted Shh signaling and 

decreased Nkx2.1+ cells in the AV V-SVZ, suggesting that primary cilia may act through 

a Shh-dependent mechanism to regulate neurogenesis in this ventral region. 

When we removed primary cilia early in development using Cre driven by Nestin 

or hGFAP promoters, we found no major defects in forebrain development. This 

observation was surprising as it has been suggested that primary cilia play key roles not 

only in the Hh pathway, but also in other signaling events: Wnt (Oishi et al., 2006; 

Gerdes et al., 2007; Corbit et al., 2008; Lancaster et al., 2009; Lancaster et al., 2011); 

serotonin receptor 6 (5HT6) (Brailov et al., 2000); platelet-derived growth factor receptor 

! (PDGFR!) (Schneider et al., 2005; Lehtinen et al., 2011) and insulin-like growth 

factor-1 receptor (IGF1R) (Lehtinen et al., 2011; Higginbotham et al., 2013). Consistent 

with our observations, a recent report disrupting Arl13b, a small GTPase important for 

ciliary signaling, found no significant telencephalic developmental defects using the 

same Nestin::Cre and hGFAP::Cre lines (Higginbotham et al., 2013). A recent study 

also found that removal of primary cilia from gonadotrophin-releasing hormone (GnRH) 

neurons in GnRH::Cre Kif3afl/fl mice, did not affect their extensive migration or most of 

their functions (Shin et al., 2014). In contrast, removal of Arl13b during early 

neuroepithelial expansion (using Foxg1:Cre), does result in a dramatic polarity inversion 

of early neuroepithelial cells (Higginbotham et al., 2013). Furthermore, a recent study 
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using a different Nestin::Cre (NesCre8) line that is activated earlier at E8.5 (Petersen et 

al., 2002), showed that NesCre8; Kif3afl/fl mice develop enlarged and bumpy cortices 

(Wilson et al., 2012). We did not observe these phenotypes in our Nestin::Cre; Kif3afl/fl 

mice, in which Cre expression is first noticed at E10.5 (Tronche et al., 1999; Graus-

Porta et al., 2001). Notably, NesCre8; Kif3afl/fl mice lose their V-SVZ cilia around E12.5, 

while in our Nestin::Cre; Kif3afl/fl mice, cilia ablation occurred around E14.5. These 

observations highlight the importance of developmental timing in genetic ablation 

experiments. Taken together, our findings suggest that ablation of primary cilia at or 

after the beginning of neurogenic period surprisingly does not result in major 

abnormalities. Compensatory signaling mechanisms may exist to ensure relatively 

normal forebrain development in the absence of primary cilia. Alternatively, the short 

stub that is left following conditional ablation of Kif3a (Han et al., 2008, Wilson et al., 

2012) or Ift88 (Pazour et al., 2000) may be sufficient for reception and transduction of 

the above signals. 

It is also surprising that loss of primary cilia affected neurogenesis only in a 

specific subdomain (AV region) of the V-SVZ but had such little effect in all other 

regions of this major neurogenic area. This finding is especially intriguing in light of the 

other signaling pathways involved in the regulation of adult V-SVZ proliferation [e.g. Wnt 

(Adachi et al., 2007), PDGFR! (Jackson et al., 2006; Chojnacki et al., 2011), 5HT 

(Brezun and Daszuta; 1999) and IGF2 (Lehtinen et al., 2011)] and for which the primary 

cilia have been implicated (see above). It will be important to determine if these 

pathways are not required, or whether primary cilia function is substituted for these 

other signaling pathways by other signal transduction mechanisms. Equally surprising is 



! ($!

that removal of an organelle that has been so tightly linked to the cell cycle has so few 

effects on the proliferation of a large population of dividing progenitors in development 

and in the adult. It has been shown that primary cilia are regulated dynamically 

throughout the cell cycle, that primary cilia are present in G0 and G1 cells and usually in 

S/G2 cells, but get resorbed before mitotic entry to reappear post-cytokinesis (Rieder et 

al., 1979; Tucker et al., 1979; Plotnikova et al., 2009). The presence of a fully developed 

primary cilia appears to be dispensable for the proliferation of a large number of primary 

progenitors in development and in the adult. Interestingly, at 30 days post-injection of 

Ad::Cre into Kif3afl/fl; Z/EG mice, many of the recombined V-SVZ cells still had a primary 

cilium. By P40, most of the recombined cells had lost their cilia. We do not know why it 

takes so long for cilia removal in Ad::Cre-injected Kif3afl/fl; Z/EG mice, but it could be 

due to the low turnover of ciliary components, possibly associated to quiescence in 

postnatal NSCs. 

It has been shown that essential Hh signaling components, Patched1 (Ptc), 

Smoothened (Smo), Suppressor of fused, and Gli transcription factors are enriched in 

primary cilia (Corbit et al., 2005; Haycraft et al., 2005; Rohatgi et al., 2007). Our findings 

indicate that the proliferative defects we observe are tightly associated with regions of 

the juvenile and adult V-SVZ that are regulated by Hh (Ihrie et al., 2011; Merkle et al., 

2014). Indeed, previous studies using Smo conditional knockout mice (Machold et al., 

2003; Fuccillo et al., 2004) reported a temporal requirement for Hh signaling in 

telencephalic development, similar to the time frame at which primary cilia are required 

(Higginbotham et al., 2013). Nestin::Cre; Smofl/- mice which lose Smo by E12 showed 

largely unperturbed forebrain patterning (Machold et al., 2003). In contrast, removing 
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Smo by E9 in the Foxg1::Cre; Smofl/- mice resulted in gross ventral patterning defects 

accompanied by complete dorsalization of the telencephalon (Fuccillo et al., 2004). It 

has been suggested that Shh secreted by the choroid plexus into the CSF signals in a 

paracrine manner to stimulate the proliferation of cerebellar granule neuron precursors 

(Huang et al., 2010). A similar mechanism might be at play in the V-SVZ where the 

strategic location of B1 cells’ primary cilia suggests they might be there to pick up Shh 

signals in the CSF. However, the precise origin of Shh destined for the primary cilia in 

B1 cells remains unknown (Lehtinen and Walsh, 2011; Falcão et al., 2012; Ihrie et al., 

2011). It will be interesting to determine if primary cilia are required for the production of 

the four recently identified OB interneuron types derived from the AV V-SVZ, a region 

with high Gli1 expression (Merkle et al., 2014). 

We describe here a proliferative defect on neurogenic progenitors that is very 

strictly spatially defined in the AV region of the V-SVZ, despite removing primary cilia in 

a large subset of progenitor cells in the brains of Nestin::Cre; Ift88fl/-, Nestin::Cre; 

Kif3afl/fl, and hGFAP::Cre; Kif3afl/fl mice. Injection of Ad::Cre into Kif3afl/fl; Z/EG mice also 

reduced neurogenesis only in the ventral region, where Shh signaling is high (Ihrie et 

al., 2011; Merkle et al., 2014). This lends support to the idea that primary cilia in B1 

cells act mainly through the Shh pathway to regulate adult NSC activity. Brain 

abnormalities and cognitive deficits are prominent features associated with human 

ciliopathies (Badano et al., 2006; Baker et al., 2009) and primary cilia constitute a major 

apical compartment of adult NSCs. Our results show that primary cilia are essential for 

the regulation of adult NSCs specifically in the ventral region of the V-SVZ, and that cilia 

dysfunction leads to disruption of Shh signaling in this region of the postnatal brain. 
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These findings provide new insights into the regulation of postnatal neurogenesis in the 

