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ABSTRACT 

This thesis presents a collection of four related studies that were designed to 

investigate the occurrence and dynamics of postnatal neurogenesis in animal 

species derived from three different vertebrate taxa: mammals, avians and 

amphibians. This work was prompted by the observation that non-mammalian 

vertebrates are able to regenerate functional neural tissue following injury or 

experimental ablation of whole or parts of the brain parts, in striking contrast to 

mammals where neural tissue is seldom replaced following injury. The origin of this 

remarkable difference is poorly understood but differences in patterns of neuronal 

stem cell proliferation and neurogenesis are thought to be involved. Therefore, this 

interclass work was designed to determine neurogenic compartments in the 

amphibian, avian and mammalian brain and to determine time-course (defined as the 

increasing chronological age across the different life-history stages of each animal) 

changes in neurogenic activity (neuronal stem cell proliferation, differentiation and 

neuronal incorporation) in each compartment. The African clawed frog (Xenopus 

laevis), Japanese quail (Cortunix cortunix Japonica) and BALB/c mouse (Mus 

musculus) were used in this study as representative models for the amphibian, avian 

and mammalian vertebrates respectively. 

In study 1, a qualitatively evaluation proliferative sites and brains areas that 

incorporate new neurons in the Japanese quail brain at post-hatching ages 3 to 12 

weeks was carried using immunohistochemical methods. Proliferating cells were 

observed mainly in the olfactory bulb ventricular lining, telencephalic ventricular 

zones and cerebellum. Fewer proliferating cells were also observed in the 

hypothalamus, thalamus and bed nucleus of the stria terminalis. Newly formed 

neuroblasts were observed incorporated into the olfactory bulb, telencephalon and 

cerebellum. Furthermore, these neuroblasts were observed throughout all the 

regions of the pallium (except for the entopallium and arcopallium); septal nuclei and 

striatum. Fewer neuroblasts were also observed in the hippocampus and bed 

nucleus of stria terminalis. The density of proliferating cells and neuroblasts in all 

brain areas declined with post-hatching age. 
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Since study 1 established that the telencephalon exhibited the highest neurogenic 

activity, study 2 was designed to quantitatively analyse how neuronal incorporation in 

the Japanese quail telencephalon changes with age and life-history stage. In all the 

eight areas of the telencephalon quantified, the numbers of neuroblasts were strongly 

negatively correlated with post-hatching age. Furthermore, the numbers of 

neuroblasts in the same brain areas were higher at juvenile compared to sub adult 

and adult life-history stages. This study revealed that neuronal incorporation in the 

quail telencephalon is widespread but declines with post-hatching age. In addition, 

the most dramatic decline in neuronal incorporation in the all the telencephalic areas 

quantified occurred from the 7th week just after the quails attained sexual maturity. 

Study 3 was designed to qualitatively and quantitatively determine how age (1-12 

weeks) and life-history stage affect neurogenesis in the male BALB/c mouse brain 

using immunohistochemical methods. Proliferating cells were mainly observed in the 

olfactory bulb, rostral migratory stream, sub ventricular zone of the lateral ventricle 

and the sub granular zones of the dentate gyrus. In addition, fewer proliferating cells 

were also observed in the neocortex, cerebellum and tectum. Newly formed 

neuroblasts were found similar brain regions as the proliferating cells except for the 

cerebellum and tectum. The numbers of both proliferating and newly formed cells 

sharply decreased with increasing age or progression through life-history stages in 

the all the neurogenic areas of the BALB/c mouse brain. 

The objective of study 4 was to qualitatively and quantitatively determine how 

proliferating cells and newly formed neuroblasts in the post-metamorphic African 

clawed frog brain change with age and life-history stage. Proliferating cells were 

observed mainly in the ventricular linings of the olfactory bulb, telencephalon, ventral 

hypothalamus, preoptic region and metencephalon adjacent to the cerebellar granule 

cell layer. Newly formed cells were observed in the parenchyma of the olfactory bulb, 

telencephalon, ventral hypothalamus and cerebellum. In the telencephalon, newly 

formed cells were concentrated mainly in the striatal and septal areas although fewer 

cells were also observed in the lateral, medial and dorsal pallial areas. In all the 

quantified areas of the post-metamorphic brain of the African clawed frog, the 

numbers of proliferating and newly formed cells were strongly negatively correlated 
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with age. Furthermore, both these cells were higher in the juvenile frogs compared to 

sub adult and adult frogs. 

In conclusion, this work established that the ventricular lining is the main site of 

neuronal birth in all the vertebrate species investigated. In the amphibian brain, 

neuronal birth takes place in the ventricular lining of the olfactory bulb, telencephalon, 

diencephalon and rhombencephalon. In the avian brain, neuronal birth is restricted to 

the ventricular lining of the olfactory bulb and telencephalon, and the cerebellum. In 

mammals, however, neuronal birth is restricted to the telencephalon, specifically the 

sub ventricular zone of the lateral ventricles, rostral migratory stream and the sub 

granular zone of the dentate gyrus. This reflects a phylogenetic reduction in the 

brains regions exhibiting proliferative activity. 

Similarly, neuronal incorporation is more widespread in the amphibian and avian 

brains compared to the mammalian brain. In the amphibian brain, new neurons are 

incorporated in the olfactory bulb, telencephalon, diencephalon and cerebellum. In 

the avian brain, neuronal incorporation takes place mainly in different parts of the 

telencephalon, and to a lesser extent the olfactory bulb and cerebellum. In mammals, 

neuronal incorporation is mainly restricted to the olfactory bulb and the hippocampal 

dentate gyrus. It therefore appears that as vertebrates evolve, there is a reduction in 

the number of brain regions incorporating new neurons. 

In addition, this work also revealed that neurogenesis decreases with age in all the 

vertebrates studied. In the amphibian and avian brains, the rate of neurogenesis is 

relatively stable during the juvenile period and then declines steeply during the 

transition from sub adult to adult life-history stages as the animal attains sexual 

maturity. In mammals, however, the decline in neurogenesis is very rapid and steep 

from early postnatal life to adulthood. Thus neurogenesis declines at a slower pace in 

the amphibian and avian brains compared to their mammalian counterparts. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
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1.1 BACKGROUND 

The morphology of the adult vertebrate brain was previously considered to be stable 

having neurons that were structurally fixed within existing neuronal circuits. This way, 

the adult vertebrate brain was thought to have the ability to process a lot of 

information without requiring any morphological changes, but being able to lose 

information when its structure was disrupted. In past few years, a lot of studies have 

provided evidence that neurons continue to be produced in the postnatal brain. It is 

now widely accepted that production of neurons, traditionally considered an 

embryological process, continues to take place in the adult invertebrate and 

vertebrate animal brain. The realization that the adult brain continues to produce new 

neurons and the subsequent characterization of neuronal stem cells has triggered 

substantial interest in the neuroscience field with the aim of searching for novel stem 

cell-based therapies for neurological and neurodegenerative diseases such as 

Alzheimer's disease. 

Neurogenesis is a complex process involving neuronal stem cell proliferation, 

differentiation, migration, integration and possibly suppression of proliferation 

(Barnea and Pravosudov, 2011 ). Postnatal neurogenesis is a conserved trait that is 

observed across all vertebrate animals. In mammals, postnatal neurogenesis is only 

restricted to two canonical brain regions: the lateral telencephalic ventricle and the 

dentate gyrus of the hippocampus. Unlike mammals, non-mammalian vertebrates 

exhibit widespread postnatal neurogenesis. In addition, non-mammalian vertebrates 

also display a remarkable ability to regenerate functional neural tissue following 

experimental brain lesions such as ablation of whole or parts of the brain parts, in 

striking contrast to mammals where neural tissue is seldom replaced following injury. 

Of the non-mammalian vertebrates, anamniotes (fish and amphibians) exhibit the 

most widespread neurogenic and regenerative capacity. 

Firstly, the fact that non-mammalian vertebrate brains display more neurogenic 

compartments and are more capable of regenerating and restoring function following 

experimental lesions naturally leads to the following questions: Is there a change in 

the number of neurogenic compartments with the transition from anamniote to 

2 



amniote vertebrates? What are the differences that enable non-mammalian 

vertebrates to regenerate neural tissue while mammals cannot? It appears there are 

selective evolutionary pressures which, through adaptation, led to a reduction in 

neurogenic compartments and regenerative capacity in mammals (Kaslin et al., 

2008). The source of this striking difference is poorly understood but differences in 

patterns of neuronal stem cell proliferation and neurogenesis are most likely involved 

(Chapouton et al., 2007). Comparative investigations of this trait in species from 

different taxonomic classes are important in order to more fully understand the 

diversity and plasticity of postnatal neurogenesis. In addition, such an inter-class 

analysis of this trait may yield insights into why anamniotes such as fish and 

amphibians display more neurogenic and regenerative capacity than amniotes like 

mammals and birds. Furthermore, a comparative approach that analyses the 

distribution of proliferating cells, differentiation and neuronal incorporation in the brain 

of amphibians and birds may reveal mechanisms that can possibly be harnessed to 

stimulate regeneration of neural tissue within the central nervous system of 

mammals. This information is valuable if therapeutic interventions are to be pursued. 

Secondly, some authors have argued that postnatal neurogenesis is a remnant of the 

developmental primary neurogenesis that is protracted in brain areas such as the 

hippocampus that continue to mature postnatally and only ceases when such areas 

are fully matured (Chapouton et al., 2007). This argument is supported by the fact 

that the process of postnatal neurogenesis and its regulation resembles that of 

primary neurogenesis. For instance, the nature and properties of embryonic neuronal 

stem cells in rodents and zebrafish correspond with those found in the adult 

(Chapouton et al., 2007). To test this hypothesis, changes in neurogenic sites were 

investigated at different postnatal ages. 

This study investigated time-course changes in neurogenesis in the amphibian, avian 

and mammalian brains. In this study, time-course was defined as the increasing 

chronological age (in weeks) spanning the different life-history stages (i.e juvenile, 

sub adult and adult stages) of the animal. The African clawed frog (Xenopus Jaevis), 

Japanese quail (Cortunix cortunix Japonica) and BALB/c mouse (Mus muscu/us) 
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were used in this study as representative models for the amphibian, avian and 

mammalian vertebrates respectively. 

1.2. HISTORICAL BACKGROUND 

"In the adult centres, the nerve paths are something fixed, ended and immutable. 

Everything may die, nothing may be regenerated'' (y Cajal, 1913). 

This statement, coined by Cajal in 1913, anchored on the notion that brain 

functionality was dependent on molecular and dendritic plasticity, was so convincing 

that evidence to the contrary was ignored. This statement reflects one of the main 

paradigms in neuroscience which considered neurogenesis as a phenomenon 

restricted only to prenatal development (Balu and Lucki, 2009). However, the 

scientific community has now accepted that neurogenesis continues into adulthood in 

the central nervous system of all vertebrates. 

Ezra Allen was the first to provide evidence that new nerve cells are produced in the 

adult mammalian brain, through demonstration of proliferative activity along the 

lateral ventricular lining of adult rats (Allen, 1912). Five decades later, Altman and 

Das (1965) using tritiated thymidine (3H-thymidine), provided auto radiographic proof 

that neurogenesis takes place in the adult rat sub granular (SGZ) and sub ventricular 

(SVZ) zones. These findings were corroborated fifteen years later by Kaplan and 

Hinds (1977), who demonstrated the neuronal nature of the 3H-thymidine labelled 

cells in the adult rat hippocampal dentate gyrus and olfactory bulb using the electron 

microscope. In spite of all the evidence provided by these earlier researchers, the 

neuroscience community was still skeptical for two reasons: Firstly, the evidence 

provided was not sufficient to dislodge a long held and widely believed dogma. 

Secondly, other studies had reported that 3H-thymidine is also incorporated in cells 

undergoing DNA repair (Balu and Lucki, 2009; lhunwo et al., 2016). 

In the 1980's, Fernando Nottebohm rekindled interest in the phenomenon of 

neurogenesis when he demonstrated substantial neuronal recruitment in the song 
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nuclei of the adult canary brain (Nottebohm, 1980, 1984). During the same period, 

Nottebohm and colleagues reported the first proof of neuroblasts that had functionally 

integrated into the song control nuclei (Nottebohm, 1984, 2011 ). In the 1990's, 

Heather Cameron and Elizabeth Gould provided new evidence of hippocampal 

neurogenesis in adult rats (Cameron and Gould, 1994). During the same period, 5-

bromo-3' deoxy-uridine (BrdU), a thymidine analog that is incorporated into the DNA 

of cycling cells in a similar manner to 3H-thymidine was discovered. However, the 

advantage of BrdU over 3H-thymidine is that it is detected immunohistochemically 

and can be used together with other markers to identify cellular phenotype (Balu and 

Lucki, 2009). Today, the concept of postnatal neurogenesis is firmly established 

having been demonstrated in both mammalian and non-mammalian vertebrates 

(Cayre et al., 2002; Lindsey and Tropepe, 2006; Kaslin et al., 2008). 

1.3 NEURAL STEM CELLS AND THE NEUROGENIC NICHE 

Neuronal stem cells (NSCs) have the capacity to renew themselves through mitosis 

and give rise to different central nervous system (CNS) cell types (Gage, 2000; Gage 

and Temple, 2013). Neuronal stem cells are housed in neurogenic niches. 

Neurogenic niches are microenvironments that morphologically and functionally 

support NSC (Ming and Song, 2011; Gage and Temple, 2013). These 

microenvironments control the activities of NSCs determining whether they should 

divide or be quiescent. In addition, neurogenic niche factors also direct the fate of the 

proliferating cells, that is, whether they should be neuronal or glial cells (Gage and 

Temple, 2013; lhunwo et al., 2016). Neurogenic niches are made up of different 

components including NSCs, astrocytes, ependymal cells, microglia, endothelial cells 

and blood vessels (Aimone et al., 2014). In mammals, the neurogenic niches are the 

lateral ventricular SVZ and the SGZ of the hippocampal dentate gyrus (lhunwo and 

Pillay, 2007; Bonfanti and Peretto, 2011; Bond et al., 2015). In non-mammalian 

vertebrates, the ventricular zones are the sole neurogenic niches (Cayre et al., 2002; 

Garcia-Verdugo et al., 2002; Lindsey and Tropepe, 2006; Kaslin et al., 2008). 

During vertebrate embryonic period, the majority of cells of the CNS originate from 

the multipotent stem cells situated along the ventricular lining. The ventricles are 
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formed through a process called neurulation in which the neurectoderm forms a 

neural tube. The pseudostratified columnar lining of the ventricles is called the 

ventricular zone (VZ). In addition, these pseudostratified columnar cells are the 

proliferative radial glia cells which differentiate into all cells of the CNS. Until recently, 

the VZ was understood to disappear prior to birth or hatching following the 

completion of CNS histogenesis and become the ependymal layer. However, it is 

now established beyond doubt that the VZ persists into adulthood in all vertebrates 

studied although with a reduced thickness (Alvarez-Buylla et al., 1998; Garcfa­

Verdugo et al., 2002). In addition, the cells lining VZ retain their proliferative capacity 

and are structurally different from those found in non-proliferative ependymal layer. 

Furthermore, the proliferative cells in all non-mammalian vertebrate brains studied to 

date are situated in the lining of the VZ (Cayre et al., 2002; Lindsey and Tropepe, 

2006; Chapouton et al., 2007; Kaslin et al., 2008). 

In adult mammalian brains, however, the older embryonic proliferative VZ (now 

termed SVZ) comes to lie deeper to a newer VZ made up of non-proliferative 

ependymal epithelial cells (Garcfa-Verdugo et al., 2002). Therefore, the mammalian 

NSCs are located in the SVZ whereas the VZ is made up of epithelial ependymal 

cells that line the lumen of the ventricles. However, no equivalent of the mammalian 

SVZ has been found in all non-mammalian vertebrates investigated to date. A clear 

understanding of the identity of the NSCs and the structural organization of the 

neurogenic niche of each vertebrate class studied is therefore critical. 

