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Primary cilia are sensory organelles that are important for initiating cell division in 

the brain, especially through sonic hedgehog (Shh) signaling. Several lines of evidence 

suggest that the mitogenic effect of Shh requires primary cilia. Proliferation initiated by 

Shh signaling plays key roles in brain development, in neurogenesis in the adult 

hippocampus, and in the generation of glial cells in response to cortical injury. In spite of 

the likely involvement of cilia in these events, little is known about their characteristics. 

Centrosomes, which are associated with primary cilia, also have multiple influences on 

the cell cycle, and they are important in assembling microtubules for the maintenance of 

the cell’s cytoskeleton and cilia. The cilia of terminally differentiated neurons have been 

previously examined with respect to length, incidence, and receptors present. However, 

almost nothing is known about primary cilia in stem cells, progenitors, or differentiated 

glial cells. Moreover, it is not known how the properties of cilia and centrosomes may 

vary with cell cycle or proliferative potential, in brain or other tissues.  

This dissertation focuses first on neurogenesis in the hippocampal subgranular 

zone (SGZ). The SGZ is one of the few brain regions in mammals that gives rise to a 

substantial number of new neurons throughout adulthood.  The neuron lineage contains 

a progression of identifiable precursor cell types with different proliferation rates. This 

present study found that primary cilia were present in every cell type in the neuronal 

lineage in SGZ. Cilium length and incidence were positively correlated among these cell 

types. Ciliary levels of adenylyl cyclase type III (ACIII) levels relative to ADP-ribosylation 



factor-like protein 13b (Arl13b) was higher in neurons than in precursor cells and glia, 

and also changed with the cell cycle. G-protein coupled receptors, SstR3, MCHR1, and 

Gpr161 receptors were only found in neuronal cilia. The levels and distribution of three 

centrosomal proteins, γ-tubulin, pericentrin and cenexin in neurons was different from 

the distributions in precursors and glia.  

The second focus of study is glial responses to injury in the neocortex, which has 

been widely studied as an injury model. This study found that in the normal adult 

somatosensory cortex, primary cilia were present in astrocytes and polydendrocytes but 

not in microglia. Following injury, the incidence of primary cilia decreased in astrocytes. 

Also, a new cell type expressing GFAP, NG2 and Olig2 was seen 3 days following 

injury, but was not present in normal mice.  

The characteristics of primary cilia and centrosome described here suggest that 

in stem cells and progenitors their characteristics may be well suited for proliferation, 

whereas in neurons, the cilia and centrosomes are important for other sensory 

functions. 
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 CHAPTER 1 

INTRODUCTION 

 Primary Cilia and the Cell Cycle 

 Primary cilia are present in most vertebrate cell types (Wheatley et al., 1996), 

including neurons (Dahl, 1963; Fuchs and Schwark, 2004). They differ from motile cilia 

in that they lack the center pair of microtubules and thus have a 9+0 axoneme. The 

ciliary membrane is continuation of cell membrane but the ciliary membrane is highly 

specialized.  Depending on the cell type, it may contain receptors and proteins for 

various signaling pathways, such as patched-1 for sonic hedgehog signaling (Rohatgi et 

al., 2007) and platelet derived growth factor receptor alpha (PDGFRα for PDGR 

signaling (Scheider et al., 2005). Primary cilia contain a transition zone which allows 

cilium-targeted proteins to enter (Lim and Tang, 2013).  

 Assembly and disassembly of primary cilia are tightly coupled with the cell cycle. 

Cilia are generated after the cell reaches the G0/G1 phase, and are resorbed at some 

time before mitosis (Seeley and Nachury, 2010). Disruption of primary cilia proteins can 

cause severe human developmental pathologies like Joubert syndrome (Cantragrel et 

al., 2008) and Bardet-Biedel syndrome (Mykytyn et al., 2004). 

 

 Primary Cilia and Sonic Hedgehog Signaling 

 Sonic hedgehog (Shh) signaling pathways is important for cell proliferation during 

development and in adulthood.  Primary cilia are necessary for Shh signaling (Huangfu 

et al, 2007; Rohatgi et al., 2007). Components of Shh signaling such as smoothened 

(Smo), reside in the primary cilium (Corbit et al., 2005). When the Shh pathway is 
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activated, downstream Gli transcription factors are processed, which can lead to 

expression of genes involved in cell proliferation (Bai et al. 2000, Cayuso et al., 2006). 

 

 Primary Cilia in Adult Neurogenesis 

 Primary cilia play an important role in developmental neurogenesis by mediating 

effects of sonic hedgehog (Huangfu & Anderson, 2005; Chizhikov et al., 2007; Han et 

al., 2008; Breunig et al., 2008). The conditional Cre-mediated knockout of primary cilia 

(by eliminating Kif3a or IFT88) or Smo (for Shh signaling) causes a reduction in 

neurogenesis, supporting the idea that primary cilia are required for neurogenesis 

(Chizhikov et al., 2007; Han et al., 2008; Spassky et al., 2008). Primary cilia have been 

identified in neural stem cells (NSCs) of the subventricular zone (SVZ) (Danilov et al., 

2009) and subgranular zone (SGZ) (Breunig et al., 2008; Amador-Arjona et al., 2011), 

but it is not known how common cilia are in  the various types of neural stem cells and 

progenitors. 

 

 Adult Neurogenesis in the Subgranular Zone of the Hippocampus 

 The production of new neurons continues in adulthood in some brain areas, 

especially in the SGZ and the SVZ. The hippocampus in particular is involved in 

learning and memory, and adult neurogenesis in this area is associated with 

enhancement of memory formation (Deng et al., 2010; Parks et al., 2010). Properties of 

stem cells differ according to brain region. Certain cell-type markers are used to identify 

different stem cells and progenitors, whose proliferation and differentiation give rise to 

neurons. In the adult hippocampus, nestin-expressing radial glial cells (Type 1) that also 
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express GFAP are neural stem cells (Filippov et al., 2003; Encinas et al., 2006). These 

Type 1 neural stem cells are also capable of generating astrocytes in the dentate gyrus 

(Bonaguidi et al., 2011). Sox2 can be used in addition with GFAP to label the Type 1 

radial glial cells (Suh et al., 2007). Type 1 stem cells give rise to GFAP-/Sox2+, which 

have irregular nuclei and few processes (Filippov et al., 2003; Steiner et al., 2006). 

Intermediate progenitor cells (IPCs) can be identified using Tbr2 (Hodge et al., 2008). 

DCX expression can be used as a marker for late-stage progenitors that can proliferate 

and for neuroblasts that are thought to be permanently postmitotic (Brown et al., 2003). 

Neuroblasts are generated through the differentiation of intermediate progenitor cells 

(Danilov et al., 2009). These markers help to identify the progression of stem cells and 

progenitors in the neuron lineage of the SGZ.  Because of the overlap between these 

cell-type markers, co-expression of more than one marker is often used to distinguish 

between the different types. 

 

 G-protein Coupled Receptors in Primary Cilia 

GPCRs are important for several signaling pathways that have been shown to be 

present in primary cilia. However, their presence in neural cell types has not been well 

studied. There are regional brain differences in the GPCRS that are found on neuronal 

cilia (Fuchs and Schwark, 2004), but cell types in the neuron lineage have not been 

compared with regard to their expression of ciliary GPCRs. 

 Somatostatin type 3 (SstR3) is one of the GPCRs concentrated in primary cilia 

of neurons. SstR3 is a receptor for the hormone and neurotransmitter somatostatin, 

which has anti-proliferative effects (Handel et al., 1999; Patel, 1999; War and Kumar, 
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2012). Stanic et al., (2009) showed that the SstR3 in cilia of the rat brain increases with 

age in early postnatal development.  

Melanin concentrating hormone receptors (MCHR1), a receptor for melanin 

concentrating hormone, is also found in primary cilia of some neurons (Berbari et al., 

2008). MCHR1 null mutant mice are resistant to seizures (Parks et al., 2010). Gpr161, 

an orphan GPCR that acts as a negative regulator of Shh, has been shown be present 

in the primary cilia of adult CA2 and CA3 hippocampal neurons (Mukhopadhyay et al., 

2013), but it has not been reported whether stem cells and progenitors in the SGZ have 

Gpr161. The study of these receptors in neural cell types will help to elucidate the 

functional role of cilia in different neural cell types. 