V-SVZ. 
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Figure 1. Cilia ablation results in reduced proliferation in the anterior ventral V-
SVZ in neonatal Nestin::Cre; Kif3afl/fl mice (A) For all analyses in this study, the 
ventricular wall is divided into cortical (red), dorsal (green), ventral (orange) and medial 
(purple) regions, and studied at two anterior-posterior levels. (B-E) Immunostaining for 
the primary cilia marker ACIII shows each radial glia extending a primary cilium towards 
the ventricular lumen in Nestin::Cre; Kif3afl/+ mice (B-E), whereas no primary cilium is 
observed in the Nestin::Cre; Kif3afl/fl mice at P0 (B’-E’). Note that basal bodies 
visualized using anti-$-tubulin antibodies, are still present in the radial glia of 
Nestin::Cre; Kif3afl/fl mice (B’-E’). (F’-I’) Although cilia ablation has occurred in all regions 
of the V-SVZ, only the AV region has decreased number of cells expressing the mitotic 
marker PH3. (J) Bar graph shows mean ± SD from at least three mice per experimental 
group. P values are calculated using Student’s t-test. 
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Figure 2. Cilia removal leads to decreased proliferation in the anterior ventral V-
SVZ in P10 hGFAP::Cre; Kif3afl/fl mice (A) hGFAP::Cre; Kif3afl/fl mice retain most of 
their cilia at birth and lose almost all of their V-SVZ cilia by P10 (Figure S4), therefore 
we administered BrdU to these mice everyday from P0-P10 and analyzed their brains at 
P10. (B-E) Compared to hGFAP::Cre; Kif3afl/+ controls, hGFAP::Cre; Kif3afl/fl mice have 
decreased BrdU labeling in the AV V-SVZ (C’, magnified in E’), suggesting decreased 
proliferation in this specific subdomain. (C’-D’) Note that hGFAP::Cre; Kif3afl/fl mice have 
enlarged ventricles, indicative of hydrocephalus. (B) Bar graph shows mean ± SD from 
at least three mice per experimental group. P values are calculated using Student’s t-
test. (C-D) Multiple high magnification images are tiled to form the final images in panels 
C-D. 
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Figure 3. Specific elimination of primary cilia in a subpopulation of B1 cells in the 
ventral V-SVZ results in reduced OB neurogenesis (A) Ad::Cre was injected into 
Kif3afl/fl; Z/EG mice to remove Kif3a from a subpopulation of radial glia at P0. BrdU was 
administered to the same animals at P40-P45, a time-point after the removal of primary 
cilia from B1 cells (Figure S5). The OB of the mice were analyzed at P60. (B) V-SVZ 
wholemount shows a recombined (GFP+) B1 cell with a primary cilium (red) in a 
Kif3afl/+; Z/EG control. (B’) In contrast, a recombined (GFP+) B1 cell in a Kif3afl/fl; Z/EG 
mouse lacks a primary cilium. Note that adjacent non-recombined (GFP-) B1 cells in the 
same pinwheel core still have a primary cilium. (C-D) Confocal microscopy images 
showing a GFP+ BrdU+ granule cell, generated after Ad::Cre recombination in a 
Kif3afl/+; Z/EG animal (C-D), and a GFP+ BrdU- cell, likely generated before primary cilia 
ablation, in a Kif3afl/fl; Z/EG animal (C’-D’). (E) The numbers of BrdU+ GFP+ OB cells 
derived from the dorsal V-SVZ are unaffected in Kif3afl/fl; Z/EG mice. (F) However, the 
number of BrdU+ GFP+ deep granule cells generated from the ventral V-SVZ is 
significantly decreased, suggesting that ablation of primary cilia in the ventral V-SVZ 
results in reduced neurogenesis in the adult brain. (E-F) Bar graphs show mean ± SD 
from at least three mice per experimental group. P values are calculated using two-way 
ANOVA with Sidak’s multiple comparisons test. 
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Figure 4. Cilia ablation disrupts Shh signaling in the anterior ventral V-SVZ (A-D) 
ISH shows enriched expression of Gli1, a Shh target gene, in the AV V-SVZ (B) in 
Nestin::Cre; Ift88fl/+ mice at P0. (A’-D’) However, Gli1 expression is abolished in 
Nestin::Cre; Ift88fl/- mice. (E-F, I) Nestin::Cre; Ift88fl/- mice also have decreased numbers 
of the Shh-responsive, Nkx2.1+ cells in the AV V-SVZ (E’). (G-H, J) In contrast, 
hGFAP::Cre; Kif3afl/fl mice, which have not lost the cilia in the ventral V-SVZ at P0 
(Figure S6), have normal numbers of Nkx2.1+ cells in the AV (G’) and PV (H’) regions. 
(I-J) Bar graphs show mean ± SD from at least three mice per experimental group. P 
values are calculated using Student’s t-test. 
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Figure S1. Nestin::Cre; Kif3afl/fl mice lose their primary cilia by E14.5 (A-C) En-face 
view of the V-SVZ apical surface from wholemount preparations shows that in 
Nestin::Cre; Kif3afl/+ mice, each radial glia extends a primary cilium towards the 
ventricular lumen. The primary cilia are visualized using antibodies against ACIII (red) 
and AcTub (green). (A’) By E14.5, most of the radial glia in Nestin::Cre; Kif3afl/fl mice 
have lost their primary cilia, except for a few rare cells in the posterior regions of the V-
SVZ. (B’-C’) At ages E16.5 (B’) and P0 (C’), no cilia are observed in all regions of the V-
SVZ in Nestin::Cre; Kif3afl/fl mice. (D-I) At P0, in Nestin::Cre; Kif3afl/+ (D-F) and 
Nestin::Cre; Ift88fl/+ mice (G-I), ACIII+ primary cilia are observed as elongated profiles 
(green) in the cortex (D,G), striatum (E,H) and OB (F,I). The basal bodies are visualized 
using antibodies against $-tubulin (red, white arrows). (D’-I’) In contrast, no ACIII+ 
elongated profiles are observed in the corresponding forebrain regions of Nestin::Cre; 
Kif3afl/fl (D’-F’) and Nestin::Cre; Ift88fl/- mice (G’-I’), suggesting the absence of a fully 
developed primary cilium. 
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Figure S2. Nestin::Cre; Kif3afl/fl mice show no apparent telencephalic 
developmental defects at P0 (A-D) Compared to Nestin::Cre; Kif3afl/+ controls (A), 
Nestin::Cre; Kif3afl/fl mice (A’) have a forebrain of similar size in terms of dorsal-ventral 
(D-V) and medial-lateral (M-L) dimensions (D). Nestin::Cre; Kif3afl/fl mice have normal 
laminar organization of the cortex (B’) and normal OB diameter (C’). (D) Table shows 
mean ± s.d. from at least three mice per experimental group. All measurements are not 
significantly different between Nestin::Cre; Kif3afl/fl mice and Nestin::Cre; Kif3afl/+ 

controls (Student’s t-test). (E-G) Nestin::Cre; Kif3afl/fl mice and Nestin::Cre; Kif3afl/+ 

controls also have similar expression patterns of Tbr1 (deep cortical layer marker) and 
Satb2 (upper cortical layer marker) (magnified in K-M). (H-J) In both mice, Cux1 is 
present throughout the cortical layers and Ctip2 is highly expressed in layer 5/6 of the 
cortex and in the striatum (magnified in N-P). (Q’-V’) Normal expression of Tbr1, Satb2, 
Cux1 and Ctip2 is also observed in Nestin::Cre; Ift88fl/- mice. These observations 
suggest that cilia ablation in Nestin::Cre; Kif3afl/fl mice does not result in major 
developmental defects in the P0 forebrain. (A,E-J) Multiple high magnification images 
are tiled to form the final images in panels A and E-J. 
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Figure S3. Cilia ablation results in reduced proliferation in the anterior ventral V-
SVZ in neonatal mice (A-E) Nestin::Cre; Kif3afl/fl mice and Nestin::Cre; Kif3afl/+ controls 
were injected with BrdU 1 h before perfusion. All regions of the V-SVZ in Nestin::Cre; 
Kif3afl/fl mice show normal proliferation, except for the AV region (B’,E), which has a 
modest decrease in BrdU labeling. (F) Very few activated caspase 3+ cells are 
observed in both Nestin::Cre; Kif3afl/fl mice and Nestin::Cre; Kif3afl/+ controls, suggesting 
that cilia ablation does not result in increased apoptosis. (G’-J’) Coronal sections show 
that Nestin::Cre; Ift88fl/- mice have no primary cilia projecting towards the lumen of the 
lateral ventricle although their basal bodies are still present along the ventricular wall. 
(K-N) Similar to Nestin::Cre; Kif3afl/fl mice (Fig. 1), reduced proliferation is observed in 
Nestin::Cre; Ift88fl/- mice specifically in the AV region, as shown by decreased numbers 
of PH3+ cells (L’,O). (E,F,O) Bar graphs show mean ± s.d. from at least three mice per 
experimental group. P values are calculated using Student’s t-test. 
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Figure S4. Cilia removal leads to decreased proliferation in the anterior ventral V-
SVZ in P10 hGFAP::Cre; Kif3afl/fl mice (A-B) hGFAP::Cre; Ai14 mice show that 
hGFAP::Cre expression is restricted to the cortical part of the brain at P0. (C-D) Most of 
the Nestin+ (green) cells in the dorsal and ventral V-SVZ do not express tdTomato (red) 
at this age. (E-H) Confocal microscopy shows that P0 hGFAP::Cre; Kif3afl/fl mice have 
lost their primary cilia in the cortical V-SVZ (F’), but primary cilia are still present in the 
RMS (E’), the dorsal V-SVZ (G’) and the ventral V-SVZ (H’). (I-K) No significant change 
is observed in the numbers of activated caspase 3+ cells (I), PH3+ cells (J) and BrdU+ 
cells (K) (BrdU injected 1 h before perfusion) in all regions of the V-SVZ. This suggests 
no change in V-SVZ cell apoptosis or proliferation at P0. 
 