1.3.1 Architecture of the sub ventricular zone and neuronal stem cell identity in 

mammals 

In the mammalian SVZ, three types of cells (A, B and C) are found (Figs 1.1 A & B; 

2A). In addition to these, the mammalian VZ is lined by Type E cells (Garcfa-Verdugo 

et al., 2002; Quinones-Hinojosa et al., 2006). Type A cells exhibit a smooth outline 

and a fusiform shaped body with a single or two processes, scant cytoplasm and a 

lot of lax chromatin in the nucleus. The cytoplasm of type A cells contain numerous 

free ribosomes, few rough endoplasmic reticulum, small dictyosomes and abundant 

microtubules. Each type A cell is joined to neighbouring cells by small junctional 
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complexes (Garcia-Verdugo et al., 1998). Type A cells have the morphology 

described for migrating neuroblasts in the rostral migratory stream (RMS) (Lois and 

Alvarez-Buylla, 1994) and express PSA-NCAM and Tuj 1 antigens (Garcfa-Verdugo 

et al., 2002). 

Type B cells exhibit an irregular outline, irregular nucleus with clumped (B2) or 

sparse (B1) chromatin and occasionally contact the ventricular lumen. The cytoplasm 

of type B cells contains many intermediate filaments, dense bodies and a few free 

ribosomes (Garcia-Verdugo et al., 1998). Type B cells also have two processes: a 

basal and an apical process. The basal process is in direct contact with blood 

vessels whereas the apical process has a cilium which extends through the VZ to 

reach the ventricular lumen (Mirzadeh et al., 2008; Bond et al., 2015). In addition, 

type B cells express GFAP and vimentin antigens (Garcfa-Verdugo et al., 2002). 

Type C are large spherical cells with a smooth outline. The nucleus of these cells are 

deeply invaginated, exhibit several small nucleoli and mostly lax chromatin. In 

addition, the cytoplasm of these cells possess several dictyosomes, fewer ribosomes 

compared to type A cells and lack intermediate filaments. Type C cells usually make 

contact with both types A and B cells (Garcfa-Verdugo et al., 1998; Garcfa-Verdugo 

et al., 2002). 

Type E are cuboidal cells that form the ependymal monolayer separating the SVZ 

from the ventricular lumen. They exhibit many cilia, round or oval nuclei with 

occasional invaginations and an electron lucent cytoplasm with few organelles. The 

cytoplasm contains intermediate filaments, small dictyosomes, lipid droplets and 

abundant basally located mitochondria. A short apical process that resembles a short 

radial fibre may be found on the apical membrane of some these cells (Garcia­

Verdugo et al., 1998). 

In summary, type B cells are quiescent GFAP positive radial glia like cells that 

differentiate into neurons for the olfactory bulb and oligodendrocytes for the corpus 

callosum (Bond et al., 2015). In addition, type B cells give rise to transient amplifying 
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cells (Type C) which in turn give rise to migrating neuroblasts (Type A) (Ming and 

Song, 2011; lhunwo et al., 2016). Type A cells form chains and migrate via the RMS 

guided by scaffolding formed by astrocytic processes and blood vessels to reach the 

olfactory bulb (Mobley et al., 2014). Therefore, type B cells are the NSCs in the SVZ. 

1.3.2 Architecture of the sub granular zone and neuronal stem cell identity in 

mammals 

The SGZ is made up of 3 cell types: radial astrocytes (Type 1 ), horizontal astrocytes 

(Type 2) and D (Type D) cells. D cell are further divided into three sub types: D1 

(intermediate progenitors), D2 and D3 (postmitotic neuroblasts) (Seri et al., 2004). 

Type 1 cells possess a large round or triangular cell body with one main radial 

process which penetrates the granule cell layer (GCL) to reach the molecular layer 

(ML) where it branches repeatedly and thin lateral processes that are intercalated 

with granule cells. Type 1 cells express nestin and GFAP but not S10013 (Seri et al., 

2004). 

Type 2 cells possess a fusiform or elongated cell body with branching processes that 

run along the SGZ and short slender secondary processes that penetrate the GCL 

and hilus. Type 2 cells express GFAP, S10013 and SOX 2 but do not express nestin 

(Seri et al., 2004). 

Both types of astrocytes exhibit irregular cell contours and lightly staining cytoplasm 

containing numerous intermediate filaments, dark mitochondria, thin endoplasmic 

reticular cisterns and small Golgi apparatuses. In addition, these cells contain 

clusters of chromatin in their nuclei and are connected to neighbouring cells via gap 

junctions. However, type 1 astrocytes have more numerous organelles and lighter 

staining mitochondria than type 2 astrocytes (Seri et al., 2004). 

Type D cells possess a small ovoid or round cell body with a smooth outline, dark 

scanty cytoplasm, many polyribosomes compared to astrocytes, lighter mitochondria 
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and larger endoplasmic reticulum than astrocytes (Seri et al., 2001). In addition, 

these cells usually appear in clusters of two to four cells and resemble previously 

reported dark staining small progenitors (Altman and Das, 1965; Kaplan and Bell, 

1984; Cameron et al., 1993). Three sub types of these cells have been identified in 

the SGZ: D1, D2 and D3 (Seri et al., 2004). The D1 sub type possesses no 

processes and divides by mitosis to produce D2 cells. The D2 sub type possesses 

short processes that bifurcate either horizontally along the blades of the dentate 

gyrus or vertically pointing towards the hilus. In turn, D2 cells develop into D3 cells. 

The D3 sub type resembles immature neurons exhibiting a main radial process that 

penetrates the GCL to reach the molecular layer and a thinner process which 

projects to the hilus. In addition, D3 cells are located at the junction between the SGZ 

and GCL (Seri et al., 2004). All D cell sub types express PSA-NCM, DCX and TUC-4 

but not GFAP. However, sub types D2 and D3 are not labelled with BrdU suggesting 

that they are post-mitotic cells (Seri et al., 2004). 

In summary, the SGZ has two types of NSCs: radial glia like cells similar to the ones 

found in the SVZ (Type 1) and non-radial cells with basal processes (Type 2) which 

may also arise from Type 1 cells (Seri et al., 2004; Ming and Song, 2011 ). Both Type 

1 and 2 NSCs give rise to intermediate progenitors (D1) which in turn give rise to 

migrating post mitotic neuroblasts (D2 and D3). Type 1 NSCs appear to exclusively 

give rise to neuroblasts whereas Type 2 gives rise to both neuroblasts and glia (Ming 

and Song, 2011; Bond et al., 2015). 

1.3.3 Architecture of the ventricular zone and neuronal stem cell identity in 

avians 

The ventricular lining of the avian telencephalon is heterogenous having 

monolayered as well as stratified parts (Figs 1.1 C & D; 2 B). The stratified parts are 

usually three to four cells thick and are situated along the ventral and dorsal reaches 

of the lateral ventricles. The rest of the ventricular lining is monolayered. The 

stratified epithelium is made up of three types of cells: A, B and E (Alvarez-Buylla et 

al., 1998; Alvarez-Buylla et al., 2002; Garcia-Verdugo et al., 2002). 
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Type E cells are characterized by a long radial process containing abundant 

intermediate filaments, numerous mitochondria and scanty cytoplasm. The nucleus 

of type E cells contains two small nucleoli and several chromatin aggregates. The 

cytoplasm contains basal bodies, large mitochondria, clusters of free ribosomes, few 

endoplasmic reticulum cisterns and multiple dictyosomes. These cells also show 

microvilli and multiple cilia that face the ventricular lumen. These cells also exhibit 

strong adhesion complexes. The ultrastructure of these cells is comparable to that of 

ependymal cells present in the ventricular lining of all vertebrates studied to date 

(Garcfa-Verdugo et al., 2002). 

Type B cells are prism shaped, containing an oval to irregular nucleus possessing lax 

chromatin and a prominent nucleolus. The cytoplasm of these cells has numerous 

polyribosomes, a large Golgi complex and small round mitochondria. Type B cells 

also have a specialized straight or slightly curved cilium facing the ventricular lumen 

and a thin radial expansion. These cells form junctional complexes with Band E cells 

(Alvarez-Buylla et al., 1998; Garcia-Verdugo et al., 2002). 

Type A cells possess a fusiform cell body containing an elongated nucleus with one 

or two large nucleoli. They have scanty cytoplasm with small dictyosomes, few rough 

endoplasmic reticulum cisternae, several polyribosomes and fewer mitochondria 

compared to type B cells. In addition, these cells have processes that are rich in 

microtubules and are usually associated with radial processes of the other cell types. 

However, Type A cells are not restricted to the ventricular zones as they are also 

found in the parenchyma of the telencephalon. Type A cells resemble migrating 

neuroblasts (Alvarez-Buylla et al., 1998; Garcia-Verdugo et al., 2002). 

Generally, the inactive areas of the VZ are made up of a single layer of type E 

whereas the active areas are stratified containing all three cell types (A, B and E). 

Therefore, it appears that the stratified parts of the avian VZ are the neurogenic "hot 

spots" described by Alvarez-Buylla (1990). In addition, studies combining 3H­

thymidine and electron microscopy have provided evidence that the B cell population 
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of the avian VZ represents the NSCs. These mitotically active cells give rise to type A 

migrating neuroblasts (Alvarez-Buylla et al., 1998). 

1.3.4 Architecture of the ventricular zone and neuronal stem cell identity in 

amphibians 

In a similar fashion as the avian VZ, the epithelial lining of the amphibian VZ is also 

heterogenous consisting of both monolayered and stratified areas (Bernacchi et al., 

1990) (Figs 1.1 E & F)). In addition, the stratified areas of the amphibian VZ are 

made up of three types of cells: unipolar tanycytes, bipolar tanycytes and epithelial 

cells (Bernocchi et al., 1990). Unipolar tanycytes have a round nucleus, scare 

cytoplasm and a long apical radial process. On the other hand, bipolar tanycytes 

have a long extensive apical process and a basal process that extends to the 

ventricular lumen. Ventricular zone epithelial cells correspond to the classical 

ependymal cells (Bernocchi et al., 1990; Seki et al., 2011). However, the evidence 

available suggests that the two types of tanycytes could actually be one type that 

transits between unipolar and bipolar depending on proliferative activity (Polenov and 

Chetverukhin, 1993). Furthermore, both types of tanycytes express GFAP and 

vimentin and are believed to be the radial glia like NSCs that proliferate in the VZ 

(Lazzari et al., 1997; Ferretti and Prasongchean, 2015). Moreover, D'Amico et al. 

(2011) observed BLBP (brain lipid binding protein) labelled cell bodies of radial glial 

like cells in the ventricular lining and radial fibre extensions in the parenchyma of the 

amphibian telencephalon. These radial glia like cells usually appear in pairs or small 

clusters that are labelled with 3H-thymidine following short term survival (Bernacchi et 

al., 1990). 

In the amphibian telencephalon, the VZ is mostly monolayered except for the ventral 

and dorsal regions which are stratified. Similarly, the lining of the diencephalic 

ventricles is mainly monolayered except for that of the recessus preopticus 

(Bernocchi et al., 1990). The linings of the tectal and fourth ventricles are 

monolayered and pluristratified respectively (Bernocchi et al., 1990). In addition, the 

stratified areas of the VZ are made up of all three cell types whereas the 

monolayered parts consist of only epithelial or ependymal cells. 
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Figure 1.1: Schematic diagram showing the brain and architecture of the ventricular 

zone in mammalian (A & 8), avian (C & D) and amphibian (E & F) 

vertebrates. In each species, the blue, green, red and grey colours in B, 

D and F represent proliferative cells, amplifying cells, migrating cells and 

ependymal cells respectively. Adapted and modified from Seki et al. 

(2011 ). See list of abbreviations for abbreviations used in this figure. 
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Figure 1.2: Sagittal and coronal schematic diagrams showing neurogenic sites and 

migratory destinations in the mammalian (A) and avian (B) vertebrates. 

Green regions indicate germinal zones and red dots indicate destinations 

of neuroblasts. Adapted and modified from Paredes et al. (2015). See list 

of abbreviations for abbreviations used in this figure. 
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1.4 NEUROGENESIS IN VERTEBRATES 

As already mentioned in previous sections, postnatal neurogenesis is a trait 

observed in all vertebrates studied to date. However, differences in characteristics of 

the process exist across all vertebrates. Generally, non-mammalian vertebrates 

display extensive neurogenesis compared to mammalian vertebrates. Specifically, 

neurogenesis is more extensive throughout the anamniote brain as shown by greater 

number of neurogenic compartments and the quantity of cells produced. On the 

contrary, neurogenesis in amniotes is mostly restricted to the telencephalon (Kaslin 

et al., 2008; Ferretti and Prasongchean, 2015). 

1.4.1 Adult neurogenesis in the mammalian brain 

Postnatal neurogenesis in the mammalian brain is restricted to the SVZ and SGZ of 

the telencephalon and to a lesser extent, the cerebellum (Pino et al., 2017). 

Although these two neurogenic microenvironments (SVZ and SGZ) are found within 

the mammalian telencephalon, differences exist with regard to: 1) the neuronal 

phenotype produced 2) their contact with ventricular surfaces or displacement in the 

parenchyma 3) the fate of the newly formed neurons, that is, whether they are 

destined for neuronal replacement in the olfactory bulb or growth of an existing 

neuronal circuit of the dentate gyrus (Grandel and Brand, 2013). 

In the cerebellum, neurogenesis continues postnatally (Bonfanti and Peretto, 2011 ). 

Initially, postembryonic neurogenesis results in growth of the granular layer of the 

cerebellum. In rodents, a secondary neurogenic zone, the external granular layer, 

remains proliferative postnatally and generates neuroblasts that accumulate in the 

granular cell layer of the cerebellum. This process terminates when the cerebellum 

has reached its stable adult size (Altman, 1972; Grandel and Brand, 2013). However, 

production of neuroblasts and glioblasts in the cerebellum persists into adulthood in 

most mammals studied to date, although at a lower rate. 
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1.4.1.1 Proliferative areas in the mammalian brain 

Under normal physiological conditions, NSCs have been identified in many brain 

areas but only those resident in the SVZ and SGZ have the capacity to produce new 

neurons (Gage, 2000; Gage and Temple, 2013; Pino et al., 2017). Neuronal stem 

cells in other areas of the CNS are also capable of proliferating but produce only 

neuroglia cells (Ming and Song, 2011; Bond et al., 2015). Neuronal stem cells have 

also been isolated from other brain areas outside the SVZ and SGZ such as the 

neocortex, diencephalon, brainstem or spinal cord. However, proliferation of NSCs in 

these regions is related to maintenance of precursor cell populations or production of 

neuroglia (Gage and Temple, 2013). Interestingly, when these NSCs are isolated 

from the non-neurogenic areas and transplanted to in vitro conditions simulating the 

SVZ or SGZ differentiate into neuroblasts. Indeed, NSCs isolated from the spinal 

cord differentiated into granule neurons after being transplanted to the SGZ 

(Shihabuddin et al., 2000). Similarly, NSCs from the SGZ developed into olfactory 

bulb interneurons following transplantation into the SVZ (Ming and Song, 2011 ). 

Conversely, when NSCs from either the SVZ or SGZ are transplanted into non­

neurogenic microenvironments develop into neuroglia (Seidenfaden et al., 2006). 

1.4.1.2 Migration and differentiation in mammalian brain 

New neuroblasts produced in the SVZ migrate as chains via the RMS to reach the 

olfactory bulb where they are incorporated as inhibitory interneurons (Lois and 

Alvarez-Buylla, 1994). These neuroblast chains migrate through the RMS without the 

aid of astrocytes or axonal guides (Garcia-Verdugo et al., 2002). Instead, these 

chains of newly formed neuroblasts migrate along glial tubes formed by astrocytes 

and their extensions (Garcia-Verdugo et al., 2002). In mice, migration of neuroblasts 

from the SVZ to the olfactory bulb (a distance of approximately 5 mm) takes 

approximately 10-14 days (Whitman et al., 2009). On reaching the olfactory bulb, 

neuroblasts differentiate into either granule (95%) or periglomerular (5%) 

interneurons that synapse with mitral cells (Mobley et al., 2014). Granule neurons are 

GABAergic whereas periglomerular neurons are both GABAergic and dopaminergic 

(Mobley et al., 2014). 
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In the dentate gyrus, neuroblasts migrate short distances to reach the GCL where 

they differentiate into new granule neurons (Kempermann, 2011; Pino et al., 2017). 