 

 Centrosome and Cell Cycle 

The centrosome, which contains two centrioles, is important for maintaining 

chromosomal stability during mitosis (Sir et al., 2013). Centrioles are surrounded by 

pericentriolar material (PCM) that is responsible for nucleating microtubules (Nigg and 

Stearns, 2011). During the active cell cycle, the PCM matures, and centrosome size 

increases as M approaches, (Pelletier and Yamashita, 2012; Mahen and Venkitaraman, 

2012). During S phase, the centrosome duplicates and of the oldest of the two 

centrioles, the mother centriole, generates a primary cilium and is then called a basal 

body. 
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 Brain Injury, Cell Proliferation and Shh Signaling 

Many cell types are damaged by or respond to brain injury, including neurons, 

astrocytes, oligodendrocytes, microglia, and endothelial cells (Fawcett and Asher, 

1999). Astrocytes, oligodendrocytes, and microglia are produced in substantial numbers 

following injury (Giulian, 1993; Levison et al., 1996; Tatsumi et al., 2005; Hanisch and 

Kettenmann, 2007). Astrocytes are responsible for the formation of glial scars around 

the injured site, which confine the injury and inhibit the regeneration of neurons in that 

area (Silver and Miller, 2004; Tatsumi et al., 2005; Hanisch and Kettenmann, 2007). 

Astrocytes are one of the most abundant cell types of the brain, but little is known 

about their primary cilia.  Astrocyte cilia have been reported to be uncommon (Bishop et 

al., 2007), yet astrocytes have the components of Shh signaling, including Ptch1, Smo, 

Gli2 and Gli3 (Cahoy et al., 2008). Astrocytes throughout the normal adult brain respond 

to Shh and express Gli1 (Garcia et al., 2013). Whether cilia affect the progression of 

reactive gliosis (proliferation and activation of glial cells) is not yet known. However, 

following injury, the Shh pathway is activated in reactive astrocytes (Amankulor et al., 

2009), suggesting involvement of primary cilia. 

NG2 chondrotin sulfate proteoglycan expression is the hallmark of 

polydendrocytes, which are oligodendrocyte precursor cells (OPCs) (Nishiyama et al., 

1996; Reynolds and Hardy, 1997; Zuo et al., 2013). Polydendrocytes are one of the first 

cell types to proliferate after injury, and like astrocytes they are also important for 

creating glial scars following brain injury (Hughes et al., 2013). Whether they possess 

primary cilia is not known. Given that Shh signaling is important in proliferation of both 

astrocytes and polydendrocytes and that primary cilia are required for Shh signaling, 
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then astrocytes and polydendrocytes should maintain or acquire primary cilia in order to 

proliferate in response to Shh following injury. 

 

 AIMS 

The aims of the research presented in this dissertation are listed below along 

with the chapter that addresses each aim. 

 Aim 1 – Chapter 2 

To identify the types of neural progenitor cells that have cilia in the subgranular 

zone (SGZ) of the hippocampal dentate gyrus, and to determine the incidence and 

length of cilia in these populations. 

 Aim 2 – Chapter 3 

To study changes in the levels of ACIII and Arl13b in cilia during the cell cycle 

and in postmitotic neurons. 

 Aim 3 – Chapter 4 

To determine whether there are cilia and centrosome characteristics that may 

distinguish between cells with proliferative capacity and terminally postmitotic neurons 

in the brain. 

 Aim 4 – Chapter 5 

To examine astrocytes and polydendrocytes in normal conditions and following 

brain injury, with regard to the incidence and characteristics of cilia and characteristics 

of centrosomes. 
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 CHAPTER 2 

INCIDENCE AND LENGTH OF CILIA IN NEURAL STEM CELLS AND 

PROGENITOR IN THE SUBGRANULAR ZONE 

 Introduction 

 Primary cilia mediate Shh signaling, which promotes adult neurogenesis. Also, 

primary are disassembled before cells undergo cell division, and are typically 

reassembled in G0, or the resting stage after cell division. This led me to hypothesize 

that  

1. Primary cilia will be present in some stem cells and progenitors and they will be 

lacking in others, particularly those in the active cell cycle.  

2. Cilium incidence and length will vary inversely with proliferation rate of different cell 

populations.  

 Proliferation in the SGZ is promoted by Shh (Lai et al., 2003), which requires 

primary cilia (Corbit et al., 2005; Huangfu & Anderson 2005). In cilia-defective mutant 

mice, neural progenitor populations fail to expand (Chizhikov et al., 2007; Han et al., 

2008). While primary cilia are ubiquitous among terminally differentiated neurons (Fuchs 

& Schwark, 2004), little is known about their incidence or characteristics in stem cell and 

progenitors in the SGZ. I reasoned that because primary cilia are required for sonic 

hedgehog (Shh) mediated proliferation, and because Shh drives adult neurogenesis, 

then primary cilia would be present in some stem cells and progenitors. Because cilia 

are withdrawn before mitosis, cilia should be lacking in other cells, particularly those in 

the active cell cycle. Newly born cells which inherited the younger centrioles may lack 

cilia because the younger centrioles need to mature before they are able to generate 
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cilia. I also predicted that if cilia are present on neural progenitors, the length of cilia 

should vary according to proliferation rates of different progenitor populations. Because 

it takes time to generate and withdraw cilia, cilia might be shorter in the more actively 

proliferating populations. I proposed to compare length and incidence of cilia in cell 

populations with different proliferation rates, in the neuronal lineage of the adult SGZ.  

 Most stem cells are relatively quiescent (Lugert et al., 2010), so they might be 

predicted to be more likely to have cilia and may have longer cilia than intermediate 

progenitors, which are more highly proliferative. Intermediate progenitors, especially 

those expressing Tbr2 might have the shortest cilia and a lower percentage of these 

cells should be ciliated, as most of them are in the cell cycle (Hodge et al., 2008). 

Following the intermediate progenitors cell in the neuronal lineage, are DCX positive 

neuroblast cells, which migrate into the granular layer, and are postmitotic (Plumpe et 

al., 2006). I am here dividing DCX into two populations DCXa, which proliferate, and 

DCXb, which do not proliferate. DCXa are Tb2+ and have nonradial small horizontal 

processes, whereas DCXb cells are Tbr2- and have triangular/round soma and a long 

radially directed apical process.  

For this study, I used immunohistochemical approaches to identify cell-type 

markers and morphology. Similarly, I used markers to evaluate primary cilia. The length 

of cilia was measured three-dimensionally using Imaris software. Figure 2.1 and Table 1 

shows the markers and morphology used to distinguish the different progenitor types. 
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Figure 2.1 Schematic diagram of neuronal lineage in SGZ of the hippocampus. The 
picture shows the entire hippocampus with pyramidal layer (P), dentate granular layer 
(DGL) and hilus (H). The SGZ portion (dotted box) is enlarged which shows cell types of 
neuronal lineage along with their morphology and immunohistochemical marker. (Figure 
credit, Dr. Jannon Fuchs)  

SGZ SGZ
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Materials and Methods 

Subjects and Tissue Preparation 

Mice were perfused intracardially with 0.1 M phosphate buffer (pH 7.4) followed 

by 4% paraformadehyde in 0.1 M phosphate buffer (pH 7.4). Brains were dissected and 

post-fixed overnight in 4% paraformaldehyde at room temperature. Brains were put in a 

30% sucrose solution in buffer at 40C overnight, and then frozen at -80 0C. Brains were 

cut into 30 µm-thick sections using a freezing microtome. 

Immunostaining 

The length of cilia was measured three-dimensionally using Imaris software. 

Table 1 shows the markers and morphology that were used to distinguish the different 

cell types. 

Table 1. Markers and Morphology Used to Identify Cells of the Neuronal Lineage in SGZ 

Cell Types Markers Morphology 

Putative stem cell GFAP/Sox2 Radial 

Early neural progenitors Sox2 Nonradial 

Intermediate progenitors Tbr2 Nonradial 

Late progenitor DCXa DCX/Tbr2+ Nonradial small 

horizontal processes 

Neuroblast DCXb DCX/Tbr2- Triangular/ round soma, 

long radially directed 

apical process 

Note: Sections were stained on-slide overnight at 4 0C with the primary antibodies. 
Refer to Appendix I for the information on primary antibodies. Primary antibody labeling 
was detected using goat and donkey fluorophore-conjugated secondary antibodies.  
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 Image Analysis 

Images were captured using a confocal microscope (spinning disk confocal 

scanner and Zeiss 200M, McBain Systems, Simi Valley, CA) and analyzed using 

ImageJ and Imaris software. Cilium length was measured using Imaris software 

rendering in 3D. 

  

 Results 

 GFAP/Sox2 Cells and Cilia 

 Primary cilia were present in 87.5% of all Sox2+/GFAP+ quiescent neural stem 

cells while only 50.9 % of Sox2+/GFAP- progenitors had primary cilia. Based on the 

means of 4 mice, the differences between these cell populations were statistically 

significant (p < .005; Fig. 2.2 A). The length of cilia in Sox2+/GFAP+ was 2.86 + 0.17 μm 

which was not different statistically from Sox2+/GFAP- which had 2.61 + 0.31 μm. The 

great majority or all of these cells had γ-tubulin immunoreactivity in the centrosome 

region at the base of the cilium (Fig. 2.2 B). 