(L-M) hGFAP::Cre; Ai14 mice show that hGFAP::Cre expression is extended towards 
the ventral part of the brain at P10. (N-P) Endogenous GFAP (white) and transgenic 
tdTomato (red) expression are observed throughout the walls of the lateral ventricle. 
Some radial glia have differentiated into CD24+ (green) E1 cells. (Q-T) In hGFAP::Cre; 
Kif3afl/+ controls, ACIII+ primary cilia are observed pointing towards the ventricular 
lumen. The sparse density of the primary cilia reflects a lower density of B1 cells at P10 
compared to their progenitor, radial glia, at P0. (Q’-T’) hGFAP::Cre; Kif3afl/fl mice have 
lost almost all their V-SVZ primary cilia, except for one or two at the ventral-most tip (T’). 
(U-V) BrdU administered to the mice at P0-P1 (U) is mostly retained in the AV V-SVZ 
cells in hGFAP::Cre; Kif3afl/fl mice, but the BrdU label is mostly diluted in the 
corresponding cells of hGFAP::Cre; Kif3afl/+ controls (V). This suggests a lower rate of 
proliferation in the AV V-SVZ in the hGFAP::Cre; Kif3afl/fl mice. (W) The number of 
BrdU+ cells that express the neuroblast marker DCX are not significantly different in 
hGFAP::Cre; Kif3afl/fl mice, suggesting that neuronal migration is not affected. (X) The 
rate of apoptosis is also normal in hGFAP::Cre; Kif3afl/fl mice, as shown by the small 
numbers of activated caspase 3+ cells in all regions of the V-SVZ. (I-K,V-X) Bar graphs 
show mean ± s.d. from at least three mice per experimental group. P values are 
calculated using Student’s t-test. (A-B,L-M) Multiple high magnification images are tiled 
to form the final images in panels A-B and L-M. 
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Figure S5. Ad::Cre-infected B1 cells in Kif3afl/fl; Z/EG mice lose their primary cilia 
by P40 (A-D) V-SVZ wholemounts (A,C) and coronal sections (B,D) confirm accurate 
targeting of Ad::Cre to the dorsal (A-B) and ventral (C-D) V-SVZ. (E-F) The majority of 
non-recombined B1 cells have primary cilia regardless of genotype, while the majority of 
recombined B1 cells in Kif3afl/fl; Z/EG mice have lost their primary cilia 40 days after 
dorsal-targeted injections (control: 20/23 GFP- cells and 10/11 GFP+ cells; mutant: 
40/46 GFP- cells and 1/16 GFP+ cells have primary cilia) (E) or ventral-targeted 
injections (control: 178/195 GFP- cells and 19/20 GFP+ cells; mutant: 62/65 GFP- cells 
and 0/12 GFP+ cells have primary cilia) (F). (G) A few GFP+ E1 cells, likely 
differentiated from recombined radial glia, are also observed. (G’) Immunostaining for 
the ependymal cilia marker AcTub shows that GFP+ E1 cells in Kif3afl/fl; Z/EG mice 
have also lost their motile cilia. (H-I) Dorsal-targeted injections give rise to mostly GFP+ 
superficial granule cells (H), while ventral-targeted injections result in mostly GFP+ deep 
granule cells (I) in the P60 OB. (A-D) Multiple high magnification images are tiled to 
form the final images in panels A-D. 
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Chapter 5 

A Dorsal Shh-Dependent Domain in the V-SVZ produces 

Oligodendrocytes in the Postnatal Brain 

 

Neural stem cells in different locations of the postnatal mouse ventricular-

subventricular zone (V-SVZ) generate different subtypes of olfactory bulb (OB) 

interneurons. It is known that a small number of oligodendrocytes continue to be 

produced in the postnatal V-SVZ, but the regional origin of these postnatally produced 

oligodendrocytes remains unknown. Three consecutive waves of oligodendrocyte 

production have been described in the developing forebrain: from the medial ganglionic 

eminence (MGE) and anterior entopeduncular area (AEP), the lateral and/or caudal 

ganglionic eminence (LGE and CGE), and a third wave from the perinatal cortex that 

contributes significantly to the oligodendrocyte population in the corpus callosum (CC). 

This third wave is likely produced in the postnatal V-SVZ, but the precise location and 

type of progenitor cells that give rise to this third wave is not known. Here we show that 

during the first postnatal week, a restricted Gli1-expressing domain in the dorsal V-SVZ 

contains radial glia that produce oligodendrocytes that migrate to the corpus callosum 

(CC). This dorsal source of oligodendrocyte progenitors cells (OPCs) is dependent on 

the Sonic hedgehog (Shh) signaling pathway. This work furthers our understanding of 

the developmental origin and regulation of OPCs in the mammalian forebrain. 
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Introduction 

In the developing spinal cord, oligodendrocytes are derived from progenitors 

located in a specialized domain (pMN) of the ventral neuroepithelium and the dorsal 

(dP3-5) domains (Sun et al., 1998; Lu et al., 2002; Takebayashi et al., 2002; Zhou et al., 

2002; Richardson et al., 2006). From the pMN domain, oligodendrocyte progenitor cells 

(OPCs) migrate throughout the spinal cord before differentiating into mature myelin-

forming oligodendrocytes. OPCs from the dorsal spinal cord arise later in development 

and migrate mostly within the dorsal spinal cord (Cai et al., 2005; Fogarty et al., 2005; 

Vallstedt et al., 2005). OPC generation in the pMN depends on Sonic hedgehog (Shh) 

signaling and on the Nkx6.1 and Nkx6.2-regulated expression of oligodendrocyte 

transcription factor 2 (Olig2) (Qiu et al., 1998; Briscoe et al., 2000; Vallstedt et al., 

2001). In contrast, the dorsal generation of OPCs appears to be independent of Shh, 

Nkx6.1 and Nkx6.2 (Cai et al., 2005; Fogarty et al., 2005; Vallstedt et al., 2005; 

Chandran et al., 2004; Kessaris et al., 2004). 

In the forebrain, however, the developmental origin of OPCs has been 

controversial. In chick embryos, the expression of the oligodendrocyte-lineage markers 

myelin proteolipid protein (Plp-Dm20) and the O4 antigen is initially restricted to the 

anterior entopeduncular area (AEP) (Perez Villegas et al., 1999) and chick-quail grafting 

experiments demonstrate that all cortical oligodendrocytes are ventrally derived in birds 

(Olivier et al., 2000). Moreover, some OPCs in the cortex are positive for the 

transcription factors Dlx1 and Dlx2, suggesting that they originate in the ventral 

telencephalon where Dlx1 and Dlx2 are first expressed (He et al., 2001; Marshall et al., 
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2002). In contrast, cell fate mapping using Emx1::Cre transgenic mice suggests that 

many oligodendrocytes in the cortex are generated locally (Gorski et al., 2002). 