These newly formed granule neurons are excitatory (using glutamate and aspartate 

neurotransmitters) and project to area CA3 of the Amman's horn via the mossy fiber 

pathway (Garcia-Verdugo et al., 2002). 

1.4.2 Adult neurogenesis in the avian brain 

Avian neurogenesis was extensively investigated in the song control system of 

songbirds such as the canary (Alvarez-Buylla et al., 1998; Nottebohm, 2011) and 

hippocampi of food storing or migratory birds such as sparrows or chickadees 

(Barnea and Nottebohm, 1994; La Dage et al., 2011 ). However, adult neurogenesis 

was studied in brains of few non-song birds including parrots (Mazengenya et al., 

2018), doves (Ling et al., 1997; Chen et al., 2006), pigeons (Melleu et al., 2016; 

Meskenaite et al., 2016; Mazengenya et al., 2017), chicken (Mezey et al., 2012) and 

quails (Nikolakopoulou et al., 2006b; Balthazart et al., 2010; Bardet et al., 2012; 

Mouriec and Balthazart, 2013).Using 3H-thymidine , Nottebohm and colleagues 

revealed abundant neuronal incorporation in the high vocal centre (HVc), a nucleus 

related to song learning in the canary brain (Goldman and Nottebohm, 1983; 

Nottebohm, 1984; Nottebohm, 1996). Since then several studies, using exogenous 

and endogenous markers demonstrated that new neurons are incorporated in most 

regions of the avian telencephalon such as the striatum, septum, nidopallium, 

mesopallium, hyperpallium and hippocampus (Boseret et al., 2007; Balthazart et al., 

2008; Meskenaite et al., 2016; Mazengenya et al., 2017; Mazengenya et al., 2018). 

Outside the telencephalon, several investigations have revealed that neurogenesis 

also takes place in the cerebellum of most birds studied (Bardet et al., 2012; Mezey 

et al., 2012; Mazengenya et al., 2017; Mazengenya et al., 2018). However, no 

studies to date have reported neurogenesis in the hypothalamus, thalamus, optic 

tectum and brainstem of the avian brain under normal homeostasis (Chen et al., 

2006). 
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1.4.2.1 Proliferative areas in the avian brain 

Neuronal birth in all avian species investigated to date takes place in the lateral 

ventricular zones of the telencephalon. The VZ is the region where cells are labelled 

with 3H-thymidine or BrdU following short survival times (Alvarez-Buylla et al., 1998; 

Nottebohm, 2011 ). The VZ labelling reveals that the distribution of the proliferative 

cells is not homogenous with mitotic activity being abundant in the dorsal and ventral 

"hot spots" of the VZ (Alvarez-Buylla et al., 1990; Alvarez-Buylla et al., 1998). 

1.4.2.2 Migration and differentiation in the avian brain 

Despite having been born in focused 'hotspots" of the ventricular lining, dispersal of 

the neuroblasts is more widespread in the telencephalon. These newly formed 

neurons reach target areas in the telencephalon through different migratory routes. 

Although migratory routes of neuroblasts in the avian telencephalon are not well 

understood, the direction of migration is generally rostral. In addition, a stream of 

ventrocaudally migrating neuroblasts has been reported underneath the caudal 

telencephalon (Alvarez-Buylla, 1990; Alvarez-Buylla and Kirn, 1997). Regardless of 

the migratory route used and the final destination, migration takes approximately 20-

40 days (Alvarez-Buylla and Kirn, 1997). The most commonly held hypothesis is that 

neuroblasts initially follow a tangential migratory route before coursing radially guided 

by the radial glial scaffolding (Kaslin et al., 2008). The glial scaffolding is formed by 

the radial fibres that penetrate several millimeters into the parenchyma of the 

telencephalon (Alvarez-Buylla and Kirn, 1997). However, the fact that these radial 

fibres do not reach the pial surface of the avian telencephalon suggests that other 

mechanisms are also employed for migration (Kaslin et al., 2008). Possible 

mechanisms for migration include use of blood vessels as guides or chain migration 

as in the mammalian SVZ and RMS (Garcfa-Verdugo et al., 2002; Whitman et al., 

2009). All cell types generated from the VZ of the avian telencephalon are either 

interneurons or long projecting neurons (Kirn et al., 1991; Alvarez-Buylla and Kirn, 

1997; Garcfa-Verdugo et al., 2002). 
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1.4.3 Adult neurogenesis in the amphibian brain 

Urodele and anuran amphibians also exhibit extensive proliferative and neurogenic 

activity in many brain areas including the telencephalon, diencephalon, 

mesencephalon and cerebellum (Wullimann et al., 2005; Raucci et al., 2006; D'Amico 

et al., 2011; Maden et al., 2013; Amamoto et al., 2016; Herrgen and Akerman, 2016). 

In addition, neurogenic activity has also been reported in other areas outside the 

amphibian brain including the olfactory mucosa, vemoronasal mucosa and retina 

(Lindsey and Tropepe, 2006; Grandel and Brand, 2013). Previous studies 

demonstrated proliferative activity in the amphibian brain using 3H-thymidine, BrdU 

and PCNA techniques whereas the fate of these newly formed cells was 

demonstrated using DCX, BLBP and GFAP (Wullimann et al., 2005; Raucci et al., 

2006; D'Amico et al., 2011; Maden et al., 2013; Thuret et al., 2015; Herrgen and 

Akerman, 2016; Moreno and Gonzalez, 2017) 

1.4.3.1 Proliferative areas in the amphibian brain 

In the post-metamorphic amphibian brain, proliferative activity occurs mostly along 

the ventricular lining (Bernacchi et al., 1990; Filoni et al., 1995; Almli and Wilczynski, 

2007; Cerri et al., 2009; D'Amico et al., 2011; Maden et al., 2013). In the 

dorsoventrally flattened ventricles of olfactory bulb and rostral telencephalon, 

proliferative activity is very high in the ventricular lining of the roof (Raucci et al., 

2006; Maden et al., 2013). In the mid-telencephalon, proliferation activity is abundant 

mainly along the ventromedial aspects of the lateral ventricles adjacent to the sub 

pallial nuclei (Bernacchi et al., 1990; Almli and Wilczynski, 2007; Cerri et al., 2009; 

D'Amico et al., 2011). 

In the diencephalon, the lining of the recessus preopticus exhibits high proliferative 

activity (Raucci et al., 2006). On the contrary, infundibular recess of the 

hypothalamus, habenular nuclei, anterior and ventromedial thalamic nuclei are 

characterized by low proliferative activity (Bernacchi et al., 1990; Raucci et al., 2006). 

20 



Low proliferative activity also takes place in the mesencephalon specifically the 

ventral portion of the tectal ventricles, lamina nucleus and ventricular area of the 

dorsal tegmentum (Raucci et al., 2006). In addition, low proliferative activity is also 

observed along the fourth ventricular wall adjacent to the granular layer of the 

cerebellum and in the granular layer of the cerebellum (Bernacchi et al., 1990; 

Raucci et al., 2006; D'Amico et al., 2011). 

1.4.3.2 Migration and Differentiation in the Amphibian brain 

New cells born in the amphibian brain VZ migrate to the parenchyma as revealed by 

pulse chase experiments using 3H-thymidine or BrdU (Bernacchi et al., 1990; 

D'Amico et al., 2011 ). In anurans, BrdU immunopositive cells were only observed in 

the lining of the VZ two days post BrdU injection. However, BrdU immunopositive 

cells co-expressing either neuronal or oligodendrocyte markers were observed in the 

parenchyma of many brain regions including the pallium, sub pallium, hypothalamus 

and optic tectum at later time points (D'Amico et al., 2011 ). Similarly, BrdU labelling 

was restricted to the ventricular zones of the urodele brain shortly after BrdU injection 

but could be observed in the telencephalic parenchyma after 2 weeks where they co­

express NeuN (Maden et al., 2013). 

These observations suggest that newly born cells migrate away from their place of 

birth in VZ lining to reach the brain parenchyma. Indeed, through BrdU/DCX double 

labelling experiments, D'Amico et al. (2011) provided evidence that newly born 

neuroblasts migrate from the VZ to the brain parenchyma. Furthermore, the same 

authors also reported that these BrdU/DCX positive neuroblasts migrate radially 

along the BLBP positive processes of radial glial like cells (D'Amico et al., 2011 ). 

1.5 FUNCTIONAL SIGNIFICANCE OF NEUROGENESIS 

The exact function of the newly born neurons in the postnatal CNS remains unclear. 

Previously, neuroscientists believed that postnatal neurogenesis was only a remnant 

of embryonic development that has no functional significance in the adult animal. 
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Adult neurogenesis has been observed in several classes of invertebrate and 

vertebrate animals studied to date. The evolutionary conservation of this trait 

suggests that neurogenesis might have a fundamental biological function. 

In mammals, newly formed neurons in the SGZ of the hippocampal dentate gyrus 

have been shown to form synapse with mature granule neurons (Hastings and 

Gould, 1999; Markakis and Gage, 1999). In comparison to mature granule neurons, 

these newly formed neurons exhibit unique structural and electrical properties such 

as lower thresholds for long term potentiation (Liu et al., 2000; Wang et al., 2000). 

Moreover, neurogenic activity occurs in brain areas that are important for learning 

and memory raising the possibility that this process could be related to memory 

acquisition thereby improving animal adaptation to its environment (Kempermann et 

al., 1997; Kempermann, 2011; Aimone et al., 2014). In rodents, factors that increase 

neurogenesis such as estrogens, physical activity and environmental enrichment 

have also been shown to result in enhanced execution of hippocampus dependent 

tasks (Kempermann et al., 1997; Van Praag et al., 1999; Kronenberg et al., 2006). 

Similarly, factors that decrease neurogenesis such as stress, adrenal corticosteroids 

and age also result in poor performance of hippocampal dependent tasks (Lupien et 

al., 2009; Aimone et al., 2014). In addition, SVZ neurogenesis which produces new 

olfactory interneurons has been reported to be essential in odor discrimination or 

olfactory learning (Mobley et al., 2014). 

In birds, telencephalic neurogenesis has been shown to be related to a variety of 

functions including song learning in song birds and spatial learning or memory in 

migratory, food storing and homing birds (Kaslin et al., 2008; Barnea and 

Pravosudov, 2011; Barkan et al., 2016). In canaries, production and subsequent 

recruitment of new neuronal cells in the HVc possibly forms a cellular basis for the 

observed plasticity in song learning (Alvarez-Buylla et al., 1992; Kirn and Nottebohm, 

1993; Nottebohm, 2011 ). Indeed, song stability in canaries has been observed in 

seasons when neurogenesis was low (Kirn and Nottebohm, 1993; Kirn, 2010). 

Similarly, hippocampal neurogenesis in food caching or storing birds such as 

chickadees, jays and sparrows or migratory or homing birds such as pigeons has 
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been shown to be correlated with spatial learning (Barnea and Nottebohm, 1994; Lee 

et al., 1998; Barkan et al., 2016; Meskenaite et al., 2016). 

In amphibians, the widespread neurogenesis observed is thought to be related to 

continuous growth of the CNS particularly the sensory systems (Grandel and Brand, 

2013). Indeed, the high neurogenic activity observed in amphibians is most likely 

related to the high demand of CNS processing power needed for the increasing 

sensory input as the body grows (Kaslin et al., 2008; Grandel and Brand, 2013). 

1.6 FACTORS AFFECTING VERTEBRATE NEUROGENESIS 

Postnatal neurogenesis in vertebrates is regulated bi-directionally by several extrinsic 

and intrinsic factors. These factors include neutrophins, anti-depressants, stress, 

opioids, hormones, physical activity, environmental enrichment, seasonal variation, 

hibernation, temperature, photoperiods, social status, sex differences, learning and 

age (Lindsey and Tropepe, 2006; Kaslin et al., 2008; Balu and Lucki, 2009; Barnea 

and Pravosudov, 2011; Ming and Song, 2011; Pino et al., 2017). For all vertebrates 

studied to date, consensus exists on the regulatory effect of age. 

1.6.1 Effect of age on vertebrate neurogenesis 

Age is a powerful internal regulator of postnatal neurogenesis in vertebrates. In 

addition, age-related decreases in the formation and incorporation neurons has been 

reported across all vertebrates studied to date. In mammals, age-related decline in 

neurogenesis has been reported in the SGZ (Kuhn et al., 1996; Nada et al., 2010; 

Encinas et al., 2011; Jinno, 2011; Aimone et al., 2014; Pino et al., 2017), SVZ 

(Enwere et al., 2004; Luo et al., 2006; Shook et al., 2012), RMS (Mobley et al., 

2014), OB (Enwere et al., 2004; Kondo et al., 2010) and the sub callosal zone (SCZ) 

(Kim et al., 2012). 
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Similarly, age-dependent changes in avian neurogenesis have also been reported in 

the HVc of the canary (Alvarez-Buylla et al., 1994; Wilbrecht and Kirn, 2004) and 

zebra finch (DeWulf and Bottjer, 2002; Wang et al., 2002; Kim et al., 2006; Pytte et 

al., 2007), hippocampus of the migrating white-crowned sparrow (La Dage et al., 

2011 ), telencephalon of the ring dove (Ling et al., 1997), hippocampus and olfactory 

bulb of homing pigeons (Meskenaite et al., 2016). 

Although no quantitative studies exist on the effect of age, neurogenic activity has 

been shown to be higher in the juvenile compared to adult amphibians. Raucci et al. 

(2006) reported comparatively lower mitotic activity in the brains of early post­

metamorphic froglets compared to their larval counterparts. Similarly, D'Amico et al. 

(2011) reported reduced proliferative and neurogenic activity in the adult compared to 

juvenile frog brains. 

1.6.2 Mechanisms of age-dependent changes in neurogenesis in vertebrates 

Age-dependent decline in neurogenesis could result from either cell or non-cell 

autonomous mechanisms or both (Hamilton et al., 2013). 

1.6.2.1 Cell autonomous mechanisms 

Cell autonomous changes are those that occur within the NSCs themselves. Two 

main control systems which are potential mediators of cell autonomous changes are: 

telomere shortening and cyclin dependent kinase (CDK) inhibition (Mandal et al., 

2011 ). These control systems result in prolongation of the cell cycle and NSC entry 

into reversible or irreversible quiescence (Hamilton et al., 2013). 

Telomere shortening occurs each time NSCs divide leading to senescence. 

However, telomerase activity opposes the telomere shortening effects of cell division 

(Bodnar et al., 1998). Telomerase, a member of the reverse transcriptase group of 

enzymes, is highly detectable in NSCs. Indeed, high telomerase activity was 

observed in the rodent SVZ-O8 system (Caporaso et al., 2003). In addition, 

accelerated aging and significant suppression of SVZ neurogenesis occurs in 
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telomerase knockout mice (Wong et al., 2003; Ferron et al., 2004). However, this 

suppression in neurogenesis can be reversed after restoration of telomerase activity 

(Jaskelioff et al., 2011 ). 

Analysis of the cell cycle in NSCs is important in order to understand how CDK 

inhibition regulates neurogenesis. The cell cycle consists of four sequential stages 

namely: G1 (Gap 1 stage), S (Synthesis-stage, DNA synthesis}, G2 (Gap 2 stage) 

and M (Mitotic stage) (Boxem, 2006). After the M stage, cells either re-enter the cycle 

by proceeding to G1 or exit the cycle and enter the GO phase (Gap 0). The G1 stage 

involves cell growth and preparation for DNA synthesis. If the conditions are ideal, 

the cell proceeds to the S-phase. In the S-phase, the cell starts DNA synthesis, 

which results in replication of DNA. The S-phase is followed by the G2 phase where 

the cell continues to grow in preparation for mitosis. Finally, the cell enters the M­

phase in which mitosis occurs (Boxem, 2006) (Fig 1.3). 