 Tbr2+ Cells and Cilia 

 Tbr2+ intermediate progenitor cells had a cilium incidence of 14.5 + 2.25%, (Fig. 

2.3). The length of primary cilia in this population was 1.70 + 0.08 μm, which is the 

shortest mean cilium length of all of the neural populations. 

 DCX+ Cells and Cilia 

 DCX cells were divided into two populations. DCXa cells were Tbr2+ and 

generally with nonradial small horizontal processes. DCXb cells were Tbr2- and had a 

triangular/round soma with a long, radially directed apical process.  
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DCXa: These cells had fewer horizontal processes and were mostly in the SGZ. 

These cells had the lowest incidence of ciliation 12.1% + 3.4% of all the progenitor 

populations. The mean length of cilia was 1.32 + 0.15 µm (Fig. 2.4). 

DCXb: These cells had a long radial process and most were above the SGZ, in 

the DGL. 34.5 + 7.7% of DCXb cells were ciliated (Fig. 2.4), a percentage that was 

different statistically from that of DCXa cells (p < .018).The length of cilia was 2.64 + 

0.18 µm, which was longer than DCXa cilia (p < .001). 

 Correlation Between the Length of Cilia and Incidence of Ciliation Between Cell 
Types 

 The length of cilia varied significantly with cell type in the neuron lineage (Figure 

2.5 A (F (5, 18) = 24.19, p < .001)). Most of the pairwise comparisons were significantly 

different (Tukey post-hoc t-tests).  (Not significant were GFAP+/Sox2+ vs. DCXb, 

Sox2+/GFAP- vs. DCXb, Tbr2+ vs. DCXa and GFAP+/Sox2+ vs. GFAP-/Sox2+).  

Cilium incidence also varied with cell type, as illustrated in Fig. 2.5 B (F (5, 18) = 93.25, 

p < .001).  All pairwise differences in incidence were significant except Sox2+/GFAP- 

vs. DCXb, GFAP+/Sox2+ vs. neurons, Tbr2+ vs. DCXb and Tbr2+ vs. DCXa.  Cilium 

length and incidence co-varied across cell types and were positively correlated when 

calculated either across only stem cell and progenitor populations (Pearson’s r = .79, p 

< .001) or across all cell types including DCXb cells and dentate granule neurons (Fig. 

2.6, r = .74, p < .001). 

To further compare transit amplifying progenitors with the more quiescent cell 

types, we calculated for each of 4 mice the mean cilium length and incidence for each of 

the three progenitor cell types (Sox2+/GFAP-, Tbr2+, and DCXa) and for each of the 

three more quiescent types (Sox2+/GFAP+, DCXb, and neurons).  Cilium length for 
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progenitor cell types averaged 2.12 + .21 µm vs. 3.25 + .18 µm for the more quiescent 

types (p < .001), and cilium incidence was 41.2 + .7% vs. 58.1 + 9.1%, respectively (p < 

.02). 

 ACIII and Arl13b in Cilia of Proliferating Cells 

The percentage of Ki67+ cells with ACIII+ cilia was 18.9% (17 out of 90) 

compared with 50%  with Arl13b+ (35 out of 70; p < .004). The cilium length when 

measured with ACIII in these cells was shorter (1.83 + 0.19, n = 70; p < .05) than cilium 

length when measured with Arl13b+ (2.18 ± 0.17 μm, n = 90), Fig. 2.7. 

 PH3+ Cells and Cilia 

Out of 13 cells observed to be immunoreactive for PH3, which is expressed from 

late G2 to mitosis in cell cycle, only one had an Arl13b+ cilium (Fig. 3.6).  
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Figure 2.2. GFAP/Sox2 cells and cilia. A. Arrows show Sox2+ cells (green) that had 
ACIII+ (red) cilia and γ-tubulin+ centrosomes (white). Arrowheads point to neurons, 
which did not have γ-tubulin in centrosomes. B. Arrows point to ACIII+ (red) cilia in cells 
that are immunoreactive for both GFAP+ (white) and Sox2+ (green). Scale bar, 10 µm.  
 

 

 

 

 

 

 

 

 

Figure 2.3.Tbr2+ cells and cilia. Arrows showing presence of Arl13b+ (red) in Tbr2+ 
(green) cells. These Tbr2+ cells were usually seen in clusters. 
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Figure 2.4. DCX+ cells and cilia. A, B. DCX+ cells (green) with ACIII+ (red) cilia shown 
by arrows. C, D. Asterisks shows DCXb cells and stars show Tbr2 cells that lack DCX 
immunoreactivity. Arrows show DCXa cells as evidenced by co-labeling of DCX (green) 
and Tbr2 (red).  
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Figure 2.5 Length and incidence of cilium in neuronal lineage. A. Cilium length was 
significantly different in the neuronal lineage in SGZ (p < .001). B. Percentage of cells 
with ACIII+ cilia also differed significantly in neuronal cell types (p < .001).   
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Figure 2.6. Correlation between length of cilia and incidence of ciliation between neural 
cell types. Positive correlation was found (r = 0.74, p < .001) between cilium length and 
percentage of cells with cilia. Each symbol represents mean values from one mouse.  
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Figure 2.7. Length of ACIII and Arl13b immunoreactive cilia in Ki67+ cells. In these 
cells, Arl13b+ cilia were significantly longer than ACIII+ cilia (p < .05). Horizontal lines 
represent mean length in each case. 
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 CHAPTER 3 

LEVELS OF ACIII AND ARL13B IN CILIA DURING THE CELL CYCLE AND IN 

POSTMITOTIC NEURONS 

 ADP-Ribosylation Factor-Like Protein 13b (Arl13b) and Primary Cilia 

 Arf-like GTPases are important for ciliogenesis, and Arl13b in particular is 

present in primary cilia and currently is used as a marker for primary cilia (Caspary et 

al., 2007; Zhang et al., 2013). Arl13b is important for Shh mediated signaling, as Arl13b 

mutants have various defects in Shh signaling and in the distribution of signaling 

molecules within the cilium (Horner and Caspary, 2011; Larkins et al., 2011). Arl13b 

signaling is also important for creating polarity in radial glia early in development, and 

when mutated, cause reversal of polarity in radial glia, leading to aberrant neuronal 

migration (Higginbotham et al., 2013). Levels of Arl13b have also been associated with 

cilium length, as higher levels are associated with longer cilia (Larkins et al., 2011). 

Arl13b is important for Shh mediated signaling (Larkins et al., 2011) and for trafficking of 

intraflagellar proteins (Li et al., 2010). Arl13b in the ciliary membrane can be found 

attached to mother centriole even during mitosis and later serves in forming the primary 

cilium (Paridaen et al., 2013).  

 

 ACIII and Primary Cilia 

ACIII is another widely used cilia marker. The precise function of ACIII in primary 

cilia is not known. ACIII has been shown be important for controlling cilium length 

through effects on cAMP levels. Low et al. (1998) and Besschetnova et al. (2010) 

showed that that length of cilia increases with increased cAMP levels. However, lithium 
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treatment has been reported to increase the length of primary cilia by inhibiting adenylyl 

cyclase III (Ou et al., 2009). If Low et al., (1998) and Besschetnova et al., (2010) are 

correct, it would support the idea that decreased ACIII would lead to a decrease in 

length, which in turn is expected to occur with cilium disassembly.  

 

 Levels of ACIII and Arl13b in Primary Cilia 

The levels of ACIII and Arl13b have not been studied in cilia of cycling and non-

cycling neural cell types of dentate gyrus. Here we looked at ciliary levels of ACIII and 

Arl13b at different stages of cycling cells in SGZ and compared that with neurons in the 

granular layer. This study examined whether the levels of these proteins were changed 

following the transition from precursor cells to post-mitotic neurons.   

For this study I measured the relative fluorescence intensity of Arl13b in cilia of 

Ki67+ and Ki67- cells in the SGZ, using ImageJ. Ki67 expression is a hallmark of 

proliferating cells and is present in G1, G2, S and M phases of cell cycle (Scholzen and 

Gerdes, 2000). I also looked at the levels of phospho-histone 3 positive, which is 

present in the nucleus in late G2 and mitosis (M). The measured intensity was 

normalized to the intensity of Arl13b in neuronal cilia in the same brain section. The 

same approach was used to quantify ACIII intensity. 