These seemingly contradictory observations are reconciled in a more recent 

study using Nkx2.1::Cre; Gsh2::Cre and Emx1::Cre transgenic mice to lineage trace 

progenitor cells of the medial and lateral ganglionic eminences (MGE and LGE) and the 

cortex, respectively. These analyses demonstrated three sequential waves of 

oligodendrocytes in the forebrain (Kessaris et al., 2005). The first OPCs arise from the 

MGE and AEP in the ventral telencephalon at embryonic day (E)11.5; the second wave 

of OPCs originate from the LGE around E15; and the third wave comes from the cortex 

during the early postnatal period (Kessaris et al., 2005). The MGE and AEP, like the 

pMN, are enriched with Shh, its receptor Patched (Ptc) and Olig2 (Spassky et al., 2001; 

Tekki-Kessaris et al., 2001; Fuccillo et al., 2004). However, whether the production of 

oligodendrocytes in the dorsal forebrain requires Shh is not known. 

Interestingly, in rodents, the last wave of OPC appears to be generated 

postnatally coinciding with the production of many neurons destined to the olfactory bulb 

(OB). These neurons and oligodendrocytes are derived from persistent germinal activity 

in the postnatal ventricular-subventricular zone (V-SVZ) (Levison and Goldman, 1993; 

Luskin and McDermott, 1994; Menn et al., 2006). Retroviral fate mapping suggests that 

small numbers of oligodendrocytes continue to be produced in the adult mouse brain V-

SVZ (Menn et al., 2006). The V-SVZ is an extensive germinal layer on the walls of the 

lateral ventricles that includes components derived from the MGE, LGE and cortex 

(Fuentealba et al., 2012). Different subregions of the V-SVZ are specialized for the 
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production of different subtypes of OB interneurons, but the origin of OPCs from this 

extensive postnatal germinal niche remains unknown. 

Here we present evidence of a domain with transiently elevated Shh activity in 

the dorsal V-SVZ, which has not been previously described. Lineage tracing of these 

Gli1-expressing radial glia indicates that this subcallosal zone produced 

oligodendrocytes that migrated primarily into the corpus callosum (CC) and cortex. 

Inactivation of Smo decreased the production of oligodendrocytes from this dorsal 

source whereas ectopic activation of Smo in the same region increased 

oligodendrogenesis in both the neonatal and adult brain. This study identifies a dorsal 

Shh-dependent domain of the postnatal V-SVZ, where many oligodendrocytes are 

generated. This domain may be critical for the production of oligodendrocytes for 

myelination of the human postnatal brain. 

 
 

Results 

Transient Expression of Gli1 in the Dorsal V-SVZ 

The Shh signaling pathway is critical in the development and patterning of the 

nervous system (McMahon et al., 2003; Fuccillo et al., 2006). In the postnatal V-SVZ, 

Shh is important for the generation and proliferation of neural stem cells (NSCs) (Lai et 

al., 2003; Balordi and Fishell, 2007b), and for the specification of regional identity and 

determination of cell fate in the adult NSCs (Ihrie et al., 2011; Merkle et al., 2014). 

Previous studies have shown that Shh activity occurs mainly in the ventral V-SVZ. In-

situ hybridization (ISH) for Gli1 shows higher expression in the ventral V-SVZ compared 

to the dorsal V-SVZ (Fuccillo et al. 2004; Palma et al., 2005; Ihrie et al., 2011). 
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Likewise, staining of brain sections from Gli1-LacZ and Ptc-LacZ reporter mice 

(Goodrich et al., 1997; Bai et al., 2002; Petrova et al., 2013) shows higher reporter 

expression in the ventral V-SVZ. However, these studies were performed mainly on 

adult brains; a detailed analysis of Gli1 expression in the different regions of the V-SVZ 

from birth through early postnatal development is still lacking. We therefore carried out 

ISH for Gli1 in postnatal day (P)0, P7, P14 and P21 (Figure 1A-H) mouse brains. 

Surprisingly, Gli1 expression at P0 and P7 was enriched not only in the anterior ventral 

(AV) V-SVZ (Figure 1A-D, as observed in adults), but also dorsally in a region between 

the lateral ventricle and the CC, which we refer to as the subcallosal zone (Figure 1A-B, 

1E-F). Notably, higher levels of Gli1 were detected in the subcallosal zone posteriorly 

(Figure 1E-F) than anteriorly (Figure 1A-B). Expression of Gli1 in this dorsal V-SVZ 

region was reduced at P14 and mostly absent by P21 (Figure 1C-D, 1G-H), consistent 

with previous studies reporting higher Shh activity in the ventral V-SVZ (Goodrich et al., 

1997; Bai et al., 2002; Ihrie et al., 2011; Petrova et al., 2013). 

 
Staining V-SVZ wholemounts (Mirzadeh et al., 2010) dissected from Gli1-LacZ 

reporter mice (Bai et al., 2002) at P4 clearly revealed the two domains of Gli1 

expression (Figure 1I); strong expression of the reporter in the AV region (red asterisk) 

and the elongated strip of expression (red arrows) in the dorsal edge of the wholemount 

corresponding to the subcallosal zone. Quantitative RT-PCR analysis of microdissected 

tissue from the anterior dorsal (AD), anterior ventral (AV), posterior dorsal (PD) and 

posterior ventral (PV) regions of the V-SVZ (Figure 1J) confirmed this temporal and 

spatial pattern of expression. Expression of the transcription factors Pax6 and Nkx2.1, 

which are expressed in the dorsal and ventral forebrain, respectively (Toresson et al., 
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2000; Yun et al., 2001; Xu et al., 2008; Xu et al., 2010) were used as controls for the 

microdissection (Figure 1J-K). At P0 and P7, elevated levels of Gli1 expression were 

observed in the subcallosal zone, especially in the posterior subcallosal zone, relative to 

the ventral regions (Figure 1L).  However, by P14 and P21, the highest expression of 

Gli1 was observed in AV V-SVZ (Figure 1L). These results from the ISH, quantitative 

RT-PCR and Gli1-LacZ reporter mice revealed a novel domain of high Gli1 expression 

in the dorsal V-SVZ, which appeared transiently during early postnatal development. 

 

Gli1-Expressing Radial Glia at the Cortical V-SVZ Produce Oligodendrocytes 

NSCs residing in the walls of the lateral ventricles of the postnatal brain are 

heterogeneous (Merkle et al., 2007). Early postnatal NSCs correspond to radial glial 

cells, which transform into B1 cells, the adult V-SVZ NSCs. Shh-responsive B1 cells in 

the ventral V-SVZ give rise preferentially to deep granule interneurons and calbindin-

positive periglomerular cells in the olfactory bulb (OB) (Ihrie et al., 2011). We have also 

recently reported that Gli1-expressing progenitors at the AV V-SVZ generate four 

additional novel OB interneuron subtypes (Merkle et al., 2014). We were therefore 

curious to determine what types of progeny are produced within the transient Gli1-

expressing dorsal V-SVZ in the subcallosal zone. We made use of the LacZ/EGFP 

double reporter mice (Yamamoto et al., 2009), which express "-galactosidase upon Cre 

recombination and EGFP upon simultaneous Cre and Flp recombination (Figure 2A). By 

crossing these double reporter mice with Gli1::CreER mice and administering tamoxifen 

to their offspring at P0-P2, we induced Cre recombination in the Gli1-expressing cells 

(Figure 2A). To specifically label the Gli1-expressing radial glia in the subcallosal zone, 
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we injected an adenovirus expressing Flp (Ad::Flp) dorsally next to the pia surface of 

the neonatal mice to infect the distal processes of the radial glia at the cortical V-SVZ 

(Figure 2A).  Previous studies have shown that targeting this location results in the 

labeling of dorsal V-SVZ (Merkle et al., 2007; Ventura et al., 2007) and confirmed that 

this targeting labels specifically the radial glia in the subcallosal zone. The virus is 

transported via the radial processes back to the cell bodies that line the lateral ventricle 

(Merkle et al., 2007). In this way, only the Gli1-expressing radial glia in the subcallosal 

zone and their progeny were labeled with EGFP. 