The cell cycle is intimately and precisely controlled by the activity of CDKs (Sherr and 

Roberts, 1999; Boxem, 2006). CDKs are only active when they are coupled with 

cyclins. Cyclins are cell cycle regulatory proteins whose name originates from their 

periodic synthesis and degradation during the cell cycle. On activation by cyclin, 

CDKs become cyclin activated kinases (CAKs) whose activity allows the cell to 

progress through the stages of the cell cycle. At the end of each cell cycle, cyclins 

are degraded, leading to inactivation of their coupled CDKs. Inhibition of CDKs 

therefore result in no progression through the cycle (Sherr and Roberts, 1999) (Fig 

1.3). 

Two families of CDK inhibitors are believed to be responsible for the observed age­

related decline in neurogenesis. These are the INK4 and Cip/Kip families. The INK4 

is a tumor suppressor family and consist of the following members: P15iNK4a, 

P151NK4b, P181NK4c and P19iNK4d (Kim and Sharpless, 2006). It has been reported that 

increased expression of INK4 results in age-dependent suppression in NSC 

proliferation (Molofsky et al., 2006). Conversely, a reduction in the expression of 

P161NK4a attenuates age-dependent decline in NSC proliferation. In addition, 
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transcription factors Bmil and Hmga 2 which suppress expression of P161NK4a, 

promote NSC proliferation and attenuate age-related decline in neurogenesis 

(Molofsky et al., 2003; Molofsky et al., 2006; Nishina et al., 2008). 

The Cip/Kip family consist of the following family members: p21wait 1tcip, p27 Kip 1and 

p57 KiP 2(Kim and Sharpless, 2006; Hamilton et al., 2013). Similarly, expression of 

P21 promotes age-related decrease in progenitor cell proliferation. Indeed, 

expression of P21 resulted in aging of the rodent cerebellum (Legrier et al., 2001 ). 

Conversely, P21 knockout mice show no age-related decline in NSC proliferation 

(Kippin et al., 2005). 
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Figure 1.3: Schematic diagram showing the different stages of the cell cycle and 

factors that regulate the cycle in eukaryotes. Adapted from Boxem 

(2006). See list of abbreviations for abbreviations used in this figure. 
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1.6.1.2 Non-cell autonomous mechanisms 

Non-cell autonomous mechanisms include all changes in the neurogenic 

microenvironments that result in reduced trophic support of NSCs. These changes 

result in either an increase in neurogenesis inhibiting factors or a decrease in signals 

promoting neurogenesis (Hamilton et al, 2013). The majority of these factors were 

identified from neurogenesis research in rodents. Ephrins, epidermal growth factors 

(EGFs), fibroblast growth factors (FGFs), vascular endothelial derived factors 

(VEGFs), insulin-like growth factor-1 (IGF-1 ), brain derived neurotropic factor(BDNF), 

sonic hedgehog, notch and Wnts are some of the neurogenesis promoting signals 

that decrease with age (Aimone et al., 2014; Bond et al., 2015; Pino et al., 2017). On 

the other hand, neurogenesis inhibiting factors that increase with age include bone 

morphometric proteins (BMPs), corticosteroids and pro-inflammatory cytokines such 

as tumor necrosis factor-alpha (TNF- a), interleukin-6 (IL-6) (Cameron and Gould, 

1994; Aimone et al., 2014; Bond et al., 2015). Interestingly, exogenous infusion or 

blockage of some of these factors result in attenuation of the impaired neurogenesis 

(Jin et al., 2003; Enwere et al., 2004). 

In addition, several other changes in the neurogenic niches including alterations in 

blood borne factors, cerebrospinal fluid composition, ventricular stenosis leading to 

loss of ependymal cells and lipid droplet accumulation in the ependyma are also 

potential culprits (Villeda et al., 2011; Baird et al., 2012; Shook et al., 2012). 

1. 7 EVOLUTIONARY PERSPECTIVES AND ANIMAL MODELS USED 

The majority of postnatal neurogenesis research work was done using mammalian 

animal models. Consequently, almost all general theories on vertebrate 

neurogenesis are derived from mammalian work. However, neurogenesis in non­

mammalian vertebrates have largely been ignored. A comparative analysis of 

postnatal neurogenesis in animal models from different vertebrate taxa is significant 

in revealing differences in regional and temporal distribution of this trait. In this study, 

neurogenesis was investigated in the brains of the African clawed frog, Japanese 
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quail and BALB/c mouse as animal model representatives of the amphibian, avian 

and mammalian vertebrate classes respectively. 

Ancestral amphibians evolved from fish approximately 360 million years ago (Barker 

et al., 2011 ). In turn, urodele and anuran amphibians separated from each other 

around 350 million years ago from a common amphibian ancestor. In this study, we 

used an anuran (African clawed frog) as the amphibian model because studies have 

shown that anurans and not urodeles most likely represent the evolutionary path from 

which reptiles and mammals emerged from (Kuhn and Eisch, 2014). Furthermore, 

paleontological evidence shows that the paths leading to birds and mammals 

diverged several million years ago when the amphibian ancestors gave rise to two 

parallel evolutionary paths: one leading to reptiles and birds and the other one 

leading to mammals (Barnea and Pravosudov, 2011) (Fig 1.4). 

The Japanese quail and the BALB/c mouse were chosen as representative models of 

the avian and mammalian animals respectively because as short-lived species all the 

life-history stages can easily be studied within a relatively short period of time. 

Another reason for selection of the animal models used in this study is that they 

widely available and are easy to breed and rear under laboratory conditions. 
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Figure 1.4: Schematic diagram showing the phylogenetic tree of vertebrates. Figure 

adapted from Kuhn and Eisch (2014). 
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1.7.1 BALB/c mice 

1. 7 .1.1 Scientific classification 

The BALB/c mouse (Fig 1.5 A) belongs to class mammalia, order rodentia, family 

muridae, genus mus, sub genus mus and species m. musculus 

1. 7 .1.2 Habitat and geographic distribution 

The BALB/c mouse is a close relative of the house mouse. The BALB/c is the 

popularly used species belonging to the genus mus in laboratory research. These 

mice are able to survive under a wide range of environmental conditions including 

homes, commercial buildings, open fields and agricultural land. BALB/c mice usually 

live under laboratory conditions. Although they are omnivorous, BALB/c mice also 

feed on plant material. 

1. 7 .1.3 General characteristics and behaviour 

BALB/c mice can easily be identified by their pointed snout, small round ears, a long 

tail and a white colour coat. Females usually have five pairs of mammary glands 

whereas their male counterparts do not have nipples. Males have a large pair of 

testes which can be retracted close to the body. Like all other members of the genus 

mus, BALB/c mice can run, walk and stand using all four limbs. In addition, BALB/c 

mice can also jump, climb and swim. However, when feeding or fighting, they usually 

lift their forelimbs while tripoding on their hind legs and long tail. BALB/c mice are 

thigmotactic as they have a tendency to keep in close contact with upright surfaces 

or walls. 

Mice are nocturnal and usually avoid bright light. In captivity, BALB/c mice sleep for 

an average of 12.5 hours daily. In the wild, mice live close to food sources in hidden 

places usually in nests built from soft materials. In natural populations, mice usually 

live in small groups and are territorial. Usually each group is comprised of one 

dominant male, several females and young mice. The social behaviour of mice in 
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natural populations is not rigid but is largely dependent on food, water and space 

availability (Frynta et al., 2005). This dynamism enables mice to live in a wide variety 

of environments ranging from sandy areas to buildings. 

Depending with the environment, mice display commensal and non-commensal 

forms of social behaviour. Commensal behaviour is mostly displayed in mouse 

populations that inhabit urban areas and buildings where food is in large supply 

(Frynta et al., 2005). These environments are characterized by short home ranges 

and high population densities. Under these circumstances, territorial behaviour is 

abolished and individuals have a social hierarchy. In commensal populations, social 

units are usually composed of one male and two or more related females that breed 

and nurse cooperatively, thereby increasing reproductive success (Frynta et al., 

2005; Szenczi et al., 2012). On the other hand, non-commensal behaviour is 

displayed by mice that live wild and open fields (Gray and Hurst, 1997; Szenczi et al., 

2012). These environments are characterized by limited food and large home ranges. 

Compared to commensal populations, female to female and male to male aggression 

is very high in non-commensal populations (Gray and Hurst, 1997; Frynta et al., 

2005). In both populations, males aggressively defend their territories against 

intrusion. To avoid intrusion, males usually mark their territories with urine. As a 

result, sexually mature males usually leave their birth places to form new territories. 

However, females generally stay within their birth territory. 

Mice are opportunistic rather than seasonal breeders. The gestation period in mice is 

usually 19 to 21 days and at term they give birth to an average of 6-8 pups. The pups 

are born without fur, ears and sight. However, the ears are formed by the 4th day, fur 

appears by the 6th day and eyes are open by the 13th day after birth. Juvenile pups 

feed on breast milk before they are weaned around 21 days after birth. Usually, male 

and female mice reach sexual maturity or puberty between 5 weeks to 6 weeks of 

age when they become adults. The lifespan of BALB/c mice is one year and four 

years in the wild and in captivity respectively (Miller et al., 2002). 
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1.7.2 Japanese quail 

1.7.2.1 Scientific classification 

The Japanese quail (Fig 1.5 B) belongs to class aves, order galliformes, family 

phisianidae, genus cortunix and species c. japonica 

1.7 .2.2 Habitat and geographic distribution 

Japanese quails are a member of the old world quail populations found in eastern 

Asia. Some populations also inhabit several countries in Africa including Egypt, 

Kenya, Madagascar, Malawi, Namibia and Tanzania. However, their breeding sites 

are mainly located in Eastern and Central Asia. Japanese quails are a ground-living 

species that inhabit areas of dense vegetation to avoid predation. The quail's natural 

habitat includes grassy fields, bushes along the river banks and grain farms 

(Buchwalder and Wechsler, 1997). In addition, Japanese quails also live in open 

habitats including steppes, meadows and dry mountain slopes in close proximity to 

water sources. Quails mainly feed on grass seeds such as white millet and panicum 

and small invertebrates including insects and their larvae. 

1.7.2.3 General characteristics and behaviour 

Both sexes of quail chicks have the same colour of plumage (Hubrecht and 

Kirkwood, 2010). Although both sexes have a predominantly brown coloured 

plumage in adulthood, the colour of the throat and breast plumage is sexually 

dimorphic. In females, the breast feathers are pale littered with dark spots. In 

contrast, the breast plumage in males is reddish brown with no dark spots (Hubrecht 

and Kirkwood, 2010). 

Socially, quails display both monogamous and polygamous relationships (Bennett G 

Galef and White, 1998). In addition, Japanese quails are seasonal breeders with 

breeding activity peaking during the summer. During this period, the testes of the 
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quails enlarge and testosterone production reaches its peak (Akbar and Qureshi, 

2012). When mating, the male usually deposits semen into the cloaca of a receptive 

female. If fertilization takes place, the female will lay eggs usually just before dusk 

(Mills et al., 1997). Egg incubation, lasting about 17 days, is carried out by the female 

quail and commences when the last egg in the batch is laid (Ainsworth et al., 2010). 

During this period, the female becomes increasingly aggressive and intolerant to 

male quails. Just before the egg hatching, the female eventually chases the male off 

the nest. Therefore, females are the sole providers of parental care of the juvenile 

quails (Correa et al., 2011 ). Japanese quails attain sexual maturity between 5 to 6 

weeks of age and have an average life span of 4 years in captivity. 

Based on their inability to distinguish different carbohydrates, quails were previously 

thought to have an underdeveloped gustatory sense. However, new evidence shows 

that quails have a preference for sugar containing solutions over simple water or 

salty solutions (Mills et al., 1997). In addition, quails also possess an olfactory 

epithelium in their nasal cavity and prominent olfactory bulbs. Indeed, a few studies 

have shown that quails are able to avoid pesticides and lectin, a food contaminating 

toxin, using olfaction alone (Mills et al., 1997). Furthermore, quails have very large 

eyes which enable them to have frontal eye filed overlap. Moreover, they have also 

been reported to possess colour vision and therefore able to perceive more than form 

or shape (Mills et al., 1997). Although not much is known about the quail's auditory 

sense, they are able to distinguish more than 28 different calls used by other quails. 

Each call is dependent on the circumstances and elicits certain behaviours (Mills et 

al., 1997). These vocalizations appear after 5 weeks of development and are non­

learned. Crowing in males has been shown to speed the maturation of the female 

ovaries and females exposed to this crowing reach sexual maturity earlier than those 

non-exposed (Mills et al., 1997). 
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1. 7 .3 African Clawed frog 

1. 7 .3.1 Scientific classification 

The African clawed frog (Fig 1.5 C) belongs to class amphibian, family pipidae, 

genus xenopus and species x. laevis. 

1.7.3.2 Habitat and geographic distribution 

The African clawed frog is mainly resident in ponds, wetlands, rivers and lakes in arid 

and semi-arid south eastern parts of Sub Saharan Africa. In addition, fewer 

introduced populations are also found in Europe, North and South America. 

1.7.3.3 General characteristics and behaviour 

African clawed frogs have a smooth, slippery skin that is olive grey or brown in colour 

dorsally and cream in colour ventrally. Every season, they shed and consume their 

skin. African clawed frogs do not have a tongue and teeth. They use their claws to 

break pieces of food and use their hands to shove the food into the mouth (Maddin et 

al., 2009). African clawed frogs are scavengers and prey on anything living or dead. 

African clawed frogs reproduce by fertilising the eggs laid by the female outside the 

body. Females usually lay eggs during the period between winter and spring. 

Following fertilisation, pre-metamorphic development (embryo to tadpoles) of x. 

/aevis takes approximately 6 to 8 weeks (Nieuwkoop and Faber (NF) stages 1-55). 

After 8 weeks, metamorphosis (NF stages 55-66) takes place for approximately 4-5 

days when the tadpole transforms into a froglet. This change involves resorption of 

the tadpole tail and development of the limbs. The juvenile period is approximately 10 

months, followed by the sub adult period stretching from 10 to 12 months. African 

clawed frogs attain sexual maturity at approximately 12 months of age when they 
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become adults. African clawed frogs have a life span around 15 years in the wild and 

25 to 30 years in captivity. 

African clawed frogs do not have ears but use lateral lines on the sides and under 

aspect of their bodies to sense movements and vibrations. They also employ their 

very sensitive fore digits, keen olfactory sense and the lateral line system to find 

food. Anuran amphibians also demonstrate significant learning ability and display 

considerable navigational abilities when they migrate seasonally in search for food or 

between breeding ponds. 
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Figure 1.5: Photographs showing different vertebrate animal models used in this 

study. A) BALB/c mouse, B) Japanese quail and C) African clawed frog. 

39 



A 

B 

C 

40 



1.8 AIM AND OBJECTIVES OF THE STUDY 

1.8.1 Aim 

The aim of the study was to determine time-course changes in cell 

proliferation, differentiation and cell death in the mammalian, avian and 

amphibian brains. In the current study, time-course was defined as the 

increasing chronological age spanning different life-history stages of the 

animal. However, changes in cell death could not be determined using the 

initial technique that was proposed for this study and the exorbitant cost of 

the likely alternate technique. 

1.8.2 Objectives 

1.8.2.1 To qualitatively determine proliferative sites in the BALB/c mouse, Japanese 

quail and African clawed frog brain using Ki-67 and PCNA 

immunohistochemistry. 

1.8.2.2 To qualitatively determine areas of the BALB/c mouse, Japanese quail and 

African clawed frog brain that incorporate newly formed neurons using DCX 

immunohistochemistry. 

1.8.2.3 To qualitatively and quantitatively determine how cell proliferation and 

neuroblast incorporation change with chronological age in the BALB/c 

mouse, Japanese quail and African clawed frog brain. 