 

 Materials and Methods 

 Subjects and Tissue Preparation 

 Mice were perfused intracardially with 0.1 M phosphate buffer (pH 7.4) followed 

by 4% paraformadehyde in 0.1 M phosphate buffer (pH 7.4). Brains were dissected and 

post-fixed overnight in 4% paraformaldehyde at room temperature. Brains were put in a 
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30% sucrose solution at 40C overnight, and then frozen at -80 0C. Brains were cut into 

30 µm-thick sections using a freezing microtome. 

 Immunostaining 

Sections were stained on-slide overnight at 4 0C with the following antibodies, 

rabbit anti-ACIII (1:1000), rabbit anti-Arl13b (1:1000), mouse anti-Arl13b (1:50), mouse 

anti-γ-Tubulin (1:1000) and mouse anti-NeuN (1:1000). Primary antibody labeling were 

detected using goat and donkey fluorophore-conjugated secondary antibodies.  

 Image Analysis 

Images were captured using a confocal microscope (spinning disk confocal 

scanner and Zeiss 200M, McBain Systems, Simi Valley, CA) and analyzed using 

ImageJ and Imaris software. The measurements of cilium intensity of Arl13b and ACIII 

were done using ImageJ. 

 

 Results 

 ACIII and Arl13b Levels in Ki67+ Cells, Ki67-Cells and Neurons. 

 In primary cilia of SGZ precursors ACIII+ was weaker and Arl13b+ was stronger, 

where the average neuronal cilia intensity was set at 1.0 (p < .001, Fig. 3.1).  Levels of 

both ACIII and Arl13b were reduced in cycling, Ki67+ SGZ cells compared with 

neighboring Ki67- cells, p < .032 and p < .001). 

 ACIII and Arl13b Levels in Neurons and Astrocytes 

Similarly, primary cilia of astrocytes showed weaker ACIII immunoreactivity and 

stronger Arl13b immunoreactivity, where the average neuronal cilia intensity was set at 

1.0 (p < .003, t-test, Fig. 3.2). 
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Figure 3.1. Levels of ACIII and Arl13b in SGZ precursors that are cycling versus non-
cycling, standardized to these levels in neurons. ACIII levels were lower in cilia of SGZ 
precursors compared to neurons (p < .001) while Arl13b level were higher in SGZ 
precursors compared to neuronal cilia (p < .001). ACIII (p < .032) and Arl13b (p < .001) 
were both reduced in Ki67+ precursors when compared to the cilia of Ki67- precursors. 
The dotted bar at 1 on the y-axis represents that these values are relative to 1 in 
neurons.  
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Figure 3.2. Level of ACIII and Arl13b in cilia of astrocytes and neurons. The ratio of 
ACIII intensity in cilia of astrocytes relative to that of neurons was less than 1.0 (0.50, p 
< .001), while of the ratio for Arl13b was higher than 1.0 (4.44, p < .001). In astrocyte 
cilia, and the intensity of Arl13b was higher than the intensity of ACIII (p = .003). The 
dotted bar at 1.0 on the y-axis represents that these values were standardized to 1.0 in 
neurons.  
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Figure 3.3. ACIII+ cilia of astrocytes. ACIII+ cilia in astrocytes (small arrows) and in 
neurons (wide arrows). In astrocytes, ACIII appeared to be present also at the base of 
cilia, in the centrosome region. Scale bar, 20 µm. 
 
 

 
 
Figure 3.4. Arl13b+ in cilia of astrocytes. Arl13b immunoreactivity (arrows) was stronger 
in the cilia of astrocytes than in the cilia of neurons (arrowheads). Scale bar, 10 µm. 
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Figure 3.5. ACIII and Arl13b in Ki67+ cells. A. ACIII was relatively stronger in neuronal 
cilia than in Ki67+ cells. B. Arl13b was stronger in the cilia of KI67+ cells than ACIII. 
Gamma-tubulin was present in all Ki67+ cells as well as Ki67- progenitors but was not 
detectable in neuronal cilia.  The insets show images enlarged. Scale bars, 10 µm.   
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Figure 3.6. A PH3+ cell with an Arl13b+ cilium. Only one cell with an Arl13b+ cilium 
(arrow) in a total of 13 PH3+ cells examined. The γ-tubulin and DAPI channel show that 
the cell is in mitosis. 
  

Ar13b 

γ-tubulin  DAPI 

merged 

PH3  Ar13b γ-Tubulin DAPI 5 µm 

 26 



 CHAPTER 4 

CILIA AND CENTROSOMAL CHARACTERISTICS IN NEURAL CELLS WITH 

PROLIFERATIVE CAPACITY VS. TERMINALLY DIFFERENTIATED NEURONS 

Primary cilia promote or are necessary for proliferation in many cells. 

Centrosomes are required for ciliogenesis and they also influence the cell cycle. It has 

not yet been determined whether cilia and centrosomes have different characteristics 

depending on the proliferative capacity of cells. The composition of cilia and 

centrosomes might be suited for signaling functions in mature neurons, while serving 

mitogenic functions of SGZ cells and astrocytes. It is not known whether they keep 

neurons or other terminally differentiated cells from going into the cell cycle. Neurons, 

which do not divide, may not need the same set of receptors and other proteins present 

in a primary cilium of a cell that can divide.  

GPCRs present in neuronal primary cilia may reflect chemosensing roles of 

these cilia. Sstr3, MCHR1 and Gpr161 are rhodopsin-like-receptor family of GPCRs that 

have been shown to be concentrated in neuronal cilia.  It is not known whether the cilia 

of neural stem cells and progenitors and other neural cell types like astrocytes have cilia 

with these receptors.  These GPCRs influence adenylyl cyclase activity and therefore, 

cAMP production.  

The pericentriolar matrix is a dense matrix containing many proteins, including γ-

tubulin and pericentrin, which are important for microtubule nucleation (Fu et al., 2012). 

We looked at three centrosomal proteins - γ-tubulin, pericentrin and cenexin-1 -chosen 

for their importance in microtubule nucleation and cell cycle progression (Schiebel, 

2000; Jurczcyk et al, 2004, Zimmerman et al, 2004). The γ-tubulin complex is important 
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for centriole duplication and for assembly of microtubules (Schiebel, 2000). Pericentrin 

is important for assembly of primary cilia (Jurczyk et al., 2004) and has been shown to 

influence the cell cycle by recruiting γ-tubulin during mitosis (Zimmerman et al., 2004; 

Wang et al., 2013). Cenexin-1 is another key centrosomal protein that is associated with 

the mother centriole and is important for cilium assembly  (Chen and Megraw, 2013; 

Chang et al., 2013). The present study investigates whether cilium and centrosome 

characteristics of stem cells and progenitors are different from those of terminally 

differentiated neurons. 

 

 Materials and Methods 

 Subjects and Tissue Preparation 

 Under deep surgical anesthesia, mice were perfused intracardially with 0.1 M 

phosphate buffer (pH 7.4) followed by 4% paraformadehyde in 0.1 M phosphate buffer 

(pH 7.4). Brains were dissected out and post-fixed overnight in 4% paraformaldehyde at 

room temperature. Brains were put in a 30% sucrose solution at 40C overnight, and 

then were frozen at -80 0C. Brains were cut into 30-µm thick sections using a freezing 

microtome.   

 Immunohistochemistry 

 Sections were stained on-slide overnight at 4 0C with primary antibodies. Refer 

to appendix I for the information on the primary antibodies. Primary antibody labeling 

was detected using fluorophore-conjugated goat and donkey secondary antibodies. 
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 Images Analysis 

 Images were captured using a confocal microscope (spinning disk confocal 

scanner and Zeiss 200M, McBain Systems, Simi Valley, CA) and analyzed using 

ImageJ and Imaris software. The measurements of intensities were done using ImageJ. 

 

 Results 

 ACIII 

ACIII was seen in the centrosomal regions of SGZ precursors but was not 

detected in the centrosomes of neurons (Fig. 4.1). Centrosomal ACIII was seen in cell 

types that had cilia with higher levels of Arl13b than ACIII (Fig. 4.1). 

 γ-Tubulin 

SGZ precursor cells had strong centrosomal γ-tubulin immunoreactivity but 

neurons of the hippocampus and the other brain regions examined, did not.  Cells with 

strong γ-tubulin immunoreactivity in centrosomes included polydendrocytes (Fig. 5.6), 

astrocytes (Fig. 4.2), and Iba+ microglia (Fig. 5.2). DCXa cells had γ-tubulin 

immunoreactivity in centrosomes, but only a minority of DCXb cells did (Fig. 4.2B). 

DCXb cells with fainter DCX immunostaining (most likely the more advanced DCXb 

cells) generally had undetectable levels of centrosomal γ-tubulin immunoreactivity (Fig. 

4.2B). 