The majority of GFP-positive cells observed at P28, were present in the CC 

(Figure 2B). These cells were mainly OPCs or mature oligodendrocytes as they 

expressed the oligodendrocyte lineage markers Olig2 (Figure 2E), sex determining 

region Y-box 10 (Sox10) (Figure 2F) and adenomatous polyposis coli (APC) (Figure 

2G). Some of the GFP-positive cells in the CC were fibrous astrocytes that expressed 

the glial fibrillary acidic protein (GFAP) (Figure 2H). A few green cells were also present 

in the cortex (Figure 2B). These included Sox10-positive oligodendrocytes (Figure 2C) 

and protoplasmic astrocytes that stained negative for GFAP (Figure 2D). Consistent 

with previous findings that radial glia in the dorsal V-SVZ generate superficial granule 

interneurons (Merkle et al., 2007), we also observed GFP-positive neurons in the 

superficial granule layers of the OB (Figure 2I).  These neurons expressed the pan-

neuronal marker NeuN but did not express the calcium-binding protein calretinin (CalR) 

or the dopaminergic neuronal marker tyrosine hydroxylase (TH). 

 

Oligodendrogenesis at the Subcallosal Zone is Shh-Dependent 
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Production of oligodendrocytes in the embryonic ventral spinal cord (Miller, 1996; 

Rogister et al., 1999; Richardson et al., 2000; Spassky et al., 2000) and in the 

developing ventral telencephalon (Tekki-Kessaris et al., 2001) require Shh signaling. 

The above findings indicate that cortical radial glia that express the Shh target gene Gli1 

during early postnatal life also give rise to oligodendrocytes. We therefore asked if 

oligodendrogenesis in the subcallosal zone requires Shh signaling. We injected 

adenovirus expressing Cre (Ad::Cre) into Smofl/fl; Ai14 mice (Long et al., 2001) at P0, to 

infect the radial glia at their cortical V-SVZ (Figure 3A). This allowed the permanent 

labeling of cells derived from these radial glia, by the conditional activation of the 

tdTomato reporter, and the conditional inactivation of Smo, which is essential for Shh 

signaling (Rohatgi et al., 2007). Analysis of the brains at P28 showed a drastic decrease 

in the numbers of tdTomato-positive cells expressing Olig2, Sox10 or APC in the CC of 

the Smofl/fl; Ai14 mice (Figure 3B-C) compared to the Smo+/+; Ai14 controls (Figure 3D-

E). 

The dorsal lateral wall normally gives rise to very few oligodendroctes in the CC 

(Menn et al., 2006). We next asked if activation of Shh signaling pathway in this dorsal 

region of the V-SVZ had any effect on the production of astrocytes. This region normally 

produces superficial granule neurons (Merkle et al., 2007). When we injected Ad::Cre 

into SmoM2; Ai14 mice, which expressed a constitutive active form of the Smo receptor 

upon Cre recombination (Jeong et al., 2004), many of the cells destined for the OB 

become re-specified to deep granule neurons (Ihrie et al., 2011). SmoM2 activation by 

the injection of Ad::Cre laterally into SmoM2; Ai14 mice (Figure 3I), resulted in a 

dramatic increase in the production of tdTomato-positive cells that expressed Olig2, 
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Sox10 and APC in the CC (Figure 3L-P). These observations suggest that Shh activity 

in the subcallosal and dorsal V-SVZ promotes the generation of oligodendrocytes that 

populate the adjacent CC. 

Our ISH (Figure 1C-D, G-H) and quantitative RT-PCR (Figure 1K) data indicated 

that Gli1 expression in the subcallosal zone diminished after the first postnatal week. If 

Shh activity were reinstated in the adult, would progenitor cells in the subcallosal zone 

be stimulated to produce oligodendrocytes? We injected Ad::GFAP::Cre into the dorsal 

V-SVZ of P30 SmoM2; Ai14 mice. Analysis of the brains 1 month post-injection showed 

a significantly higher number of Ai14+ Olig2+ cells in the CC of SmoM2; Ai14 mice 

compared to SmoWT; Ai14 mice (Figure S2A-E). This result suggests that ectopic 

activation of Smo in the dorsal V-SVZ promotes oligodendrogenesis in the adult brain. 

 

Discussion 

We identify a dorsal V-SVZ domain that transiently displays high levels of Gli1 

expression during the first postnatal week in mice. Using tamoxifen-inducible Cre 

recombination, coupled with stereotaxic injection of adenovirus expressing Flp, we 

develop a method to specifically lineage trace the Gli1-expressing radial glial cells that 

reside in this dorsal domain. Interestingly, multiple cell types were derived from the 

radial glia in this region: specific subtypes of interneurons that migrated to the OB, 

astrocytes and oligodendrocytes that migrated to the cortex and CC. Genetic 

inactivation of the Shh receptor Smo in these dorsal V-SVZ radial glia resulted in a 

drastic reduction in their production of oligodendrocytes in the CC. In contrast, 

expression of the constitutive active receptor SmoM2 significantly increased the number 
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of oligodendrocytes produced. Moreover, this effect of SmoM2 was recapitulated in 

adult mice, where Gli1 expression is diminished in the dorsal V-SVZ. These results 

reveal a dorsal region in the telencephalon that is regulated by Shh, where many 

oligodendrocytes are produced during postnatal life. Targeting the Shh signaling 

pathway in these progenitors may be a potential strategy for stimulating 

oligodendrogenesis in demyelinating diseases in the dorsal forebrain. 

NSCs in the V-SVZ are known to be heterogeneous (Merkle et al., 2007). Dorsal 

V-SVZ cells produce superficial granule cells and TH+ periglomerular cells, while ventral 

V-SVZ cells give rise to deep granule cells and calbindin+ periglomerular cells (Merkle 

et al., 2007). Recently, it has been shown that distinct microdomains in the anterior 

ventral V-SVZ generate four additional interneuron subtypes destined to specific 

locations in the OB (Merkle et al., 2014). Besides neurons, V-SVZ stem cells also 

produce a small number of oligodendrocytes (Menn et al., 2006; Seri et al., 2006). 

However, the regional specification of V-SVZ NSCs that give rise to OPCs is unknown. 

Our study provides evidence that a restricted dorsal domain, characterized by high Shh 

activity, serves as a source of OPCs during the early postnatal period. We cannot rule 

out that other regions within the Emx1+ dorsal forebrain (Kessaris et al., 2005) may also 

contribute to the production of oligodendrocytes. 

In the developing neural tube, levels of Shh ligand vary along the dorsoventral 

axis and over time to create a morphogen gradient (Jessell, 2000; Ribes and Briscoe, 

2009). This results in graded levels of transcriptional activity of Gli transcription factors, 

allowing Shh signaling to regulate cell proliferation and fate in the developing forebrain 

and hindbrain (Machold et al., 2003; Corrales et al., 2004; Blaess et al., 2006; Balordi 
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and Fishell, 2007a; Balordi and Fishell, 2007b; Xu et al., 2010). In the adult V-SVZ, we 

have previously reported that ablation of Shh decreases production of ventrally derived 

neuron types in the OB (Ihrie et al., 2011). Ectopic activation of the Shh pathway (using 

SmoM2) in dorsal NSCs re-specifies their progeny to deep granule interneurons and 

calbindin+ periglomerular cells (Ihrie et al., 2011). Interestingly, in the present study we 

identified a dorsal V-SVZ domain, where ectopic activation of the Shh pathway led, not 

only to the observed re-specification from superficial to deep interneurons, but also led 

to a dramatic increase in oligodendrocyte production. In contrast, inactivation of Smo 

had the opposite result (i.e. decreased oligodendrocyte production). It is interesting that 

the neurons produced from this Gli1+ dorsal domain are superficial, when they are 

derived from a domain in the V-SVZ with active Shh signaling. Yet, when this signaling 

is increased by SmoM2, neuronal re-specification was observed. The intensity of Gli1 

expression (Figure 1) suggests higher levels ventrally than dorsally, but further 

quantitative analysis of Shh signaling would be required to understand how neuronal 

cell types are specified. Location in the V-SVZ may be associated not only to 

differences in Shh signaling levels, but also differences in other signaling pathways. 