1.8.2.4 To qualitatively and quantitatively determine how cell proliferation and 

neuroblast incorporation change with life-history stages in the BALB/c 

mouse, Japanese quail and African clawed frog brain. 
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To achieve these aims, the research was divided into four studies. 

Study 1: Changes in neurogenesis with post-hatching age in the male 

Japanese quail (Cortunixjaponica) brain 

The objective of this study was to qualitatively evaluate proliferative sites and brains 

areas that incorporate new neurons in the Japanese quail brain at post-hatching 

ages 3 to 12 weeks using PCNA and DCX immunohistochemistry respectively. 

PCNA-ir cells were observed mainly in the olfactory bulb ventricular lining, 

telencephalic ventricular zones and cerebellum. Fewer PCNA-ir cells were also 

observed in the hypothalamus, thalamus and bed nucleus of the stria terminal is. In 

telencephalic ventricular zones, PCNA-ir cells were concentrated ventrally and 

dorsally adjacent to the mesopallium and medial striatum, respectively. DCX-ir cells 

were observed in the olfactory bulb, telencephalon and cerebellum. Furthermore, 

DCX-ir cells were scattered throughout the pallium except for the entopallium and 

arcopallium; septal nuclei and striatum. Fewer DCX-ir cells were also observed in the 

hippocampus and bed nucleus of stria terminalis. The density of PCNA-ir cells and 

DCX-ir cells in all brain areas declined with post-hatching age. Findings from this 

study reveal that cell proliferation appears to be restricted to the ventricular zones 

whereas neuronal recruitment is more widespread in the olfactory bulb, 

telencephalon and cerebellum. In addition, post-hatching neuronal incorporation 

appears to be absent in the diencephalon and mesencephalon. 

Study 2: Quantitative analysis of age-related changes in doublecortin (DCX) 

expression in the male Japanese quail ( Cortunix Japonica) 

telencephalon. 

Since the high density of PCNA-ir cells in the dorsal and ventral reaches of the 

telencephalic ventricles precluded quantification, only DCX-ir cells were quantified in 

this study. The objective of this study was therefore to quantitatively determine how 

DCX expression in the Japanese quail telencephalon changes with post-hatching 

age (3-12 weeks) and life-history stage. Bipolar and multipolar DCX-ir cells were 
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observed in the entire telencephalon except for the entopallium and arcopallium. In 

addition, DCX expression in all the eight telencephalic areas quantified was strongly 

negatively correlated with post-hatching age. Furthermore, numbers of bipolar and 

multipolar DCX-ir cells were higher in the juvenile compared to sub adult and adult 

quails. This study revealed that neuronal incorporation in the quail telencephalon is 

widespread but declines with post-hatching age. In addition, the most dramatic 

decline in neuronal incorporation in the all the telencephalic areas quantified 

occurred from the 7th week just after the quails attained sexual maturity. 

Study 3: Age-related changes in Ki-67 and DCX expression in the BALBI c 

mouse (Mus muscu/us) brain. 

The objective of this study was to qualitatively and quantitatively determine how age 

(1-12 weeks) and life-history stage affect neurogenesis in the male BALB/c mouse 

brain. To achieve this, Ki-67 and DCX immunohistochemistry was used to assess 

changes in cell proliferation and neuronal incorporation respectively. Ki-67 

expression was mainly observed in the olfactory bulb, RMS, SVZ of the lateral 

ventricle and the SGZ of the dentate gyrus. In addition, fewer Ki-67 positive cells 

were also observed in the neocortex, cerebellum and tectum. DCX was expressed in 

similar regions as Ki-67 except for the cerebellum and tectum. Both Ki-67 and DCX 

expression sharply decreased with increasing age or progression through life-history 

stages in the SVZ, RMS and SGZ of the BALB/c brain. 

Study 4: Age- related changes in proliferation nuclear antigen (PCNA) and 

doublecortin (DCX) expression in the post-metamorphic African 

clawed (Xenopus laevis) frog brain. 

The objective of this study was to qualitatively and quantitatively determine how 

PCNA and DCX expression in the post-metamorphic African clawed frog brain 

changes with age and life-history stage. In this study, PCNA and DCX were used as 

proxies for neuronal stem cell proliferation and neuronal incorporation respectively. 

PCNA-ir cells were observed mainly in the ventricular linings of the olfactory bulb, 
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telencephalon, ventral hypothalamus, preoptic region and metencephalon adjacent to 

the cerebellar granule cell layer. DCX-ir cells were observed in the parenchyma of 

the olfactory bulb, telencephalon, ventral hypothalamus and cerebellum. In the 

telencephalon, DCX-ir cells were concentrated mainly in the striatal and septal areas 

although fewer cells were also observed in the lateral, medial and dorsal pallial 

areas. PCNA-ir and DCX-ir cells in the telencephalic areas were then quantified and 

correlated with age and life-history stage. PCNA-ir and DCX-ir in all the telencephalic 

areas quantified were strongly negatively correlated with age. Furthermore, PCNA-ir 

and DCX-ir cells were higher in the juvenile froglets compared to sub adult and adult 

frogs. This study revealed that neuronal stem cell proliferation and neuronal 

incorporation in the X. /aevis brain is widespread but declines with age. In addition, 

the most dramatic decline in neurogenesis in all the telencephalic areas quantified 

occurred during the period of transition from sub adult to adult life-history stages. 
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CHAPTER 2: CHANGES IN NEUROGENESIS WITH POST-HATCHING 
AGE IN THE MALE JAPANESE QUAIL (CORTUNIX JAPONICA) 

BRAIN 

45 



2.1 INTRODUCTION 

Across all vertebrate species, the central nervous system harbours constitutively 

active neuronal progenitors that are responsible for producing new neurons 

throughout life (Alunni and Bally-Cuif, 2016). The process through which new 

neurons are formed from these progenitors is termed neurogenesis and involves cell 

proliferation, differentiation, migration and integration of the newly formed neurons 

into the existing neuronal circuitry (Barnea and Pravosudov, 2011 ). In mammalian 

adult brains, neurogenesis is restricted to the sub granular zone of the hippocampus 

and the sub ventricular zone of the lateral ventricle (Kaslin et al., 2008). On the other 

hand, in avian brains new neurons are generated along the walls of the lateral 

ventricle and migrate radially to be integrated into different circuits of the 

telencephalon (Vellema et al., 2010; Hall et al., 2014). 

The songbird species such as the canary and zebra finch have been used 

extensively in post-hatching neurogenesis studies (Nottebohm, 1984; Brenowitz, 

2004; Nottebohm, 2011; Brenowitz and Larson, 2015). Although neurogenesis in 

songbird brains was observed to be widespread, the focus of most studies has been 

almost exclusively on neuronal recruitment and integration into telencephalic circuits 

involved in song production (Alvarez-Buylla et al., 1992; Boseret et al., 2007; 

Balthazart et al., 2008; Nottebohm, 2011; Balthazart and Ball, 2016). However, 

songbirds constitute only about 2% of all avian species (Ling et al., 1997). 

Furthermore, previous studies have revealed that the neurogenesis observed in the 

telencephalon is not only specific to songbirds but also occurs in other avian species 

belonging to other orders such as ring doves (Ling and Cheng, 1995; Ling et al., 

1997), pigeons (Melleu et al., 2013; Melleu et al., 2016; Meskenaite et al., 2016; 

Mazengenya et al., 2017) chicken (Nikolakopoulou et al., 2006a; Mezey et al., 2012) 

and quails (Nikolakopoulou et al., 2006b; Balthazart et al., 2010; Bardet et al., 2012; 

Mouriec and Balthazart, 2013). 

Neurogenesis in the avian brain has been shown to be regulated by several internal 

and external factors including levels of circulating sex steroids (e.g testosterone, 

estradiol), variations in day length, seasonal changes and age (DeWulf and Bottjer, 
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2002; Yamamura et al., 2011; Mouriec and Balthazart, 2013; Barker et al., 2014; 

Guigueno et al., 2016; Meskenaite et al., 2016). 

Age-related decline in the production and recruitment of neuronal cells has been 

reported in the telencephalon and song control nuclei of canaries (Alvarez-Buylla et 

al., 1994) and zebra finches (DeWulf and Bottjer, 2002; Wang et al., 2002; Pytte et 

al., 2007). In addition, neurogenesis was reported to decline with age in the 

telencephalic ventricular zones of the ring doves (Ling et al., 1997), hippocampus 

and olfactory bulb of the pigeon (Meskenaite et al., 2016), and the telencephalon of 

the chicken (Mezey et al., 2012). Interestingly, Mouriec and Balthazart (2013) 

reported an age-dependant decline in cell proliferation in the medial preoptic nucleus 

(POM) of the Japanese quail brain during the pre-pubertal stages (PND 1 to 43) 

which was followed by an increase in cell proliferation at puberty (PND 44 to 56). 

The majority of neurogenesis studies in quails focussed on the sex steroid sensitive 

areas like the POM (Bardet et al., 2012), intermediate medial mesopallium and lateral 

septal nucleus (Nikolakopoulou et al., 2006b) with little attention given to 

neurogenesis in other quail brain areas like the telencephalon. The aim of the 

present study was therefore to determine the effect of post-hatching age on cell 

proliferation and neuronal recruitment in the male Japanese quail (Cortunix japonica) 

brain. Japanese quails are precocial birds that belong to the order galliformes. In 

addition, male quails exhibit crowing, a testosterone dependent behaviour. However, 

crowing is considered a non-learned vocalisation in contrast to the learned song of 

songbirds. To achieve this aim, proliferating cell nuclear antigen (PCNA) and DCX 

were used to assess cell proliferation and neuronal recruitment respectively in the 

quail brains. 
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2.2 METHODS 

2.2.1 Experimental Animals 

Thirty male Japanese quails with post-hatching ages ranging from 3 to 12 weeks 

obtained from the agricultural research centre (ARC, Irene, South Africa) were used 

in this study. All animals were treated and used according to the guidelines of the 

University of the Witwatersrand Animal Ethics Committee which correspond with 

those of the National Institute of Health (NIH) for care and use of animals in scientific 

experimentation. All protocols were approved by the University of the Witwatersrand 

Animal Ethics Screening Committee (AESC/2012/53/01). 

Throughout their life, the birds were maintained on a photoperiod simulating long 

days (16L: 8D) with access to food and water ad libitum. During the first 3 weeks 

after hatching, chicks were kept in mixed groups in brooder cages at 30°C. 

Temperature was then progressively reduced to room temperature by the 5th week. 

From post hatching age 3 weeks, 3 birds were collected every week up until the 12th 

week. The quails were allocated to groups according to their sexual maturity as 

follows: juvenile (sexually immature, 3-5 weeks old, n= 9), sub adult (sexually 

matured, 6-8 weeks old, n=9) and adult (sexually active, 9-12 weeks old, n=12). 

2.2.2 Tissue collection and processing 

All birds were given a dose of heparin (1 ml i.m) 5 min prior to euthanasia to prevent 

blood clotting followed by an intraperitoneal injection of Euthapent (0.5 - 1 ml/kg). 

Animals were then perfusion-fixed transcardially, initially with 0.9 % cold saline 

solution, followed by 4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) 

solution. After perfusion, brains were carefully removed from the skull, post-fixed 

overnight in 4 % paraformaldehyde in 0.1 M PB, weighed before being transferred 

into 30% sucrose in 0.1 M PB until equilibration. The brains were sectioned in a 

coronal plane at 50 µm using a cryostat (Shandon Cryotome E, Thermo Fischer 

scientific, UK) at -24 t and repeated series of 5 sections were collected free-floating 

into 24 multi-well plates containing 0.1 M PB. The first series of sections was 

mounted on gelatin- coated slides before staining with 1 % cresyl violet for 
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anatomical orientation, the second one for PCNA and the third one for DCX 

immunohistochemistry. The remaining two series were stored in a cryoprotectant 

solution at -20 ° C for future use. 

2.2.3 lmmunohistochemistry 

Brain sections were pre-treated for 30 min at room temperature under gentle shaking 

with an endogenous peroxidase inhibitor solution [0.1 M PB, 100% methanol and 

30% H202 in the ratio 49.2: 49.2: 1.66). Following three 10-min rinses in 0.1 M PB, 

the sections were subsequently pre-incubated in a blocking buffer solution [ 3 % 

normal horse serum or 3 % normal rabbit serum, 2 % bovine serum albumin, 0.25 % 

Triton X-100 in 0.1 M PB] for 2 h under gentle shaking at room temperature to 

prevent non-specific binding. Sections were then transferred into a primary antibody 

solution [1 :500, mouse anti-PC NA (clone PC 1 0; NCL-L-PCNA, Novocastra, UK) or 

1: 300, goat anti-DCX (C-18: SC-8066, Santa Cruz Biotechnology, Inc, USA), in the 

blocking buffer solution] and were incubated for 48 hat 4 °C under gentle shaking. 

Following incubation, sections were subjected to three 10-min rinses in 0.1 M PB 

before being incubated in secondary antibody solution [1: 1000 biotinylated anti­

mouse lgG (Novocastra, UK) or 1: 1,000 dilution of biotinylated anti-goat lgG (BA-

5000; Vector Laboratories, USA) in blocking buffer solution] for 2 h at room 

temperature under gentle shaking. Following three 10-min rinses in 0.1 M PB, the 

sections were incubated in an avidin-biotin solution [1: 125 A and 1: 125 B (Vector 

Laboratories) in 0.1 M PB] for 1 h. The sections were then transferred into three 10-

min 0.1 M PB rinses before being placed in a solution containing 0.05% 3, 3 Di­

amino-benzidine tetrachloride (DAB) in 0.1 M PB for 5 min. To each 1 ml of this 

solution, 3.3 µI of 30% H20 2 were added, and chromatic precipitation was visually 

monitored under a low power stereomicroscope. 

Development was subsequently stopped by placing the sections in 0.1 M PB, 

followed by a final 10-min rinse in 0.1 M PB. Sections were mounted on 0.5% 

gelatinised slides, left to dry overnight, dehydrated in a graded series of alcohols, 

cleared in xylene and cover slipped with DPX. To ensure that non-specific staining 

was not affecting the results, control sections taken at random were processed in the 
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same manner, but either the primary or the secondary antibody was omitted. No 

labelled cells were observed in either case. 

2.2.4 Data Analysis 

Sections were analysed qualitatively with both low and high power microscopy to 

yield a comparative description of the distribution of PCNA and DCX-immunoreactive 

(ir) cells. Brain structures were identified based on the atlas of the quail or chicken 

brain (Bayle et al., 1974; Kuenzel and Masson, 1988; Puelles, 2007) and we adopted 

the nomenclature by the Avian Brain Forum (Reiner et al., 2004). High power 

microscopic observation was used to determine the relative densities of stained 

structures throughout the different regions of the brain. The relative densities of 

immunostained structures were visually compared and recorded on a scale ranging 

from absent(-) to low(+) to moderate(++) to high(+++). A second observer was 

used to eliminate observer bias (Chawana et al., 2013; Mazengenya et al., 2018). 

High resolution microscopic images were digitally captured using an AxioCam HRC 

digital camera on a Zeiss Axioplan 2 compound microscope and a Zeiss Discovery 

SteREO v20 Stereomicroscope connected to a PC running Axiovision software. 

Composite images were prepared with the Adobe Photoshop 7 .0 software (Adobe 

Systems, Mountain View, CA). No pixelation adjustment or manipulation of the 

captured images was undertaken, except for the adjustment of contrast, brightness 

and levels. 
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2.3 RESULTS 

We report here changes in PCNA and DCX immunoreactivity from post-hatching age 

3 weeks to 12 weeks. 

2.3.1 Age-related changes in PCNA expression in the Japanese quail brain 

2.3.1.1 Olfactory bulb 

In juvenile quails, a high density of PCNA-ir cells was observed in the ependymal and 

sub ependymal lining of the olfactory ventricles (Figs 2.1 A and B). In addition, a few 

PCNA-ir cells were observed extending dorsally into the hyperpallium densocellulare 

(HD) (Fig 2.1 C). The distribution of PCNA-ir cells in the OB of sub adult and adult 

quails was similar to that observed in juvenile quails except that no PCNA-ir cells 

were observed extending into the HD in adult quails older than 9 weeks (Figs 2.3 A­

C, Table 2.1 ). 