 Pericentrin 

In neurons from DGL and other brain areas pericentrin immunoreactivity was 

concentrated in a unique lasso distribution which was absent in other neural cell types 

(Fig. 4.3B). In neural precursors, pericentrin was typically concentrated in a dot in the 

centrosomal region. 
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 Cenexin 

Cenexin had similar morphological distribution as pericentrin. It also showed the 

same lasso distribution in neurons of DGL and other brain areas but in other cell types 

was concentrated in a dot at the centrosome region (Fig. 4.3E).   

 GPCRs in SGZ Precursor Cells, Neurons and Astrocytes 

SstR3, Gpr161 and MCHR1 were present in the primary cilia of some neurons 

but were not detectable in primary cilia of SGZ cells and astrocytes (Fig. 4.4 and 4.5). 

Figure 4.6 summarizes the results of this present study and shows the cilia and 

centrosome characteristics of different neural cell types. 
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Figure 4.1. ACIII in centrosomes co-localized with γ-tubulin. Centrosomal ACIII 
was found in SGZ precursors (thin arrows). Notice the strong Arl13b 
immunoreactivity in cilia of cells with ACIII present in the centrosome. 
Centrosomal ACIII was not observed in neurons (thick arrows). Separation of 
individual channels helps to visualize the centrosomal presence of ACIII. 
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Figure 4.2. γ-Tubulin immunoreactivity in astrocytes and DCX+ cells. A. Strong γ-tubulin 
immunoreactivity (arrows) in astrocytes. B. γ-Tubulin was present in most of the DCXa 
cells but was not common in DCXb cells. Arrows point to centrosomal γ-tubulin in DCXa 
cells and arrowheads show DCXb cells without centrosomal γ-tubulin. 
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Figure 4.3. Pericentrin in SGZ precursors and neurons. A. Neuronal centrosomes had 
pericentrin (arrowheads) but not γ-tubulin. B. Lasso distribution of pericentrin in neurons 
(arrowheads). Pericentrin was seen as a dot in the centrosomal region of SGZ 
precursors (arrow). C,D. Lasso forms were not present in DCXa cells (arrowheads) but 
pericentrin was seen elongated in DCXb cells (arrows). E. Cenexin with a similar lasso 
distribution as pericentrin was seen in neurons (arrowheads) but not in SGZ precursors 
(arrows). Inset shows magnified images of cenexin distribution. SGZ, subgranular zone; 
DGL, dentate granule layer. 
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Figure 4.4. GPCRs were found in cilia of neurons but not in SGZ precursors.  A-D. 
SstR3, MCHR1 and Gpr161 were concentrated in some cilia of neurons but were 
absent in cilia of SGZ precursors. A. DCXb cells lacked SstR3 (arrowheads) while 
SstR3 was present in neuronal cilia of the DGL. B. Arl13b+/MCHR1- cilia of SGZ 
precursors (arrows) and neurons (arrowheads). C. MCHR1+/SstR3+ cilia were present 
in pyramidal neurons in the CA1 region (arrowheads). D. Gpr161 was found in cilia of 
pyramidal neurons in the CA2 region (arrowheads) and was absent in astrocytes 
(arrows). SGZ, subgranular zone; DGL, dentate granule layer; Rad, stratum radiatum; 
oriens, stratum oriens; Pyr, stratum pyramidale. Scale bars, 10 µm. 
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Figure 4.5. GPCRs in astrocytes.  A. SstR3+ cilia (arrowheads) were found in pyramidal 
neurons of the CA1 region but were absent in GFAP+ astrocytes (arrows).  B. MCHR1+ 
cilia (arrowheads) were also present in pyramidal neurons of the CA1 region but were 
absent in GFAP+ astrocytes (arrows). Scale bars 20 µm. 
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Figure 4.6. Summary of cilia and centrosomal characteristics of different neural cell 
types. Arl13b was found to be in higher levels in primary cilia of SGZ stem cells and 
progenitors when compared to neurons. ACIII, on the other hand, was found in lower 
levels in the primary cilia of SGZ stem cells and progenitors when compared to neurons. 
The GPCRs Sstr3, MCHR1 and Gpr161 were present in cilia of some neurons in the 
hippocampal formation, but were not detectable in cilia of SGZ stem cells and 
progenitors. ACIII was present in the centrosomes of SGZ precursors but not in 
neuronal centrosomes. Centrosomal γ-tubulin was present in SGZ stem cells and 
progenitors but was undetectable in neurons. Pericentrin and cenexin were 
concentrated in a lasso formation in neurons while these proteins in SGZ stems cells 
and progenitors appeared to be concentrated in the centrosome. (Figure credit, Dr. 
Jannon Fuchs) 
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 CHAPTER 5 

CILIA IN ASTROCYTES AND POLYDENDROCYTES IN THE NORMAL AND 

INJURED CORTEX 

 Primary Cilia in Astrocytes 

Astrocytes are perhaps the most abundant cell type in the brain. They are 

important for various functions, such as maintaining neural networks and participating in 

the blood brain barrier. Following injury, astrocytes are activated, increase in numbers, 

and have increased levels of proteins such as GFAP (Eng et al., 2000; Zamanian et al., 

2012). Astrocytes can divide and give rise to more astrocytes postnatally, and even in 

adults, where 0.3% of hGFAP-GFP cortical astrocytes were immunopositive for Ki67 

(Ge et al., 2012). Identification of astrocytes using a single definitive marker remains a 

challenge. GFAP antibodies have been widely used to identify astrocytes but also label 

many neural stem cells and do not label many of the astrocytes particularly 

protoplasmic astrocytes (Imura et al., 2006; Chojnacki et al., 2009; Sofroniew and 

Vinters, 2010)). 

Primary cilia in astrocytes are thought to be uncommon (Bishop et al., 2007), 

although indirect evidence suggests they may not be uncommon. Primary cilia have 

shown to be important for survival of cultured astrocytes during serum starvation 

(Yoshimura et al., 2011). Also, astrocytes possess components of Shh signaling (Cahoy 

et al., 2008), and the Shh pathway has been shown to require primary cilia (Huangfu 

and Anderson, 2005; Rohatgi et al., 2007).  Because of these conflicting lines of 

evidence, the claim that astrocytes seldom have cilia should be re-examined  
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Primary Cilia in Polydendrocytes 

NG2+ polydendrocytes are responsible for generating cells in the 

oligodendrocytes in the central nervous system postnatally and in adulthood (Nishiyama 

et al., 2009; Zhu et al., 2008). Fate-mapping studies suggest that they generate 

oligodendrocytes (embryonically and postnatally) and astrocytes (embryonically) (Zhu et 

al., 2008; Zhu et al., 2011). A study using constitutive induction of Cre under the control 

of NG2 in floxed Olig2 mice showed that when Olig2 is deleted, polydendrocytes can 

generate astrocytes instead of generating oligodendrocytes (Zhu et al., 2012). 

Shh influences the proliferation of NG2 positive polydendrocytes: virus-mediated 

delivery of Shh in the lateral ventricle caused increased proliferation of NG2 positive 

cells in the corpus callosum and cortex (Loulier et al., 2006). Shh and its downstream 

effectors, including Gli1, were increased in polydendrocytes following demyelination by 

lysolecithin (Ferent et al., 2013). If primary cilia are required for sonic hedgehog (Shh) 

mediated proliferation of NG2+ cells, then primary cilia should be present in NG2+ cells. 

Primary Cilia in Astrocytes and Polydendrocytes Following Brain Injury 

Following injury, the Shh pathway is activated in neural precursor cells (Sims et 

al., 2009), in reactive astrocytes (Amankulor et al., 2009), and in OPCs (Ferent et al., 

2013). Therefore, it is likely that primary cilia play an important role in the generation of 

glial cells following injury. The brain’s responses to injury in terms incidence of primary 

cilia following injury in astrocytes and polydendrocytes has not been examined. We 

predicted that following injury, both astrocytes and polydendrocytes would acquire or 

maintain cilia, which may play a role in injury-related gliogenesis by mediating effects of 
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proliferative signals like Shh. To address these issues, we studied the incidence of 

primary cilia in astrocytes and polydendrocytes in normal conditions and following injury. 