Similarly, high Shh signaling in V-SVZ progenitors is not always associated with high 

oligodendrocyte production; the ventral V-SVZ has high Gli1 expression, but produces, 

few if any oligodendrocytes postnatally (Kessaris et al., 2005). 

Whether the same NSC can generate both neuronal and glial progeny is a long-

standing question in the field. The identification of a dorsal Gli1-expressing subregion in 

the V-SVZ that gives rise to both OB neurons and oligodendrocytes in the CC presents 

an excellent opportunity to probe the multipotency of V-SVZ NSCs, via clonal analysis 
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or time-lapse imaging. Targeting the Shh pathway in this dorsal V-SVZ domain may 

also open new doors for myelin repair in conditions of white matter loss. 
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Figure 1. Gli1 expression is transiently enriched in the subcallosal region during 
the first postnatal week (A-H) ISH shows high expression of Gli1 at the anterior 
ventral tip of the V-SVZ (red brackets). Low expression of Gli1 is observed throughout 
the lateral walls of the lateral ventricle at both anterior (A-D) and posterior (E-H) levels. 
At P0 and P7 (A-B, E-F), Gli1 expression is also enriched at the subcallosal zone (black 
brackets). However, the Gli1 expression at this region is reduced at P14 and P21 (C-D, 
G-H). (I) A V-SVZ wholemount preparation from a P4 Gli1-lacZ mouse showing very 
strong X-gal staining at the anterior ventral region (red asterisk) and strong X-gal 
staining near the dorsal region that corresponds to the subcallosal domain (red 
arrows).(J) Schematic showing the anterior dorsal (AD, blue), anterior ventral (AV, red), 
posterior dorsal (PD, green) and posterior ventral (PV, purple) regions of the V-SVZ that 
were microdissected from mice of ages P0, P7, P14 and P21. (K) RT-PCR results 
confirm that Pax6 is highly expressed in the dorsal regions, while Nkx2.1 is highly 
enriched in the ventral regions. (L) RT-PCR data also shows that Gli1 expression is 
enriched in the dorsal regions compared to the ventral regions at P0 and P7. Gli1 
expression becomes less in the dorsal regions relative to the ventral regions at P14 and 
P21. 
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Figure 2. Gli1-expressing radial glia at the cortical V-SVZ give rise to 
oligodendrocytes in the corpus callosum (A) Mice containing Gli1::CreER and the 
LacZ-EGFP double reporter were given tamoxifen from P0-P2, and injected with Ad::Flp 
at P0 to infect the radial glia at the cortical region of the V-SVZ. (B) At P28, EGFP+ cells 
are observed in the cortex (C-D) and the corpus callosum (E-H). Confocal micrographs 
showing in the cortex, GFP+ Sox10+ oligodendrocytes (C) and GFP+ GFAP- astrocytes 
(D); in the corpus callosum, GFP+ Olig2+ oligodendrocytes, GFP+ Sox10+ 
oligodendrocytes, GFP+ APC+ oligodendrocytes and GFP+ GFAP+ astrocytes. (I) 
EGFP+ superficial granule cells are also observed in the OB (J-L). Confocal 
micrographs showing GFP+ NeuN+ granule cells (J) that do not express CalR (K) or TH 
(L). 
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Figure 3. Inactivation and ectopic activation of Smo at the cortical V-SVZ lead to 
decreased and increased oligodendrocytes in the corpus callosum, respectively 
(A) Neonatal Smofl/fl; Ai14 mice were injected with Ad::Cre to infect the radial glia at the 
cortical region of the V-SVZ. (B-E) Compared to their Smo+/+; Ai14 littermates (B-C), 
Smofl/fl; Ai14 mice have decreased numbers of tdTomato+ cells in the corpus callosum 
at P28 (D-E). Co-immunostaining for Ai14 and the oligodendrocyte markers Olig2 (F), 
Sox10 (B,D,G) and APC (C,E,H) show that in Smofl/fl; Ai14 mice, the radial glia at the 
cortical region of the V-SVZ give rise to decreased numbers of oligodendrocytes in the 
corpus callosum. (J-P) In contrast, ectopic activation of SmoM2 results in increased 
numbers of oligodendrocytes in the corpus callosum (see also Figure S1). This was 
observed whether Ad::Cre was injected at the pia surface or in the striatum, where the 
radial processes brought the virus back to the cell bodies at the cortical V-SVZ (I). (F-H, 
N-P) Bar graphs represent mean ± SD from at least three animals per experimental 
group. P values are calculated using Student’s t-test. 
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Figure S1. Ectopic activation of Smo at the cortical V-SVZ results in increased 
oligodedrocytes in the corpus callosum (A-D) Injection of Ad::Cre at the pia surface 
(A-B) or in the striatum (C-D) of neonatal pups result in infection of the radial glia at the 
cortical region of the V-SVZ. Neurolucida tracings show that in SmoM2; Ai14 mice (B, 
D), the radial glia at the subcallosal region give rise to dramatically increased numbers 
of tdTomato+ cells (red) in the corpus callosum compared to Smo+/+; Ai14 mice (A,C). 
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Figure S2. Activation of Smo at the dorsal V-SVZ results in increased 
oligodendrocytes in the adult (A-C) In the adult (P30) mice, activation of SmoM2 
results in increased Ai14+ Olig2+ cells in the corpus callosum. (C) Bar graph represents 
mean ± SD from at least three animals per experimental group. P values are calculated 
using Student’s t-test. (D-E) Neurolucida tracings show hardly any tdTomato+ cells in 
the Smo+/+; Ai14 mice (D), but substantial numbers of these cells in the corpus callosum 
of SmoM2; Ai14 mice (E). 
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Chapter 6 

Concluding Remarks and Future Directions 

 

 For a long time, it was believed that animals were born with a fixed set of 

neurons and that no new neurons could be added to the brain after birth. The discovery 

that new neurons continue to be produced in the adult brain raised hopes for brain 

repair and neuronal replacement in disease and injury conditions. It also raised basic 

questions about the function of the new neurons in the context of a fully developed 

brain. Furthermore, the new neurons are born surrounded by a constellation of neuronal 

circuits that are fully engaged in adult brain functions. How these circuits influence the 

brain is also a question of great interest. In this dissertation, I show that the adult neural 

stem cell (NSC) niche is influenced by the serotonergic (5HT) neuronal pathway. I also 

show that the primary cilia are required by NSCs in the ventral ventricular-subventricular 

zone (V-SVZ) for normal neurogenesis, possibly via a Sonic hedgehog (Shh)-mediated 

mechanism. In addition, I describe a dorsal domain in the postnatal V-SVZ that 

produces oligodendrocytes in a Shh-dependent manner. In the following sections, I 

present additional preliminary data that extend the study of the extensive plexus of 

supraependymal 5HT axons present in the ventricular walls. I also discuss future 

directions for investigating the roles of primary cilia and Shh signaling in the generation 

of neurons and glia from the postnatal V-SVZ. 

 

Supraependymal Serotonergic Axons are Present in Humans 
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Previous studies have shown that supraependymal 5HT axons are present in a 

number of mammalian species, including mice, rats, monkeys, and humans (Aghajanian 

and Gallager, 1975; Richards et al., 1980; Lorez and Richards, 1982; Mathew, 1999). 

These previous studies used sections, which only reveal a very partial view of the extent 

of the axonal plexus on the walls of the ventricles. Using immunohistochemistry on 

wholemounts of portions of the human brain lateral ventricle and electron microscopy 

(EM), we detected 5HT axons on the apical surface in 3 infants (0 d, 4 mo, 6 mo) and 3 

adults (52 y, 53 y, 62 y) (Figure 1, Figure 2). As in mice, the supraependymal axons in 

humans expressed acetylated tubulin (AcTub) (Figure 1C, F, I), 5HT (Figure 1C-E), and 

serotonin transporter (SERT) (Figure 1F-H). The axonal varicosities contained the 

presynaptic marker synaptophysin (Figure 1I-K). EM showed that in humans, as in 

mice, the supraependymal axons were closely associated with ependymal microvilli 

(Figure 2A). EM also revealed microtubules along the axonal shaft (Figure 2A), and 

numerous dark and light-core vesicles (Figure 2B) and mitochondria (Figure 2C) within 

the axonal varicosities. In human infants, the V-SVZ contains neural progenitor cells 

that generate new neurons not only for the olfactory bulbs (OBs), but also for specific 

subregions of the prefrontal cortex (Sanai et al., 2004; Sanai et al. 2011; Yang et al., 

2011). The adult brain also contains a small number of proliferating cells in the SVZ. 