2.3.1.2 Telencephalon 

In the juvenile telencephalon, a high density of PCNA-ir cells was observed 

throughout the rostrocaudal extent of the lateral ventricles (Figs 2.1 D-L). In the 

ventricular zones, PCNA-ir cells were mostly abundant ventrally adjacent to the 

medial striatum (Mst) and dorsally adjacent to the mesopallium (M) (Figs 2.1 D and 

E). In addition, a few PCNA-ir cells were observed in the M (arrows in Fig 2.1 E) of 

quails aged 3 and 4 weeks. However, no PCNA-ir cells were observed in the rest of 

the pallial areas. In the sub pallium, a low density of PCNA-ir cells was observed in 

the Mst adjacent to the lateral ventricles (Figs 2.1 Hand I). Fewer cells were also 

observed in the bed nucleus of stria terminalis (BSTM and BSTL) (arrows in Fig 2.1 

L). 

The distribution of PCNA-ir cells in the telencephalon of sub adult and adult quails 

was similar to that observed in the juvenile group although the density of PCNA-ir 
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cells was lowest in the adult group (Figs 2.3 D-1). However, no PCNA-ir cells were 

observed in the pallial areas of the sub adult and adult quails. In addition, PCNA-ir 

cells were absent in the BSTM and BSTL of adults older than 9 weeks or in the Mst 

of adult quails (Table 2.1 ). 

52 



Figure 2.1: Photomicrographs showing distribution of PCNA-ir cells in the olfactory 

bulb and telencephalon of the Japanese quail brain. (A) Low power 

photomicrograph showing distribution of PCNA-ir cells in the OB. (B) High 

power photomicrograph showing distribution of PCNA-ir cells along the 

olfactory bulb ventricular lining. {C) High power photomicrograph showing 

PCNA-ir cells {black arrows) extending from the OB to the HD. (D) Low 

power image showing distribution of PCNA-ir cells long the lining of the 

lateral ventricle of the rostral telencephalon. {E) High power image 

showing distribution PCNA-ir cells along the lining of the lateral ventricle 

adjacent to the M (black arrows showing PCNA-ir cells in the M). {F) High 

power image showing distribution PCNA-ir cells in the lining of the lateral 

ventricle adjacent to the N. (G) Low power image showing distribution of 

PCNA-ir cells long the lining of the lateral ventricle of the mid 

telencephalon. (H) Photomicrograph showing an increase in PCNA-ir cells 

on the ventral reach of the lateral ventricular zones adjacent to Mst. (I) 

High power image showing PCNA-ir cells in the Mst (black arrows) 

adjacent to the lateral ventricle. (J) Low power photomicrograph showing 

distribution of PCNA-ir cells long the lining of the lateral ventricle of the 

caudal telencephalon (insert shows part of the lateral ventricle magnified 

in figure K). (K) High power image showing distribution of PCNA-ir cells 

along the lateral ventricular lining of the caudal telencephalon. (L) High 

power photomicrograph showing the distribution of PCNA-ir cells in the 

BSTL (black arrows). Scale bars: J= 500µm and applies to A, D, G; L=50 

µm and applies to B, C, E, F, I, Kand H=200µm. See list of abbreviations 

for abbreviations used in this figure. 
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2.3.1.3 Diencephalon 

In the hypothalamus of juvenile quails, medium densities of PCNA-ir cells were 

observed in the POM (Figs 2.2 A & 2.3 J-L), nucleus paraventricularis (PVN), nucleus 

ventromedialis hypothalami (VMN) and nucleus tuberis (Tu). In the thalamus, low 

densities of PCNA-ir cells were observed in nucleus rotundus (Rt), nucleus ovoidalis 

(OV), nucleus dorsolateralis anterior thalami (DLA), nucleus dorsomedialis anterior 

thalami (DMA) and nucleus geniculatus lateralis pars ventralis (Glv) (Fig 2.2 B). A 

low density of PCNA-ir cells was also observed lining the ventricular zones of the 3rd 

ventricle of the diencephalon. The pattern of expression of PCNA in the diencephalon 

of sub adult and adult quails was identical to that observed in juvenile quails although 

the density of PCNA-ir cells appeared to decline with age (Table 2.1 ). 

2.3.1.4 Mesencephalon and optic tectum 

In the juvenile mesencephalon, a high density of strongly stained PCNA-ir cells was 

observed in the oculomotor nucleus (OMN) and red nucleus magnocellular part 

(RMC) located ventral to the OMN (Figs 2.2 C-D & 2.3 M-O). In addition, a high 

density of small weakly staining PCNA-ir cells were also observed in the Get (Fig 2.2 

C). Furthermore, a low density of PCNA-ir cells were observed in the lining of the 

aqueduct mesencephalicus. The distribution of PCNA-ir cells in the mesencephalon 

of sub adult and adult groups was similar to that of the juvenile groups. However, the 

density of PCNA-ir cells was lowest in the adult group. In the optic tectum, no PCNA­

ir cells were observed at all age-groups (Table 2.1 ). 

2.3.1.5 Cerebellum 

In the cerebellum of juvenile quails, a high density of PCNA-ir cells was observed in 

the Purkinje and granule cell layers of the cerebellum (Figs 2.2 E & 2.3 P-R). In 

addition to this, fewer PCNA-ir cells were also found in the nucleus cerebellum 

intern um (Cbi) situated on either side of the cerebellar recess of the fourth ventricle 

(Fig 2.2 F). 

55 



A similar pattern of PCNA expression was observed in sub adult quails although the 

number of PCNA-ir cells decreased with age. In the adult quails, fewer PCNA-ir cells 

were observed in the cerebellar layers whereas no PCNA-ir cells were observed in 

the Cbi (Table 2.1 ). 
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Figure 2.2: Photomicrographs showing distribution of PCNA-ir cells in the POM (A), 

thalamic nuclei (B), mesencephalic nuclei (C, D) nuclei, cerebellar cortex 

(E) and the Cbi (F) of the Japanese quail brain. Inserts in figures C and D 

represent high magnifications of the Get and OMN respectively. Scale 

bars: F= 200 µm and applies to images A-F; inserts in C and D = 20 µm. 

See list of abbreviations for abbreviations used in this figure. 
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Figure 2.3: Photomicrographs showing the distribution of PCNA-ir cells the different 

parts of the brain of juvenile (A, D, G, J, Mand P}, sub adult (8, E, H, K, N 

and Q) and adult (C, F, I, L, 0 and R) Japanese quails. Ventricular lining 

of OB (A-C}, ventricular lining adjacent to M (D-F), ventricular lining 

adjacent to Mst (G-1), POM (J-L), OMN (M-O) and CB (P-R). Scale bars: 

C= 200 µm and applies to A and C; R= 50µm and applies to D-Q. See list 

of abbreviations for abbreviations used in this figure. 

59 



60 



2.3.2 Age-related changes in DCX expression in the Japanese quail brain 

2.3.2.1 General observations 

Two main types of DCX-ir cells were observed in the Japanese quail brain. Type 1 

cells were round multipolar cells that displayed spherical or triangular shapes with 

cytoplasm filled with DCX and pale nuclei devoid of DCX staining. Long DCX-ir fibres 

extending from the cell bodies were also observed (Fig 2.4 A). Type 1 pattern of 

staining was mostly observed in the pallial (towards the external surface) and striatal 

parts of the telencephalon. In addition, smaller type 1 cells were observed in the 

cerebellum. 

Type 2 cells were either unipolar or bipolar cells that displayed elongated DCX-ir cell 

bodies with long fibres originating from one or both ends. Furthermore, the cell 

bodies of type 2 cells displayed elongated pale staining nuclei (Fig 2.4 B). Type 2 

staining pattern was mostly observed in the pallial areas adjacent to the lateral 

ventricles, striatum, septum, and cerebellar cortex. 
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Table 2.1: Age-related changes in PCNA immunoreactivity in the Japanese quail brain 

Post-hatching age 
3weeks 4weeks 5weeks 6weeks 7weeks Bweeks 9weeks 10weeks 11weeks 12weeks 

Olfactory Bulb OBV +++ +++ +++ ++ ++ ++ ++ + + + 
Telencephalon LV +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

Pallium HA 
HD 
M * 
N 
E 
A 
HP 

Sub 
MS! ** 

pallium 
Ls! 
GP 
SL 
SM 
BSTM + + + + + + + 
BSTL + + + + + + + 

Diencephalon Hypothal POM ++ ++ ++ + + + + + + + 
PVN + + + + + + + + + + 
VMN + + + + + + + + + + 
Tu + + + + + + + + + + 

Thalamus Rt +++ +++ +++ ++ ++ ++ ++ + + + 
ov +++ +++ +++ ++ ++ ++ ++ + + + 
DLA ++ ++ ++ + + + + + + + 
OMA ++ ++ ++ + + + + + + + 
GLv +++ +++ +++ ++ ++ ++ ++ + + + 

Mesencepalon Get +++ +++ +++ ++ ++ ++ ++ ++ + + 
OMN +++ +++ +++ ++ ++ ++ ++ ++ + + 
RMC ++ ++ ++ + + + + + + + 

OpticTectum 
Cerebellum Cb +++ +++ +++ ++ ++ ++ + + + + 

Cbi +++ +++ +++ ++ ++ ++ + + + + 

+++ High density, ++ medium density, + low density, - absent. PCNA-ir cells in the mesopallium (*) and medial striatum (**). See list of 

abbreviations for abbreviations used in the table. 
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Figure 2.4: Photomicrographs showing type 1 (A) and type 2 (B) DCX-ir cells in the 

Japanese quail brain (black arrows). Scale bar: B = 20 µm and also applies 

to A. 
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2.3.2.2 Olfactory bulb 

In juvenile quails, the OB was intensely stained with a compact plexus of DCX-ir 

fibres interspersed with small round or fusiform (types 1 and 2) weakly staining cell 

bodies in the ependymal and sub ependymal linings of the olfactory ventricles (Figs 

2.5 A-B & 2.7 A). In addition, a dense network of DCX-ir fibres extended dorsally into 

the HD (Fig 2.5 C). The pattern of DCX staining in the OB of sub adult and adult 

animals was identical to that observed in juvenile animals although there was a 

marked decline in the density of DCX-ir cells and fibres with age (Figs 2. 7 A-C). In 

contrast to juvenile and sub adult quails, no DCX-ir fibres were observed extending 

into the HD in adult quails. 

2.3.2.3 Telencephalon 

In juvenile quails, the highest density of DCX-ir cells and fibres were observed in the 

pallial part (HA, HD, M & N) of the telencephalon although the density of positive 

cells varied across different pallial areas (Figs 2.5 D-N). Type 1 cells were mostly 

observed near the external surfaces of the pallium whereas type 2 cells were 

observed near the lateral ventricles. The HA, HD, M and N were densely populated 

by types 1 and 2 DCX-ir cells. A much higher density of types 1 and 2 DCX-ir cells 

was observed on the ventral aspect of the nidopallium caudale (NC). In addition, a 

high density of DCX-ir fibres was observed in the pallial areas adjacent to the lateral 

ventricles with highest densities observed in the Mand Mst. The hippocampus (HP) 

had the lowest density of DCX-ir cells in the pallium (Figs 2.5 G and H). However, 

DCX-ir elements (cells or fibres) were absent in the entopallium (Figs 2.5 D and K) 

and arcopallium. 

In the sub pallium, a high density of types 1 and 2 cells was observed in the Mst 

(Figs 2.5 D, G and I) and Lst (Figs 5 G, J and K). A low density of type 2 cell bodies 

was also observed in the Septum (SL & SM) (Figs 2.5 J, I and M) and in the bed 

nucleus of stria terminalis (BSTM & BSTL) (Figs 2.5 N). However, no DCX-ir cells or 

fibres were observed in the globus pallidus (Fig 2.5 G). 
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Throughout the entire telencephalon, the lateral ventricular walls were lined up with a 

high density of DCX-ir elements. The distribution of DCX-ir cells in the pallium of sub 

adult and adult quails was similar to that observed in juvenile quails except that there 

was a reduction in the density of DCX-ir elements with age (Figs 2.7 0-1, Table 2.2). 

Similarly, the density of DCX-ir elements declined with age in the sub pa Ilium of sub 

adult and adult quails (Figs 2.7 J-0, Table 2.2). However, no DCX-ir elements were 

observed in the BSTM and BSTL of adult quails older than 9 weeks (Table 2.2). 
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Figure 2.5: Photomicrographs showing distribution of DCX-ir cells in the olfactory bulb 

and telencephalon of the Japanese quail brain. (A) Low power 

photomicrograph showing distribution of DCX-ir cells in the OB. (B) High 

power photomicrograph showing distribution of DCX-ir cells along the OB. 

(C) High power photomicrograph showing DCX-ir cells (black arrows) 

extending from the OB to the HD. (D) Low power image showing 

distribution of DCX-ir cells in the rostral telencephalon, E-high power 

image showing distribution DCX-ir cells in the M. (F) High power image 

showing distribution DCX-ir cells in the N. (G) Low power image showing 

distribution of DCX cells in the mid telencephalon. (H) Photomicrograph 

showing DCX-ir cells in the HP (black arrows). (I) High power image 

showing DCX-ir cells in the Mst. (J) Low power photomicrograph showing 

distribution of DCX-ir cells in the caudal telencephalon. (K) High power 

image showing distribution of DCX-ir cells in the Lst near the lateral striatal­

entopallial junction. (L) High power photomicrograph showing the 

distribution of DCX-ir cells in the SL (black arrow). (M) High power 

photomicrograph showing the distribution of DCX-ir cells in the SM (black 

arrow). (N) High power photomicrograph showing the distribution of DCX­

ir cells in the BSTL (black arrow). Scale bars: J= S00µm and applies to A, 

D, G; N =50 µm and applies to B, C, E, F, H, I, K, L, M. See list of 

abbreviations for abbreviations used in this figure. 
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2.3.2.4 Diencephalon, mesencephalon and optic tectum 

At all ages studied, no type 1 nor type 2 DCX-ir cells were observed in the ventricular 

or parenchymal areas of the diencephalon, mesencephalon and optic tectum (Figs 

2.6 A-C). 

2.3.2.5 Cerebellum 

A high density of small bipolar DCX-ir cells (Type 2) were observed in the granular 

and Purkinje layers of the juvenile quail cerebellar cortex (Figs 2.6 D, F and G). In 

addition, a few type 2 cells with long fibres were also observed in the molecular layer 

of the cerebellum (Figs 2.6 D and E). 