 

 Materials and Methods 

 Stab-Wound Injury and Tissue Preparation 

Mice were anesthetized, first using isoflourane in a glass chamber.  Once spinal 

and corneal reflexes were gone, the mice were transferred to a stereotaxic apparatus, 

and a surgical level of inhaled isofluorane anesthesia was maintained during the 

surgery. Freeze stab-wound injuries were based on methods previously described (Sun 

et al 2004; Amankulor et al., 2009). A total of four 8-10 wk C57BL/6 mice with stab 

wound injuries were used in this study (Injuries were done stereotaxically, using an 18-

gauge needle precooled in liquid nitrogen for 30 sec). The needle tip was then lowered 

to the following coordinates: 1.7 mm posterior to bregma, 1.0 mm lateral (right side) to 

the midline, and 2.2 mm deep to the dural surface. The needle was held in place for 30 

sec. This procedure was repeated total of three times for each mouse, each time using 

the same stereotaxic coordinates. The stab-wound extended from the cortical surface 

down through the dorsal hippocampus. The mice were perfused 3 days after injury, 

because activation of the Shh pathway is at the highest level at 3 days after this type of 

injury (Amankulor et al., 2009). Three normal mice without any sham treatments were 

used as controls for comparison with the injury condition. Brain sections from ApoE-

dtomato mice were provided by Robert Bachoo (University of Texas Southwestern 

Medical School, Dallas, Texas) 
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 Immunostaining 

Sections were stained on-slide overnight at 4 0C with primary antibodies. Refer to 

Appendix I for the list of primary antibodies used. Primary antibody labeling was 

detected using goat and donkey fluorophore-conjugated secondary antibodies.  

 Image Analysis 

Images were captured using a confocal microscope (spinning disk confocal 

scanner and Zeiss 200M, McBain Systems, Simi Valley, CA) and analyzed using 

ImageJ and Imaris software. The measurements of cilium length were done using 

Imaris software rendering in 3D. A 5x5 cortical confocal montage containing 25 stacks 

was taken for each animal. Each montage was 580 x 580 x 20 µm3. All the 

measurements were done from the reactive zone (zone of reactive astrocytes) in the 

cortex (within a region that extended from 100 to 400 µm lateral to the injury) in injured 

animal. In control measurements were done on the corresponding cortical area in intact, 

uninjured mice.   

 

 Results 

 Primary Cilia in Microglia 

No primary cilia labeled by either ACIII or Arl13b were detected in both normal 

and activated Iba1 immunoreactive microglia, but centrosomal staining (γ-tubulin) was 

seen in all of the cells observed (Fig. 5.1).  

 Primary Cilia in Astrocytes 

Astrocytes in the cortex were identified by GFAP+ immunoreactivity. Primary cilia 

in GFAP+ astrocytes were common in most of the brain areas examined. Primary cilia 
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were present in 81.3 + 4.9% of GFAP+ cells, examined throughout the depth of the 

somatosensory cortex.   

 Astrocyte Pairs 

Some astrocyte pairs were found in the cortex near the injured site, but such 

pairs were uncommon in the normal cortex. Astrocytes in these pairs looked like mirror 

images of each other and were considerably more abundant in injured cortex (3-day 

survival) when compared to uninjured cortex.  In normal cortex, only 1 such pair was 

found out of several hundred cells in multiple sections of 3 mice, although a few were 

seen in the normal dentate gyrus (Figs. 5.4A & 5.5). Some astrocytes in pairs were 

close together, and these might be newly divided pairs.  Astrocytes are closer together 

in more recently divided pairs as shown in time-lapse imaging of postnatal cortex using 

two-photon microscopy (Ge et al., 2012). GFAP+ astrocytes were found to be polarized 

such that the cilium originated from the same pole of the cell as the majority of GFAP+ 

processes. The primary cilia along with the bulk of the GFAP processes, were located in 

the poles farthest from the center of the pair (Fig. 5.4).  

To find out whether any of these pairs were in the cell cycle, we searched for 

Ki67 immunoreactivity in these pairs. We did double immunostaining for GFAP and 

Ki67.  Using sections from ApoE-dtomato mice, we found one such pair with GFAP, 

ApoE and Ki67 immunoreactivity (Fig. 5.5) out of several hundred cells in multiple 

sections of 3 animals Unexpectedly, Ki67 was not confined to the nuclei in this pair, and 

extended out into the cell processes. However, the Ki67 staining was apparently 

specific, as Ki67 had the expected nuclear localization in the neurogenic SGZ of the 

same section.   
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Primary Cilia in Polydendrocytes 

Colocalization of NG2 and Olig2 was used to identify polydendrocytes 

(Nishiyama et al., 2009). About 99% of NG2+ cells in adult brain express Olig2 (Ligon et 

al., 2006). In NG2+/Olig2- cells, which may be mostly pericytes (Ligon et al, 2006), the 

cilium incidence was 38.3 + 6.0%.  This was nearly the same as the 39.8 + 4.3% 

incidence in polydendrocytes (NG2+/Olig2+ cells, Fig. 5.9).  

Cell Proliferation Following Injury 

Cell proliferation increased following injury. Proliferation as indicated by the 

abundance of Ki67+ cells, was robust 3 days following injury when compared to control, 

uninjured brain (data not shown). In the 3-day survival group, most of the proliferating 

cells in the immediate vicinity (along the needle track) of the lesion were microglia as 

evidenced by Ki67+/Iba1+ double labeling (Fig. 5.1 A and B). 

Primary Cilia in Astrocytes and Polydendrocytes Following Injury 

The effect of injury on the incidence of cilia in astrocytes and polydendrocytes 

was examined 3 days following injury. There was no significant decrease in the 

incidence of cilia in polydendrocytes (NG2+/Olig2+ cells) following injury (39.8 + 4.3% 

vs. 34.9 + 3.0%, p<0.58).  However, the incidence of cilia in pericytes (NG2+/Olig2-) 

decreased significantly from 38.3 + 6.0% in control to 18.3 + 4.4% in the injured cortex 

(p<0.03; Fig. 5.9).  

Only 55.8 + 4.9% of GFAP+ cells within 400 µm of the injury had ACIII+ cilia, 

which represents a reduction compared to the 81.3% of GFAP+ cells with cilia in the 

corresponding region of control, uninjured cortex (p < 0.008; Fig. 5.9). 

Two cells types, GFAP+/Ng2+/Olig2+ and GFAP+/NG2+/Olig2- were found in 

injured cortex which were not detected in normal cortex (Fig. 5.8). In the injured cortex, 
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cells were encountered that expressed all three markers (GFAP+NG2+/Olig2+). A total 

of 30 such cells were identified in the region analyzed, which consisted of one montage 

(representing about 0.0067 mm3) for each of 4 mice. Of these 30 cells, 66.1% had 

ACIII+ cilia.   In the same regions analyzed in the injured cortex, a total of 135 cells 

were found which expressed GFAP and NG2 but not Olig2. Of these cells, 68.4% had 

ACIII+ cilia. 
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Figure 5.1. Microglia 3 days after injury. A. Increased numbers of Iba1+ microglia were 
seen along the needle track. B. Most of the Ki67 positive cells 3 days following injury 
were Iba1 immunopositive microglia (arrowheads). These microglia appear to have few 
processes, as is characteristic of activated, migratory microglia. DGL, dentate granule 
layer; Rad, stratum radiatum; oriens, stratum oriens. Scale bar in A is 100 µm.  
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Figure 5.2. Centrosomal γ-tubulin in microglia of the cortex. A. Resting microglia, with 
centrosomal γ-tubulin in normal cortex (arrows). B. Activated microglia, also with γ-
tubulin immunopositive centrosomes (arrows) in the cortex (vicinity of the wound). The 
activated microglia are morphologically distinct from resting microglia with fewer 
branching of processes, also with γ-tubulin immunopositive centrosomes (arrows) in the 
cortex (vicinity of the wound).  Scale bar in A is 20 µm and in B is 10 µm.  
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Figure 5.3. Cortical astrocytes in the vicinity of the stab wound 3 days after the injury.  
Note the orientation of GFAP+ processes streaming from the Sox2+ astrocyte soma 
(thin arrows) toward the needle track (dotted line). Thick arrows show astrocyte pairs. 
Uneven illumination enhances the distinction between individual confocal stacks in the 
montage. The inset is an enlargement taken from the montage. Main scale bar 50 µm; 
inset scale bar 20 µm.  
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Figure 5.4. A. An astrocyte pair with cilia (arrowheads) in the cortex. B. Cilia and GFAP 
processes originated from the same pole of the cell (arrows). Rad, stratum radiatum. 
Scale bar, 20 µm.  
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Figure 5.5. An astrocyte pair with Ki67+ immunoreactivity. This pair (taken from ApoE-
dtomato mice) was in the cell cycle as evidenced by the presence of Ki67+ 
immunoreactivity (panel B). Separation of channels shows the presence of Ki67 
immunoreactivity in GFAP+ processes of these cells.  Ki67 is expected to be essentially 
confined to the nucleus, as it was in the other cells within this brain section. D. Enlarged 
DAPI image of the two separate but adjacent nuclei of the astrocyte pair. ApoE-dtomato 
channel not shown. Scale bars, 20 µm. 
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Figure 5.6. Polydendrocytes with cilia in the normal cortex. Arl13b+ cilia were present in 
some cortical polydendrocytes (arrow). NG2+ polydendrocytes can be identified by their 
highly branched morphology. Some polydendrocytes appeared to lack cilia, although 
centrosomal γ-tubulin was present (arrowheads). Scale bar, 20 µm. 
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Figure 5.7. Pericentrin distribution in polydendrocytes. Pericentrin was concentrated in a 
dot in polydendrocytes, as seen in neural precursors (arrows). Arrowheads show 
pericentrin lasso distribution in neurons. C &D Enlarged images of pericentrin 
distribution in a polydendrocyte (arrow) and in neurons (arrowheads). Oriens, stratum 
oriens; Pyr, stratum pyramidale Scale bars, 20 µm.  