While it remains speculative, it has been suggested that some of these dividing cells 

could have NSC properties that possibly continue to generate neurons into adulthood 

(Eriksson et al., 1998; Sanai et al., 2004; Ernst et al., 2014). However, only very few 

migrating SVZ neuroblasts are normally observed in children older than 2 y of age or 

adults (Sanai et al., 2004; Sanai et al., 2011), suggesting that compared with other 
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mammals, neurogenesis in the walls of the lateral ventricles may be rare in humans. 

Furthermore, while some cells in the SVZ of the adult human brain appear to have 

apical contacts with the ventricle, which would potentially allow them to interact with 

supraependymal axons (Sanai et al., 2004; Sanai et al., 2011), it remains unclear if 

these ventricle-contacting cells correspond to NSCs. Therefore, it remains unknown 

whether supraependymal axons participate in the regulation of adult neurogenesis in 

the human brain. 

 

Supraependymal Axons make Extensive Contacts with E1 Cells 

In addition to B1 cells, supraependymal axons in the mouse brain make 

extensive contacts with E1 cells (Tong et al., 2014). Supraependymal axons are 

therefore likely to influence the functions of E1 cells. Consistently, in the mouse brain 

lateral ventricles, supraependymal 5HT axons looped around many of the E1 cells 

(Figure 3A-D). The axons appeared to avoid the cilia patch and traversed the large 

apical surfaces of E1 cells parallel to the cell borders (borders revealed by "-catenin 

staining; Figure 3A-D). The interaction between the 5HT axons and E1 cells is best 

observed at the EM. Supraependymal axons were held tightly next to the apical surface 

of E1 cells by a rich set of microvilli lining the borders of the axons (Figure 3E). 

Furthermore, E1 cells established desmosome-like, symmetrical electron-dense 

contacts, with supraependymal axons (Figure 3F). Intriguingly, a fragment of 

endoplasmic reticulum (ER) cisterna with ribosomes attached on the cytoplasmic side 

was frequently observed in the E1 cells adjacent to the site of contact with the axons 

(black arrows in Figure 3G-H). This suggests active protein synthesis in the E1 cells 
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close to sites where they contacted supraependymal axons via desmosome-like 

junctions. Membrane invaginations were also observed in the vicinity of these contacts, 

suggesting endo/exocytosis associated to the junctional complexes (white arrows in 

Figure 3H-I). We found similar membrane invaginations in E1 cells next to 

supraependymal axons (Figure 2D) in humans. Desmosome-like contacts between the 

axons and E1 cells were also observed in the lateral ventricles of the human brain 

(Figure 2E-F), but the fixation quality of the human samples did not allow us to confirm 

the presence of the ER structure near these contacts. AcTub+ supraependymal axons 

were also observed in the third and fourth ventricles of the mouse brain (Figure 3J-K), 

which are not typically associated with neurogenic activity. The above observation 

suggests that 5HT supraependymal axons regulate E1 cell functions in all ventricular 

walls. 

 

Dorsal Raphe Neurons are Synaptically Connected to Select Brain Regions 

We observed that injection of the VSV(LCMV-G) into the caudal part of the dorsal 

raphe resulted in GFP labeling not only in the walls of the lateral ventricles, but also in 

three other forebrain nuclei -- the bed nucleus of stria terminalis, the central nucleus of 

the amygdala and the interpeduncular nucleus (Figure 4A-G).  However, when we 

injected red fluorescent retrobeads into the lateral ventricle and green fluorescent 

retrobeads into the central nucleus of the amygdala (Figure 4H-K).  We did not observe 

co-labeling of the same neurons in the raphe nucleus (Figure 4L), suggesting that 

distinct groups of neurons project to the lateral ventricle and the amygdala. We did not 

carry out similar experiments with the bed nucleus stria terminalis or the interpeduncular 
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nucleus because it would be difficult to specifically label these regions with the 

retrobeads, without also labeling either the lateral ventricle or the raphe nucleus. The 

above observations suggest that raphe neurons that give rise to the supraependymal 

axons may form part of a circuitry involving the stria terminalis, the amygdala and the 

interpeduncular nucleus, which are associated with sleep-wake regulation, emotional 

learning and memory modulation. 

 

Ablation of Supraependymal Axons Increases Feeding and Drinking Behavior 

 To investigate the physiological significance of the supraependymal 5HT axons, 

we ablated the axons on the apical surface of the V-SVZ via bilateral injection of the 

serotonergic neuron-specific toxin, 5,7-dihydroxytryptamine (5,7-DHT), into the lateral 

ventricles (Figure 5A). Upon selective uptake into 5HT neurons, 5,7-DHT undergoes 

autoxidation, resulting in hypoxia and the production of reduced oxygen species and 

alkylating agents of proteins, which effectively kill the 5HT neurons (Sinhababu and 

Borchardt, 1988). Fifteen days post-injection (15 dpi), no 5HT axons were observed at 

the anterior dorsal (AD), anterior ventral (AV), posterior dorsal (PD) and posterior 

ventral (PV) regions of the V-SVZ in these mice (Figure 5B, H-K). Only the most 

posterior region still retained some of the 5HT axons (Figure 5B, L). In contrast, saline-

injected mice had supraependymal 5HT axons in all regions of their V-SVZ (Figure 5B, 

C-G). When subjected to home cage monitoring (Goulding et al., 2002) starting from 15 

dpi, the toxin-injected mice consumed more chow (M-N) and liquid (O-P) than either of 

the saline-injected mice or the naïve mice. These results suggest that ablation of 

supraependymal axons induced higher levels of feeding and drinking. However, one 
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caveat of this experiment is that 5,7-DHT injected into the lateral ventricles could be 

flushed through the third ventricle and into the fourth ventricle, and may be killing raphe 

neurons directly. Immunostaining for 5HT using wholemount preparations of the third 

and fourth ventricles would reveal the extent of ablation of the serotonergic axons, and 

the dose of 5,7-DHT injections could then be titrated to selectively remove the 

supraependymal 5HT axons in the lateral ventricles. 

 

Physiological Implications of an Extensive Supraependymal Serotonergic Plexus 

Our work provides direct evidence of supraependymal 5HT axons interacting with 

B1 and E1 cells of the V-SVZ. These supraependymal axons appear to target all 

forebrain ventricles and cover much of their surface, suggesting that in addition to the 

functions they have regulating NSC function, they likely have a more distributed effect 

on ependymal activity. 5HT, or other co-secreted factor from suprependymal axons, 

may alter the beating of ependymal cilia (Nguyen et al., 2001) altering the circulation of 

cerebrospinal fluid (CSF) (Young et al., 2013). Notably, the path of new neuron 

migration in the adult brain is influenced by the direction of CSF flow (Sawamoto et al., 

2006), therefore 5HT axons could indirectly affect the migration of neuroblasts. 

Supraependymal axons could also alter the epithelial permeability of E1 cells allowing 

radial diffusion of factors to or from the ventricles. Alternatively, or in addition, the 

secretions from these axons may be intended to directly change the composition of the 

CSF, possibly affecting more general functions throughout the neuroaxis. Secretion of 

5HT could also alter permeability of the blood-brain barrier, and these effects could be 

local close to the ventricular walls, or global. Although the precise function of 
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supraependymal axons’ close interactions with E1 cells remains to be determined, the 

present study highlights the influence of a major neuronal pathway—one involved in 

arousal, depression, appetite, reproductive activity, and cognition (Abrams et al., 2004) 

on the ventricular walls. This includes the areas of the lateral ventricles containing the 

largest germinal niche in many adult vertebrates. Future experiments, possibly using 

optogenetics to selectively activate supraependymal-projecting neurons in the raphe, 

may shed new light on the physiological significance of 5HT influence on V–SVZ 

neurogenesis and ependymal functions. In addition, identifying other brain regions that 

are connected with the supraependymal-projecting neurons may inform us not only on 

the physiological relevance of 5HT innervations in the V-SVZ, but also on the possible 

functions of neurogenesis in this brain region. 