In the sub adult and adult quail cerebellar cortex, the pattern of DCX-ir cells was 

similar to that observed in juvenile although the densities declined with age (Figs 2. 7 

P-R, Table 2.2). However, no type 1 or type 2 DCX-ir cells were observed in the Cbi 

at all ages studied (Fig 2.6 H). 
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Figure 2.6: Photomicrographs showing Japanese brain sections through the POM, 

hypothalamus, mesencephalon and cerebellum. DCX-ir cells were 

absent in the POM (A), hypothalamus (B), mesencephalon (C) and Cbi 

(H). DCX-ir cells were observed in all the layers (ML, PL and GL) of the 

cerebellar cortex (D, E, F and G). Scale bars: G= 20 µm and applies to E 

and F; H = 200 µm and applies to A, B, C and D. See list of abbreviations 

for abbreviations used in this figure. 
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Figure 2.7: Photomicrographs showing the distribution of DCX-ir cells the different 

parts of the brain of juvenile (A, D, G, J, Mand P), sub adult (B, E, H, K, 

N and Q) and adult (C, F, I, L, 0 and R) Japanese quails. OB (A-C), M 

(D-F), N (G-1), Mst (J-L), Lst (M-O) and CB (P-R). Scale bars: C= 200 µm 

and applies to A and C; R= 50µm and applies to D-Q. See list of 

abbreviations for abbreviations used in this figure. 
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Table 2.2: Age-related changes in DCX immunoreactivity in the Japanese quail brain 

Post-hatching age 
3weeks 4weeks 5weeks 6weeks 7weeks Bweeks 9weeks 10weeks 111.veeks 12weeks 

Olfactory Bulb OB +++ +++ +++ +++ ++ ++ ++ + + + 
Telencephalon LV +++ +++ +++ +++ +++ +++ ++ ++ + + 

Pallium HA +++ +++ +++ ++ ++ ++ + + + + 

HD +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 
M +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 
N +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 
E 
A 
HP ++ ++ + + + + + + + + 

Sub 
pallium 

MS! +++ +++ +++ +++ +++ +++ ++ ++ + + 

Ls! +++ +++ +++ ++ ++ ++ + + + + 
GP 
SL ++ ++ ++ + + + + + + + 
SM + + + + + + + + + + 
BSTM + + + + + + + 
BSTL + + + + + + + 

Diencephalon Hypothal POM 
PVN 
VMN 
Tu 

Thalamus Rt 
ov 
DLA 
OMA 
GLv 

Mesencepalon Get 
OMN 
RMC 

Optic tectum 
Cerebellum Cb +++ +++ +++ ++ ++ ++ + + + + 

Cbi 

+++ High density,++ medium density,+ low density of DCX-ir type 1 and 2 cells only. See list of abbreviations for abbreviations 

used in the table. 
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2.4 DISCUSSION 

Our study used PCNA and DCX to investigate cell proliferation and neuronal 

incorporation in the Japanese quail brain and to determine how these processes 

change with post-hatching age. 

2.4.1 Methodological considerations 

2.4.1.1 Proliferating cell nuclear antigen 

Proliferating cell nuclear antigen, also known as cyclin, is a protein associated with 

catalytic activity of DNA polymerase A and is critical to the extension of the DNA 

strand during replication (Balthazart and Ball, 2014b). PCNA is therefore expressed 

during the G1 and S phases of the cell cycle and not in GO or resting phase. In 

addition, PCNA expression is highly conserved among eukaryotes (Charvet and 

Striedter, 2008) and has been employed in the current study as a marker of cell 

proliferation in the Japanese quail brain. PCNA immunolabelling was used previously 

in the avian brain to compare cell proliferation during ontogeny in birds that possess 

large (Parakeets) vs small (Bobwhite quails) brains in adulthood (Charvet and 

Striedter, 2008). Additionally, Bardet et al. (2012) and Mouriec and Balthazart (2013) 

also used PCNA to demonstrate age dependent changes in cell proliferation in the 

POM of Japanese quail brains. In the quail specifically, the pattern of PCNA staining 

was reported to coincide with BrdU labelling observed after injections with short 

survival times (Striedter and Charvet, 2008; Bardet et al., 2012) and therefore 

justifies its use as a marker of cell proliferation in the current study. 

2.4.1.2 Doublecortin 

DCX is a microtubule-associated protein that binds to microtubules, increasing their 

bundling and stabilization (Horesh et al., 1999). DCX controls the polymerization of 

the leading process and stabilization of the cytoskeleton during neuronal migration 

(Balthazart and Ball, 2014a, 2014b) thus playing a critical role in the positioning of 

new born neurons. However, mammalian studies have also shown that DCX is not 
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only a marker of neurogenesis but also relates to the extensive neuronal plasticity 

present in the adult brain (Naeher et al., 2001; Brown et al., 2003; Klempin et al., 

2011; Kremer et al., 2013). Given the role of DCX in microtubule reorganization, DCX 

also supports the reorganization of the dendritic arbour, neurite outgrowth and 

synaptogenesis in plastic neurons. 

The DCX antibody has been validated for both mammals and birds and it has been 

established that it is specific to the DCX protein (Balthazart et al., 2008; Balthazart 

and Ball, 2014b). In galliformes, DCX has been identified in the developing or post 

hatching brain of the chicken (Capes-Davis et al., 2005; Mezey et al., 2012) and 

Japanese quail (Balthazart et al., 2010). In this study, DCX immunolabelling was also 

used to investigate neuronal incorporation in the Japanese quail brain. 

Two main types of DCX -ir elements were observed in this study. Type 1 cells were 

observed mostly near the external surfaces of the brain are presumably 

differentiating neurons that have reached their destination following migration since 

DCX expression begins in late mitotic neuronal precursors and extends in early post 

mitotic neurons (Brown et al., 2003; Balthazart et al., 2008). Type 2 cells were mostly 

observed in the telencephalic areas adjacent to the lateral ventricles and resemble 

migrating neurons with leading and trailing processes that will presumably transform 

into multipolar morphology on reaching their target area (Boseret et al., 2007; Mezey 

et al., 2012). 

2.4.2 Ontogenetic considerations 

Japanese quails are precocial birds and therefore require minimal parental care after 

hatching. For precocial birds it is vital to have a highly developed brain by the time of 

hatching especially sub telencephalic areas that are important for homeostatic 

processes and simple behavioural tasks (Mezey et al., 2012). Neurogenesis in the 

quail brain is therefore supposed to be complete before hatching (Tsai et al., 1981). 

In galliformes such as quails and chicks, neurogenesis starts at about 16-30% of 

hatching time and is presumed to be complete for the medulla by 30%, the tectum by 

50% and the telencephalon by 50% of hatching time (Mezey et al., 2012). However, 
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Bardet et al. (2012) reported that neurons in most brain areas in the quail except for 

the telencephalon and the cerebellum are born and become post-mitotic before 

embryonic day 6 (E6). Even if neurogenesis persists throughout life in the 

telencephalon of adult birds, the bulk of neurons in this part of the brain are produced 

before E6 in quails (Bardet et al., 2012) and E7-E9 in chicks (Tsai et al., 1981 ). Our 

results reveal that the post hatch development of higher order brain areas such as 

the telencephalon and cerebellum is protracted in precocial birds in a similar way as 

observed in other birds and mammals. 

2.4.3 Age - related changes in PCNA and DCX expression in different brain 
regions 

2.4.3.1 Olfactory bulb 

PCNA-ir and DCX-ir elements were observed in the olfactory bulb of juvenile, sub 

adult and adult quails. Our findings suggest that the lining of the olfactory ventricle is 

the birth site of neurons that are incorporated in the olfactory bulb. This is in contrast 

with the situation in mammals where neurons are born in the lateral ventricular zones 

and migrate through the rostral migratory stream to reach the olfactory bulb (Maheu 

et al., 2015). A qualitative analysis of the results revealed an age dependent decline 

in PCNA-ir and DCX-ir cells in the olfactory bulb especially in the sub adult and adult 

groups. A similar age dependent decline in DCX expression was also reported by 

Mezey et al. (2012) in chicks and Meskenaite et al. (2016) in pigeons. DCX-ir cells 

and fibres running between the OB and the HD have been previously observed in the 

adult chick (Mezey et al., 2012) and in the pigeon (Melleu et al., 2013). These fibres 

may represent an extensive network of newly generated neurons being continuously 

exchanged along the rostrocaudal extension of the olfactory pathways (Melleu et al., 

2013). The presence of neuronal production and incorporation in the olfactory bulb of 

the quail is not surprising as this bird has been reported to have a keen sense of 

smell and is known to be able to detect the presence of certain pesticides, as well as 

avoid food containing a toxic chemical called lectin, using only the sense of smell 

(Mills et al., 1997). 
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2.4.3.2 Telencephalon 

In the pallium, the majority of PCNA-ir cells observed throughout the rostrocaudal 

extent of the lateral ventricles appeared to decline with post-hatching age. PCNA-ir 

cells were mostly abundant ventrally and dorsally in the ventricular zones adjacent to 

the medial striatum and mesopallium respectively corresponding to the proliferative 

"hotspots" described by Alvarez-Buylla et al. (1990). In juvenile quails, very few 

PCNA-ir cells were also observed in the mesopallium and caudal part of the 

nidopallium adjacent to the lateral ventricles. Similarly, Bardet et al. (2012) reported 

presence of a few PCNA and BrdU labeled cells in the quail pallium and concluded 

that these could be slow cycling progenitors. Alternatively, the presence of PCNA-ir 

cells in the parenchyma may not be related to cell proliferation but to DNA repair in 

mature neurons as proposed by Essers et al. (2005). Apart from those few cells in 

the pallial parenchyma of juvenile quails, cell proliferation in the sub adult and adult 

Japanese quails appears to be restricted to the lateral ventricular zones. 

DCX-ir cells were observed throughout the pallium except for the entopallium and the 

arcopallium. DCX expression in the pallium suggests that the Japanese quail, like 

other birds, continues to recruit neurons into the pallium throughout life although at a 

slower rate in adult as compared to juvenile and sub adult quails. The very low 

density of DCX-ir cells in the quail hippocampus throughout juvenile, sub adult and 

adult stages is not surprising given that spatial memory is not a major factor in the life 

of quails as it is in food storing birds (Mezey et al., 2012) or homing pigeons 

(Meskenaite et al., 2016). 

In the sub pallium, PCNA-ir cells declined with post hatching age eventually 

disappearing in the medial striatum and in the bed nucleus of stria terminalis (BSTM 

and BSTL) in adult quails older than 9 and 10 weeks respectively. DCX expression 

ceased in the BSTL and BSTM at 11 weeks suggesting that these brain structures 

reach full maturation at 10 weeks after which no new neurons are incorporated. 

However, the striatum continues to express DCX throughout the juvenile, sub adult 

and adult ages. The observation that DCX is expressed in the septum and the 

striatum, areas where PCNA is not expressed, implies that there could be another 
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source for neurons that are added to these brain areas, presumably the adjacent 

lateral ventricles. Furthermore, our findings suggest that the septum continues to 

recruit neurons throughout the ages studied. This is contrary to the findings by 

Nikolakopoulou et al. (2006b) who reported an early maturation of the SL in the quail 

at post hatching day 20 (P20) using BrdU staining. They reported that about 50 % of 

BrdU-ir cells in the SL were of unknown phenotype as they neither co-expressed with 

neuronal nor glial markers. Since the SL is a steroid sensitive brain area, this 

population of BrdU-ir cells could be slow cyclin progenitors that are quiescent at P20 

but may be reactivated at puberty when the level of circulating steroids increases as 

observed by Mouriec and Balthazart (2013). 

2.4.3.3 Diencephalon 

Given the fact that no type 1 or type 2 DCX-ir cells were observed in the 

diencephalon, the PCNA immunoreactivity observed in this region is presumably 

related to glial cell production. Additionally, Balthazart et al. (2010) also reported lack 

of DCX immunoreactivity in the adult quail POM. In support of our observation, 

Bardet et al. (2012) reported that neuronal production in this region of the quail brain 

is complete by embryonic day 6 and that further cell proliferation after this date is 

related to production of glial cells. However, attempts to test this hypothesis through 

double labelling experiments in birds is technically challenging because many 

antibodies available to identify glial cells in mammals either do not label any cell in 

birds or only label sub populations of glial cells in specific brain regions (Bardet et al., 

2012). 

2.4.3.4 Mesencephalon and Optic Tectum 

As was the case with the diencephalon, no type 1 or type 2 DCX-ir cells were 

observed in these two regions of the quail brain. As a result, it can be concluded that 

the intense PCNA immunoreactivity observed in the oculomotor nucleus, griseum 

centrale and the red nucleus of the mesencephalon may not be related to 

neurogenesis but possibly related to glial cell production. No PCNA-ir or DCX-ir cells 
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were observed in the optic tectum of all the quails suggesting that this structure 

reaches full maturity before hatching. 

2.4.3.5 Cerebellum 

Our findings suggest that neuronal birth and incorporation continue to take place in 

the cerebellum of juvenile, sub adult and adult quails just like other birds species 

(Stamatakis et al., 2004; Bardet et al., 2012). The PCNA immunoreactivity observed 

in the Cbi of juvenile and sub adult quails may be related to glial cell production since 

no type 1 or type 2 DCX-ir cells were observed in that nucleus. 

2.5 CONCLUSION 

Post-hatch neuronal production appears to be restricted to olfactory and 

telencephalic ventricles whereas neuronal incorporation is restricted to telencephalon 

and cerebellum. In addition, both processes continue into adulthood and appear to 

decline with post hatching age beginning from the 6th week. Furthermore, sub 

telencephalic regions such as the diencephalon, mesencephalon and optic tectum 

appear to reach full maturity prior to hatching and post-hatching proliferation 

observed in these regions is most likely related to glial cell production. 
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CHAPTER 3: QUANTITATIVE ANALYSIS OF AGE-RELATED 
CHANGES IN DOUBLECORTIN (DCX) EXPRESSION IN THE MALE 

JAPANESE QUAIL (CORTUN/X JAPON/CA) TELENCEPHALON. 
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3.1 INTRODUCTION 

Most neurons in the vertebrate central nervous system are born before or shortly 

after birth. However, addition of new neurons to the brain continues into adulthood in 

both precocial and altricial vertebrates. The process through which new neurons are 

added to the brain is termed neurogenesis. In adult mammals, production of new 

neurons is restricted to the sub ventricular zone (SVZ) of the lateral ventricles and 

the sub granular zone (SGZ) of the hippocampus. Newly formed neurons in the SVZ 

and SGZ are incorporated into the olfactory bulbs and the granule cell layer of the 

hippocampal dentate gyrus respectively (Chawana et al., 2013; Olaleye and lhunwo, 

2014; Olude et al., 2014). 

On the other hand, neurogenesis in the avian brain is more widespread than that 

observed in mammals. In adult birds, new neurons are born in the lining of the lateral 

ventricles and migrate radially to different parts of the brain parenchyma guided by 

radial cell processes where they integrate into existing neuronal circuits (Alvarez­

Buylla and Nottebohm, 1988). To date, adult neurogenesis has been found in birds 

belonging to widely unrelated avian orders including canaries (Alvarez-Buylla and 

Kirn, 1997; Boseret et al., 2007; Nottebohm, 2011; Vellema et al., 2014; Balthazart 

and Ball, 2016), zebra finches (Kim et al., 2006; Barkan et al., 2007; Cattan et al., 

2015), song sparrows (LaDage et al., 2011; Wada et al., 2014), black capped 

chickadees (Barnea and Nottebohm, 1994; Hoshooley and Sherry, 2004; Aitken, 

2015; Guitar, 2016), reed warblers (Barkan et al., 2016), cowbirds (Guigueno et al., 

2016), starlings (Absil et al., 2003; Hall et al., 2014), ring doves (Ling and Cheng, 

1995; Ling et al., 1997; Zuo, 1998; Chen et al., 2006; Chen and Cheng, 2007), turtle 

doves (Barkan et al., 2016), pigeons (Melleu et al., 2013; Melleu et al., 2016; 

Meskenaite et al., 2016; Mazengenya et al., 2017), parrots (Mazengenya et al., 

2018), chicken (Capes-Davis et al., 2005; Nikolakopoulou et al., 2006a; Mezey et al., 

2012) and quails (Nikolakopoulou et al., 2006b; Balthazart et al., 201 O; Bardet et al., 

2012; Mouriec and Balthazart, 2013; Nkomozepi et al., 2018). 

However, the majority of neurogenesis studies in Japanese quails focused on sex 

steroid sensitive areas of the brain like the preoptic area (Balthazart et al., 201 O; 

Bardet et al., 2012; Mouriec and Balthazart, 2013) and lateral septa I nucleus (SL) 

(Nikolakopoulou et al., 2006b) in relation to sexual behavior. Neurogenesis in the 
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Japanese quail telencephalon has largely been ignored, despite its critical 

involvement in learning and memory tasks such as imitation, filial imprinting, 

discriminative taste aversion learning and passive avoidance learning. Indeed, 

significant increases in synaptic density and plasticity have been observed in the 

hippocampus (HP), intermediate medial mesopallium (IMM) and medial striatum 

(MSt) following passive avoidance learning tasks in the domestic chick, a species 

closely related to the Japanese quail (Onal et al., 2002). In addition, Dermon et al. 