Oriens 

Pyr 

Pericentrin NG2 DAPI 

Pericentrin 

Orien

Pyr 

A 

B 

C 

D 

 50 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Cells types following injury in cortex. Arrows show GFAP+ astrocytes with 
cilia. Arrowheads point to a new cell type that was seen only after injury. The cell 
expressed all three markers GFAP, NG2 and Olig2. Cilia were also present in some 
polydendrocytes, identified as being NG2+/Olig2+ (asterisks). Separation of channels 
shows the presence of GFAP, NG2 and Olig2 in a single cell. Scale bars, 20 µm. 
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Figure 5.9. Incidence of cilia in astrocytes (GFAP+/NG2-/Olig2-) and polydendrocytes 
(GFAP-/NG2+/Olig2+) in normal cortex and 3 days after stab wound injury. Cilium 
incidence decreased significantly with injury in the GFAP+/NG2-/Olig2- cells (p<0.008) 
and in the GFAP-/NG2+/Olig2- cells (p < .03) than control. The two bars at the far right 
represent cells types that were found after injury but not in controls. 
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 CHAPTER 6 

DISCUSSION 

 Incidence and Length of Primary Cilia in the Neuronal Lineage of the SGZ 

The presence of primary cilia in neural precursors in the SGZ has been shown to 

be critical for Shh mediated proliferation. When primary cilia are deleted, developmental 

abnormalities arise which are similar to the phenotype of Shh null mutants (Huangfu 

and Anderson, 2005; Chizhikov et al., 2007; Han et al., 2008). The present study has 

shown in detail that primary cilia are present in stem cells and progenitors of the SGZ 

and the incidence and length of primary cilia differ between neural cell types. Cilia were 

shorter and less abundant in the most highly proliferative, transit amplifying progenitors, 

compared with quiescent stem cells and postmitotic neurons. These results are 

consistent with the expectation that cilia undergo resorption during the active cell cycle 

(Seeley and Nachury, 2010). Although primary cilia are generally viewed as a hallmark 

of quiescent or terminally differentiated cells, the present study shows that primary cilia 

are present even in highly proliferative progenitor populations in vivo. The incidence of 

cilia in Ki67+ cells is compatible with the possibility that actively dividing progenitors 

may retain cilia well into the cell cycle. The present results suggest that a variety of 

stem cells and progenitors involved in adult neurogenesis might respond to sonic 

hedgehog, which promotes proliferation in the adult SGZ and requires primary cilia for 

its mitogenic effect in vertebrates (Han et al., 2008; Breunig et al., 2008). 
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 Cell Cycle-related Characteristics of Primary Cilia and Centrosomes 

ACIII and Arl13b levels in cilia were different in stem cells and progenitors 

(cycling or non-cycling) when compared to neurons. Cilia of dentate granule neurons, 

and of neurons in general, had much higher levels of ACIII immunoreactivity than did 

cilia of astrocytes, stems cells and progenitors. Perhaps a higher level of ACIII is 

required to maintain cilia in more mature, terminally postmitotic cells, whereas the 

reduced levels of ACIII might be important for cilium disassembly and/or entry into the 

cell cycle. The significance of the reduction in ACIII levels before cilium disassembly is 

unknown.  Possibilities include: (1) ACIII is removed from the cilia like other components 

are, as a consequence of cilium disassembly; (2) The resulting reduction in PKA-

dependent signaling is important for cilium disassembly; and (3) PKA reduction 

regulates activity in the Shh pathway. cAMP levels have been shown to be important for 

controlling the length of cilia, with higher levels generally corresponding to longer cilium 

length and reduced levels corresponding to shorter cilium length (Besschetnova et al., 

2010). Accordingly, a decrease in ACIII expression in cilium might be required for the 

cilium to decrease in length during disassembly preceding mitosis.  

In cilia of cells with proliferative capacity, a higher level of Arl13b may be 

maintained for regulation of Shh pathway. Arl13b in particular has been shown to be 

important for Shh-mediated signaling in the neural tube and in mouse embryonic 

fibroblasts (Caspary et al. 2007; Larkins et al., 2011). It is possible that the high levels of 

ciliary Arl13b are associated with the ability of stem cells and progenitors to respond to 

Shh. 
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My results also showed that using only ACIII or only Arl13b as a marker for cilia 

does not detect all neural cilia. In some cases, double staining of ACIII and Arl13b may 

be more effective in identifying cilia than using ACIII or Arl13b alone.  In Ki67+ cells of 

the SGZ, for example, only 19% possessed ACIII positive cilia, while 50% had Arl13b+ 

cilia. Absence of ACIII doesn’t necessary mean that a cilium is completely absent but 

might indicate that it is being disassembled. 

 

 Characteristics of Cilia and Centrosomes in Different Cell Types 

The protein profiles of primary cilia and centrosomes may correspond to 

functional specializations in different cell types.  In neural stem cells and progenitors, 

Shh acts through primary cilia to promote proliferation, which can lead to neurogenesis 

(Han et al., 2008; Breunig et al., 2008). The high levels of Arl13b should promote Shh 

signaling (Larkins et al., 2011). The relatively weak ACIII present in cilia and 

centrosomes of the stem cells and astrocytes may be associated with the proliferative 

capacity in these cells. It is possible that this may be achieved via lower levels of PKA 

activation and consequent disinhibition of Shh signaling (Barzi et al., 2010; Liem et al., 

2012).  Further reductions in ACIII with the cell cycle may relieve this negative control, 

allowing activity in the Shh pathway to promote progression through the cell cycle.  

In neurons, the higher levels of ACIII in cilia might be associated with the 

acquisition of G-protein coupled receptors such as SstR3 and MCHR1.  Both Sstr3 and 

MCHR1 are Gi-coupled receptors (Patel, 1999; Hawes et al., 2000) and their effects are 

mediated by inhibition of adenylyl cyclase. ACIII immunoreactivity is weaker in cilia of 

other cell types in the brain, and interestingly, we have noticed that both SstR3 and 
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MCHR1 were lacking in astrocytes, stem cells and progenitors. Neurons, which 

probably never divide, had G-protein coupled receptors on their primary cilia that were 

not detected in any other neural cell types.  

γ-Tubulin immunoreactivity was present in centrosomes of all of the cell types in 

the neuronal lineage except neurons. γ-Tubulin was present even in the centrosomes of 

microglia although primary cilia were not detected. Although primary cilia were not 

detected in microglia, microglia have been shown to proliferate in response to Shh 

following kainic acid treatment (Pitter et al., 2014).This could suggest that Shh may act 

independently of primary cilium in microglia.  

Centrosomal γ-tubulin was present in DCXa cells, which are proliferation-

competent, and in a minority of the DCXb cells, γ-tubulin immunoreactivity was 

undetectable. In those DCXb cells with weaker DCX immununoreactivity, which are 

likely to be the more mature of the DCXb cells, lose DCX immunoreactivity as they 

differentiate and take on the characteristics of maturing neurons. Therefore, the loss of 

γ-tubulin from centrosomes in the DCXb cells may reflect loss of proliferative capacity. 

In addition, microtubule formation in the neuronal cytoskeleton is decentralized during 

maturation of neurons (Stiess et al., 2010).  

Pericentrin and cenexin-1 lasso formations were only present in neurons. The 

difference in the distribution of pericentrin and cenexin-1 in neural cell types is a new 

finding and the significance of this is not known.   
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 Primary Cilia in Astrocytes 

Although primary cilia are thought to be uncommon in astrocytes, we found 

GFAP+ astrocytes commonly had primary cilia. Astrocytes throughout the adult brain 

have been shown to respond to Shh and express Gli1 (Garcia et al., 2010). Astrocytes 

also proliferate in response of Shh following kainic acid treatment (Pitter et al., 2014). 

The presence of primary cilia in astrocytes, along with the presence of Shh pathway 

components in astrocytes (Cahoy et al., 2008), suggest that primary cilia may play a 

role in the proliferation of astrocytes. 