 

Primary Cilia-Mediated Shh Signaling in Adult NSCs 

 We show that primary cilia are essential for normal proliferation and 

neurogenesis in a specific Shh-regulated subregion of the postnatal V-SVZ. To directly 

test the hypothesis that primary cilia-mediated Shh signaling is required for normal NSC 

activity, future expriments will investigate whether gain-of-function mutations in the Shh 

effectors downstream of the primary cilia could rescue the cilia mutant phenotypes. This 

involves targeting microinjections of Ad::Cre into different V-SVZ subregions of the 

Kif3afl/fl; SmoM2 or Kif3afl/fl; CLEG2 mice. The SmoM2 and CLEG2 transgenic mice 

express a constitutively active Smoothened (Smo) receptor (Jeong et al., 2004) and a 

constitutively active human GLI2 that lacks the N-terminal repressor domain (Rossier et 

al., 2005, Pasca di Magliano et al., 2006), respectively. If disruption of Shh signaling is 
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indeed responsible for the primary cilia ablation effects on NSC activity, genetic 

activation of the Shh pathway should restore the numbers of ventrally derived OB 

neurons to normal levels. 

 

Source(s) of Shh in the Adult V-SVZ Germinal Niche 

 Our demonstration of a transient dorsal domain of high Gli1 expression in the 

early postnatal V-SVZ suggests that high Shh signaling is not restricted to the ventral 

subregion of this germinal niche. However, whether the Shh signals regulating the 

ventral and dorsal progenitors originate from the same or different source(s) remain 

unknown. Previous studies suggest that Shh produced in the septum could reach the 

ventral V-SVZ by transport along axons (Ihrie et al., 2011). We have observed by in-situ 

hybridization (ISH), that Shh mRNA is present not only in the septum but also in specifc 

layers of the cortex in P0, P7, P14 and P21 mice (Figure 6). We will confirm this using 

the Shh::CreER; Ai14 mice. To determine if the dorsal V-SVZ receives Shh signal from 

the cells in the cortex, we will perform ISH for Gli1 in Emx1::Cre; Shhfl/fl mice, which has 

the Shh gene disrupted only in the dorsal forebrain. If the Shh signals in the dorsal and 

ventral V-SVZ originate from the cortex and septum respectively, we should observe 

ablation Gli1 expression in the dorsal region, while Gli1 expression remains high in the 

ventral region.  

Understanding the endogenous mechanisms that regulate neuogenesis in the 

adult brain will provide insights to the functions of new neurons born postnatally. 

Furthermore, it will enable us to better harness the regenerative potential of adult NSCs 

for therapeutic purposes.
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Figure 1. Supraependymal serotonergic axons are present in humans (A-B) The 
lateral wall of the anterior horn of lateral ventricle (black arrows) in a 6-mo-old human 
brain was examined at the rostral (A) and caudal (B) levels. (C,F,I) Immunostaining for 
acetylated tubulin (AcTub) reveals long axonal processes (white arrows) coursing 
among tufts of ependymal cilia. (C-H) These axons express both serotonin (5HT) (C-E) 
and serotonin transporter (SERT) (F-H). (I-K) Punctate expression of the presynaptic 
marker synaptophysin is observed at the varicosities (white arrows) along the axons. 
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Figure 2. Supraependymal axons in humans have similar ultrastructures as the 
mice (A) Tangential section of an axonal fiber shows long microtubules (black arrow) 
running parallel to the axonal shaft. The axon is closely associated with microvilli (white 
arrow) on the ependymal surface. (B) Transverse section of the axons reveals dark 
(black arrow) and light (white arrow)-core vesicles. (C) Supraependymal axonal 
varicosities also contain mitochondria (black arrows). (D) Note the invagination of the 
ependymal membrane (black arrow) next to the axons, suggestive of endo/exocytosis. 
(E-F) Symmetrical electron-dense contacts (black arrows) are observed between axons 
and ependymal (E1) cells. White arrow in (E) points to the base of an ependymal cilium. 
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Figure 3. Supraependymal serotonergic axons make specialized contacts with E1 
cells in mice (A-D) Confocal microscopy shows supraependymal 5HT axons looping 
around the apical surfaces of E1 cells (indicated by asterisks). (E) EM of the V-SVZ 
wholemount shows that microvilli (black arrows) line the length of the axonal shafts. 
Ependymal cilia (white arrows) are identified by their characteristic (9+2) microtubule 
arrangement. (F) A transverse section shows a desmosome-like contact between a 
suprapendymal axon and a putative E1 cell. (G-H) A fragment of endoplasmic reticulum 
cisterna (black arrow) is frequently observed in the E1 cell adjacent to the site of contact 
with a supraependymal axon. (H-I) Membrane invaginations (white arrow) are also 
observed close to the site of contact between E1 cells and supraependymal axons, 
suggesting active endo/exocytosis. (J-K) Other than the lateral ventricles, antibodies 
against AcTub also stained supraependymal axons (white arrows) in the third (J) and 
fourth (K) ventricles of the mouse brain. 
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Figure 4. VSV(LCMV-G) injected into the dorsal raphe nucleus spreads 
transsynaptically to a select group of target brain regions (A) VSV(LCMV-G) was 
injected into the dorsal raphe nucleus of adult mice. 4 days post-injection (4 dpi), EGFP 
is observed in the somata of neurons in two forebrain nuclei: the bed nucleus of stria 
terminalis (B-C) and the central nucleus of amygdala (D-E). In addition, labeled neurons 
are observed in the interpeduncular nucleus of the mesencephalon (F-G). (H) Red 
retrobeads were injected into the lateral ventricle (I) and green retrobeads were injected 
into the central nucleus of the amygdala (J-K). Three weeks post-injection, red 
retrobeads and green retrobeads labeled the cell somata in the dorsal raphe nucleus, 
but no overlapping labeling was observed (L). Red retrobeads were located in cells 
closer to the midline while green retrobeads were found more laterally (L). 
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Figure 5. 5,7-DHT-injected mice eat and drink more than saline-injected mice (A) 
Mice injected with 5,7-DHT or saline were sacrificed and their brains analyzed 15 dpi. In 
a separate experiment, mice injected with 5,7-DHT or saline were subjected to 15 days 
of home cage monitoring (Goulding et al., 2002) starting from 15 dpi. (B) At 15 dpi, no 
supraependymal axons were observed at the AD, AV, PD and PV regions of the V-SVZ 
wholemounts dissected from the mice that were injected with 5,7-DHT (H-K). However, 
some axons were still present at the most posterior region of the V-SVZ in these mice 
(L). In contrast, supraependymal axons were observed throughout the V-SVZ 
wholemounts dissected from the saline-injected mice (C-G). (B) Bar graph represents 
mean ± SD from at least three animals per experimental group. (M-P) Box-and-whisker 
plots (M,O) and line graphs (N,P) show that toxin-injected mice consume more chow 
(M-N) and liquid (O-P) than saline-injected or naïve mice. (N,P) Line graphs represent 
mean from at least eight animals per experimental group. 
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Figure 6. Shh is expressed in the cortex and septum (A-D) ISH shows high levels of 
Shh expression in the septum of wildtype mice at ages P0 (A), P7 (B), P14 (C) and P21 
(D). (A’-D’) High magnification images of areas indicated by dotted boxes in panels A-D, 
respectively. Note that Shh is expressed in specific cortical layers at P0 (A’), P7 (B’), 
P14 (C’) and P21 (D’). Arrows indicate examples of Shh-positive cells. 
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Appendix 

Movie S1. An extensive and dense plexus of supraependymal 5HT axons blankets 
the lateral wall of the lateral ventricle Supraependymal axons on the apical surface of 
a V-SVZ wholemount preparation are stained using an antibody against 5HT (green). 
Note the overlapping thick and thin axonal fibers with varicosities of varying sizes, the 
loops and bulbous expansions they form, and their general orientation parallel to the 
CSF flow: along the anterio-posterior axis in the dorsal V-SVZ, and along the dorso-
ventral axis in the region immediately posterior to the adhesion point. 