 

 Primary Cilia in Polydendrocytes 

This is the first report of primary cilia in NG2 positive polydendrocytes. Since 

polydendrocytes divide in response to Shh in normal as well as in injury conditions 

(Loulier et al., 2006; Ferent et al., 2013), the presence of primary cilia in 

polydendrocytes, as in other progenitor cells in the brain, could be important for Shh 

signaling through primary cilia. Future research on signaling downstream from Shh in 

normal and injury conditions would be beneficial in understanding the pathway’s 

activation in polydendrocytes. 

 

 Reduction in Cilium Incidence in Neural Cell Types Following Injury 

The reasons for the reductions in the incidence of cilia in astrocytes 

(GFAP+/NG2-/Olig2-) and pericytes (GFAP-/NG2+/Olig2-) following injury are not 

known. One possibility is that the cilia are resorbed due to stress, as happens in some 

cells (Iomini et al., 2004; Prodromou et al., 2012). A second possibility is that the newly 
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generated cells might not yet have grown cilia. A third possibility is that cell death 

processes involve an early loss of cilia. Further studies involving markers of cell cycle, 

cell stress and cell death can help answer these questions. 

 

 Differentiation and Dedifferentiation Following Injury 

In addition to proliferation and differentiation after injury, there are studies 

suggesting that cells also can dedifferentiate following injury. Astrocytes have been 

shown to upregulate the expression of Olig2 (an oligodendrocyte marker) following 

injury (Buffo et al., 2005; Chen et al., 2008). Similarly, NG2 cells have also been shown 

to generate a few astrocytes following injury (Komitova et al., 2011). Komitova et al. 

(2011) also showed that following injury polydendrocytes may transiently develop into a 

cell type with the ability to become an astrocyte. The present study identified two new 

cell types in cortex 3 days after injury: GFAP+/NG2+/Olig2- and GFAP+/NG2+/Olig2+ 3 

days. It is not known whether the generation of these cell types involves 

dedifferentiation of an existing cell type such as astrocytes or polydendrocytes, or the 

production of new daughter cells through injury-associated proliferation of NG2 cells or 

astrocytes.  
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 CHAPTER 7 

CONCLUSIONS 

Primary cilia were present in every cell type in the neuronal lineage in SGZ.  

There was a positive correlation between length and incidence among the neural stem 

cell and progenitor populations. Similarly, this study showed that primary cilia are 

common in astrocytes and polydendrocytes and the incidence of cilia in astrocytes 

decreases following a cortical freeze stab wound injury.  

This study uncovers differences in cilia and centrosome composition that may 

reflect whether cells are terminally differentiated or have the potential to enter the cell 

cycle and generate neural progeny.  The difference in the protein profiles of primary cilia 

in different cell types puts forward the concept that primary cilia basically are 

compartments, and those compartments can be filled with different proteins or receptors 

and regulated according to the needs of specific cell types. The role and function of 

primary cilia can be different in each specialized cell type. 

This study suggests that the cilia and centrosome characteristics change in the 

adult neuron lineage with the transition to a differentiated, postmitotic neuron. This study 

considers these characteristics with respect to the important role of primary cilia in adult 

neurogenesis. Future studies should examine whether these differences hold for other 

types of postmitotic cells, and what the causal relationships are between the 

characteristics of these organelles and cellular functions. The use of super-resolution 

confocal and electron microscopy will be advantageous in understanding the 

morphological detail associated with cilia and centrosome proteins in different cell types.  

Understanding the characteristics of cilia and centrosome globally can help to elucidate 
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how these organelles participate in proliferation and differentiation of different cell types, 

which could be beneficial for the treatment of neurodegenerative diseases and diseases 

like cancer. 
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APPENDIX 

ANTIBODY INFORMATION
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Antibo
dy 
name 

Ho
st 

Clo
nal 

Supplier Cat. 
No. 

Antigen Public 
Identfier 

Conc. Validation References 

ACIII Rb Poly Santa 
Cruz 

sc-
588 Peptide mapping near the C-

terminus of mouse ACIII  
AB_63083
9 

1:1000 PMID:18803244,PMID:
21618238,PMID:22020
803 

AldH1L
1 

M Mon
o 

NeuroMa
b 

75-
140 Fusion protein amino acids 1-902 

(full lengh) of rat ALDH1L1 
AB_10673
448 

1:1000 PMID:18995817,PMID:
19595677,PMID:20660
562,PMID:21266410 

Arl13b Rb Poly Tamara 
Caspary  

N/A Purified bacterially expressed 
 protein of GST fused to amino 
acids 208–428 of Arl13b N/A 

1:1000 

PMID:17488627 
Arl13b Mo Mon

o 
NeuroMa
b 

73-
287 Fusion protein amino acids 208-

427 (C-terminus) of mouse Arl13b 
AB_11000
053 

1:50 PMID:22581473,PMID:
23145349,PMID:23844
214, 

Cenexi
n 

Ch Poly Eugene 
Y. Xu   

N/A 
Cenexin N/A 

1:1000 
PMID:20627074 

DCX Gt Poly Santa 
Cruz 

sc-
8066 

C-terminus of DCX of human origin 
AB_20884
94 

1:500 PMID:16786555,PMID:
16874818,PMID:16927
265,PMID:17183542,P
MID:17245710,PMID:1
7278139 

GFAP Mo Mon
o 

Millipore MAB3
60 Purified GFAP from porcine spinal 

cord 
AB_21098
15 

1:1000 PMID:16705673,PMID:
16802330,PMID:16874
802,PMID:17120294 

GFP Ch Mon
o 

AVES GFP-
1020 

Chickens were immunized with 
purified recombinant green 
fluorescent protein (GFP) 
emulsified in Freund’s adjuvant. 

AB_10000
240 

1:1000 
PMID:16958092,PMID:
18386786,PMID:19003
791,PMID:19003874 

Gpr161 Rb Poly Saikat 
Mukhopa
dhyay  

N/A C-terminal peptide from mouse: 
CYS-
RGSRTLVNQRLQLQSIKEGNVLA
AEQR-COOH  N/A 

1:500 

PMID:23332756 
 

Ki67 Rb Poly Novacastr
a/ Leica 

NCL-
Ki67p 

Prokaryotic recombinant fusion 
protein corresponding to a 1086bp 
Ki67 motif-containing cDNA 
fragment 

AB_44210
2 

1:1000 
PMID:16927265,PMID:
17348003,PMID:18092
342,PMID:18205207 

MCHR
1 

Gt Poly Santa 
Cruz 

sc-
5534 

Epitope mapping at the C-terminus 
of MCHR1 of human origin 

AB_21439
57 

1:500 
PMID:23029470 

Nestin Ch Poly AVES  NES Chickens were immunized with 
three synthetic peptide / keyhole 
limpet hemocyanin (KLH) 
conjugates. 

AB_23148
82 

1:1000 

PMID:20151365 
PH3
  

Rb Poly Santa 
Cruz 

sc-
8656-
R 

Epitope corresponding to an amino 
acid sequence containing 
phosphorylated Ser 10 of Histone 
H3 of human origin 

AB_65325
6 

1:1000 

PMID:22138576 
Perice
ntrin 

Rb Poly Covance PRB-
432C 

Fusion protein containing around 
60 KD of pericentrin 

AB_23137
09 

1:1000 
PMID:22020803 

Sox2 Gt Poly Santa 
Cruz 

sc-
17320 Peptide mapping near the C-

terminus of Sox2 of human 
AB_22866
84 

1:250 PMID:16786555,PMID:
18626943,PMID:19673
002,PMID:20235171 

SstR3 Rb Poly Gramsch  ss-
830 

C-terminal amino acid sequence 
(TAGDKASTLSHL ) of rat and 
mouse SST3 Receptor coupled to 
KLH 

AB_21963
57 

1:1000 

PMID:20335466 
 

Tbr1 Rb Poly Abcam ab319
40 

Synthetic peptide conjugated to 
KLH derived within 50-150 residues 
of mouse TBR1 

AB_22002
19 

1:1000 

PMID:23749646 
Tbr2 Rb Poly Abcam ab233

45 
Synthetic peptide conjugated to 
KLH derived with residues 650 to 
the C terminus of mouse TBR2 

AB_77826
7 

1:1000 

PMID:24550175 
γ-
tubulin 

Gt Poly Santa 
Cruz 

sc-
7396 

Epitope mapping at the C-terminus 
of γ Tubulin of human origin 

AB_22112
62 

1:1000 
PMID:23844208 

γ-
tubulin 

Mo Mon
o 

Sigma T655
7 

Synthetic γ-tubulin peptide (N-
terminus 38-53) conjugated to KLH 

AB_47758
4 

1:1000 PMID:19396898,PMID:
23171982 
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