(2002) and Nikolakopoulou et al. (2006a) also reported changes in neurogenesis in 

the chick HP, IMM and MSt following passive avoidance training. Furthermore, 

passive avoidance learning has also been shown to increase expression of 

immediate early genes c-fos and c-jun in the IMM and MSt (Freeman and Rose, 

1999). Similarly, filial imprinting in the chick has been shown to increase c-fos and c­

jun expression in the hyperpallium apicale (HA), the dorsal HP and the IMM (McCabe 

and Horn, 1994). Moreover, lesion of the chick hyperpallium densocellure (HD) with 

ibotenic acid resulted in impaired visual imprinting (Nakamori et al., 2013). 

Given the importance of the galliform telencephalon in learning and memory tasks, 

this study was aimed at identifying neurogenic areas in the Japanese quail 

telencephalon and to quantitatively determine how neurogenesis in these areas 

changes with post-hatching age spanning different life-history stages. This study was 

a continuation from our previous study described in Chapter 2 above which 

qualitatively established that neurogenesis decreases with post-hatching age in the 

Japanese quail brain (Nkomozepi et al., 2018). To achieve the aim of the current 

study, doublecortin (DCX) was used in this study as a marker for neurogenesis in 

Japanese quail telencephalon. DCX is a microtubule-associated protein that is 

expressed in migrating neuroblasts (Balthazart and Ball, 2014b). In the avian brain, 

DCX was reported to co-express with more than 70% of new BrdU positive migrating 

neuroblasts confirming that it is an accurate proxy for neurogenesis (Boseret et al., 

2007; Balthazart et al., 2008). Additionally, DCX expression has been reported in the 

telencephalon of the zebra finch (Kim et al., 2006); canary (Boseret et al., 2007; 

Balthazart et al., 2008), pigeon (Meskenaite et al., 2016; Mazengenya et al., 2017), 

chicken (Capes-Davis et al., 2005; Mezey et al., 2012) and quail (Nkomozepi et al., 

2018) brains. 
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Previous studies in the ring dove (Ling et al., 1997), zebra finch (DeWulf and Bottjer, 

2002; Kim et al., 2006) and pigeon (Meskenaite et al., 2016) have shown that 

neurogenesis declines with age. 

3.2 MATERIAL AND METHODS 

3.2.1 Experimental animals 

The study was carried out using thirty male Japanese quails age ranging 3-12 weeks 

obtained from the Agricultural research centre (Irene, South Africa). All protocols 

were approved by the University of the Witwatersrand Animal Ethics Screening 

Committee (AESC/2012/53/01) and animals were treated according to the guidelines 

which correspond with those of the NIH for care and use of animals in scientific 

experimentation. The birds were maintained on a photoperiod stimulating long 

summer days (16L: 8D) with access to food and water ad libitum. During the first 3 

weeks after hatching, chicks were kept in mixed groups in brooder cages at a 

temperature of 30°C. Temperature was then progressively reduced to room 

temperature by the 5th week. From post hatching age 3 weeks, 3 birds were 

sacrificed and brains collected every week up until the 12th week. 

3.2.2 Tissue collection and processing 

All birds were given a dose of heparin (1-10 ml, i.m depending on animal size) 5 min 

prior to overdose to prevent blood clotting and then euthanized with an intraperitoneal 

injection of Euthapent (0.5 - 1 ml/kg). Animals were then perfusion-fixed 

transcardially, initially with 0.9% cold saline solution, followed by 4% paraformaldehyde 

in 0.1 M phosphate buffer (pH 7.4) solution. Following perfusion, Brains were carefully 

removed from the skull, post-fixed overnight in 4% paraformaldehyde in 0.1 M PB (pH 

7.4), weighed before being transferred into 30% sucrose in 0.1 M phosphate buffer (PB) 

until equilibration. The brains were coronally sectioned at 50 µm using a cryostat at -

24 °C and repeated series of 5 sections were collected free-floating into 24 multi-well 

plates containing 0.1 M PB (pH 7.4). One series of sections was mounted on gelatin­

coated slides before staining with 1 % cresyl violet for anatomical orientation and 
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another one was used for DCX immunohistochemistry. The rest were stored in a 

cryoprotectant solution at -20 t for future use. 

3.2.3 lmmunohistochemistry for doublecortin 

Brain sections were pre-treated for 30 min at room temperature under gentle shaking 

with an endogenous peroxidase inhibitor solution [0.1 M PB, 100% methanol, 30% 

H20 2 in the ratio 49.2: 49.2 1.66]. Following three 10-min rinses in 0.1 M PB, the 

sections were subsequently pre-incubated in a blocking buffer solution [ 3% normal 

rabbit serum, 2% bovine serum albumin, 0.25% Triton X-100 in 0.1 M PB] for 2 h 

under gentle shaking at room temperature to prevent non-specific binding. Sections 

were then transferred into a primary antibody solution [1: 300, goat anti-DCX (Santa 

Cruz), in the blocking buffer solution] and were incubated for 48 h at 4 ° C under 

gentle shaking. Following incubation, sections were subjected to three 10-min rinses 

in 0.1 M PB before being incubated in secondary antibody solution [1: 1,000 dilution 

of biotinylated anti-goat lgG (BA-5000; Vector Laboratories, Burlingame, Calif., USA) 

in 3% 3% normal rabbit serum and 2% bovine serum albumin in 0.1 M PB] for 2 h at 

room temperature under gentle shaking. Following three 10-min rinses in 0.1 M PB, 

the sections were incubated in an avidin-biotin solution [1: 125 A reactive and 1: 125 

B reactive (Vector Laboratories) in 0.1 M PB] for 1 h. 

The sections were then transferred into three 10-min 0.1 M PB rinses before being 

placed in a solution containing 0.05% 3, 3' di-amino-benzidine tetrachloride (DAB) in 

0.1 M PB for 5 min. To each 1 ml of this solution, 3.3 µI of 30% H20 2 were added, 

and chromatic precipitation was visually monitored under a low power 

stereomicroscope. 

Development was subsequently stopped by placing the sections in 0.1 M PB, 

followed by a final 10-min rinse in 0.1 M PB. Sections were mounted on 0.5% 

gelatinised slides, left to dry overnight, dehydrated in a graded series of alcohols, 

cleared in xylene and cover slipped with DPX. To ensure that non-specific staining 

was not affecting the results, control sections taken at random were processed in the 
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same manner, but either the primary or the secondary antibody was omitted. No 

labelled cells were observed in either case. 

3.2.4 DCX quantification 

All sections were first qualitatively surveyed using a microscope to identify brain 

areas expressing DCX. The numbers of bipolar and multipolar DCX-ir cells were then 

quantified separately in eight selected brain areas expressing DCX throughout the 

ages studied. The quantification of DCX-ir cells was done using computer assisted 

image analysis by the first author who was blind to the ages of the animals. Sections 

were digitized using a Leica 1 C550 video camera linked to a Leica DM500 

microscope (x40 objective) and DCX-ir cells in each camera field (0.3298mm (h) x 

0.2473 (~ mm or 0.0816 mm2
) were counted using the cell counter function of lmageJ 

(Schneider et al., 2012). Only DCX-ir cells containing a clear unstained nucleus 

surrounded by stained cytoplasm were counted. The camera field for quantification 

was placed in a standardized manner based on predefined anatomical landmarks 

(ventricles or prominent fibre tracts) (Balthazart et al., 2008; Yamamura et al., 2011; 

Bardet et al., 2012). 

Composite images were prepared with the Adobe Photoshop 7.0 software (Adobe 

Systems, Mountain View, CA). No pixelation adjustments or manipulations of the 

captured images were undertaken, except for the adjustment of contrast and 

brightness. Brain structures were identified based on the atlas of the chicken brain 

(Kuenzel and Masson, 1988; Puelles, 2007) and we used the nomenclature adopted 

by the avian brain forum (Reiner et al., 2004). 

The following brain areas were quantified: 

Hyperpallium densocel/ulare (HD) 

Quantification was done in one field at two rostrocaudal levels. The rostral level was 

in a section corresponding to plate A 11.2 of the chicken brain atlas (Kuenzel and 

Masson, 1988) and the caudal level was in a section 250µm caudal to the rostral 

one. The quantification field was placed one camera length from the external surface 
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of the brain midway between the lamina frontal is superior (LFS) and lamina frontalis 

suprema (LFM) (Fig 3.1 A). 

Intermediate medial mesopallium (!MM) 

DCX-ir cells were quantified in the IMM at two rostrocaudal levels. The rostral level 

was in the same section as that used for the HD whereas the caudal level was 

situated 250µm caudal to the rostal one. At each rostrocaudal level, two 

quantification fields were used. The first quantification field was situated ventral to the 

lamina mesopallialis (LaM) and lateral to the lateral ventricle. The second 

quantification field was placed one camera length along the LaM from the first 

quantification field (Fig 3.1 A). 

Hippocampus (HP) 

DCX-ir cells were quantified in the hippocampus at two rostrocaudal levels. The 

rostral level was in a section corresponding to plate A8.2 of the chicken brain atlas 

(Kuenzel and Masson, 1988) whereas the caudal level was in a section situated 250 

µm caudal to the rostral one. At each level, two quantification fields were used. The 

first one was placed between the interhemispheric line and the lateral ventricle. The 

second field was placed immediately adjacent and positioned one height dorsally and 

one length laterally (Fig 3.1 8). 

Nidopal/ium (N) 

In the nidopallium, DCX-ir cells were quantified in two fields at three rostrocaudal 

levels. Rostral, intermediate and caudal levels were situated in sections 

corresponding to plates A 11.2, A8.2 and A7.6 of Kuenzel and Masson (1988) 

respectively. At each rostrocaudal level, the first quantification field was placed one 

camera length from the lateral edge of the lateral ventricle midway between the LaM 

and LPS (Lamina pallio-subpallialis). The second quantification field was placed at a 

point one camera length medial to the external surface of the brain and one camera 

height ventral to the LaM (Figs 3.1 A, B and C). 
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Medial striatum (MSt) 

DCX-ir cells were quantified in two adjacent fields at two rostrocaudal levels in the 

MSt. The rostral level corresponded to plate A8.2 of the chicken brain atlas of 

Kuenzel and Masson (1988) whereas the caudal level was situated 250µm caudal to 

the rostral one. At each level the first quantification field was placed lateral to the 

edge of the lateral ventricle and ventral to the LPS. The second quantification field 

was placed at a point that was one camera height ventral to LPS and one camera 

length lateral to the edge of the lateral ventricle (Fig 3.1 B). 

Lateral striatum (LSt) 

In the LSt DCX-ir cells were quantified in one camera field at two rostrocaudal levels 

in the same sections as for the MSt. At both levels, the quantification field was placed 

in a region just ventral to the LPS and medial to the entopallial-lateral striatal junction 

(Fig 3.1 B). 

Lateral septum (SL) 

DCX-ir cells in this structure were quantified in one field at two rostrocaudal levels 

that were 250µm apart. The rostral level was situated in a section corresponding to 

plate A8.2 of Kuenzel and Masson (1988). At both levels, the quantification field was 

precisely placed to cover the entire bulge of the lateral septal nucleus into the lateral 

ventricle (Fig 3.1 B). 

Medial septum (SM) 

DCX-ir cells were quantified in one field at two rostrocaudal levels in the same 

sections as the LSt. At each level, the camera field was initially placed between the 

lateral ventricle and the interhemispheric line. The field was then moved two camera 

lengths ventrally along the interhemispheric line to reach the quantification field (Fig 

3.1 B). 
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3.2.5 Data Analysis 

Where multiple quantification fields were used at the same or different rostrocaudal 

levels of the same brain area, DCX- ir cell counts were averaged. The Shapiro-Wilks 

normality test was used to test the normality of data in all the variables. For all the 

variables, the data followed a normal distribution (P>0.05). To determine the 

relationship between age and the number of DCX- ir cells in each brain area 

quantified, counts of round multipolar and fusiform bipolar cells were pooled. 

Pearson's correlation test was used to test the correlation between the DCX- ir 

counts for each brain area and age. 

To determine how DCX-ir counts differed in each brain area with life-history stage, 

birds were divided into juvenile (sexually immature, 3-5 weeks old, n=9), sub adult 

(sexually mature, 6-8 weeks old, n=9) and adult (sexually active, 9-12 weeks, n= 12) 

groups based on their sexual maturity. Group means were computed and compared 

separately for bipolar and multipolar DCX-ir cells using one-way analysis of variance 

(ANOVA) followed by Bonferroni post hoc test. All analyses were performed using 

Prism 5 software (Graphpad software, CA). All results were expressed as means ± 

standard deviation and a significance level of P<0.05 was used. 
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Figure 3.1: Photomicrographs of doublecortin stained coronal sections of the 

Japanese quail brain showing areas where DCX expression was 

quantified (dark rectangular boxes). Sections corresponding to plate A 

11.2 (A); A 8.2 (B) and A 7.6 (C) of Kuenzel and Masson (1988). Scale 

bar =300 µm and applies to all images. See list of abbreviations for 

abbreviations used in this figure. 
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3.3 RESULTS 

3.3.1 Distribution of DCX in the Japanese quail telencephalon 

The pattern of DCX immunoreactivity in the Japanese quail telencephalon was 

consistent across all the ages studied although the densities of labelled cells varied. 

Thus the following description applies to all ages studied. Two main types of DCX-ir 

cells were observed: elongated bipolar cells with long processes and round 

multipolar cells (Figs 3.2 A and B). DCX-ir cells were observed throughout the 

telencephalon except for the entopallium (E), arcopallium {A) and globus pallidus 

(GP). In the pallium, a high density DCX-ir cells and fibres was observed in the lateral 

ventricular zones, HA {Figs 3.2 C), HD {Fig 3.2 C), M (Figs 3.2 C to D & 3.3 A) and N 

{Figs 3.2 D & 3.3 B to D) at all the ages studied. In addition, a lower density of DCX-ir 

elements were observed in the HP {Fig 3.3 A). In the sub pallium, a high density of 

DCX-ir cells and fibres were observed in the MSt {Figs 3.3 B & D) and LSt (Fig 3.3 

C). The SM (Fig 3.3 D) and SL (Figs 3.3 B &D) were also populated by a low density 

of DCX-ir cells. Generally, high densities of bipolar DCX-ir cells were concentrated in 

telencephalic areas closest to the lateral ventricular zones compared to the areas 

further from the ventricles. Conversely, a high density of multipolar DCX-ir cells was 

observed near the external surfaces of the telencephalon compared to periventricular 

regions. 
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Figure 3.2: Photomicrographs showing DCX expression in the Japanese quail 

telencephalon. (A) Arrows showing round multipolar DCX ir cells; (B) 

Arrows showing fusiform round multipolar DCX-ir cells; (C) Low power 

image showing DCX expression in the hyperpallium apicale (HA), 

hyperpallium densocellulare (HD) and mesopallium (M); (D) low power 

image showing DCX expression in the mesopallium ventrale (MV), 

mesopallium dorsale (MD) and nidopallium (N). Scale bar in B = 20 µm 

and applies to A, in D = 100 µm and applies to C. 
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Figure 3.3: Photomicrographs showing DCX expression in the Japanese quail 

telencephalon. (A) low power image showing DCX expression in the 

hippocampus (HP) and mesopallium; (B) low power image showing DCX 

expression in the nidopallium (N), medial straiatum (Mst) and the lateral 

septal nucleus (SL); (C) Low power image showing DCX expression in 

the nidopallium and lateral striatum (Lst); (D) low power image showing 

DCX expression in the nidopallium, medial straitum, medial septal 

nucleus (SM) and the lateral septal nucleus (SL). Arrow shows the 

tractus-septo-mesencephalicus (TSM). Scale bar in D = 100 µm and 

applies to all images. 
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3.3.2 Age- related changes in DCX immunoreactivity in the Japanese quail 
telencephalon 

Generally, the density of DCX-ir cells within the quail telencephalon decreased with 

age even though the pattern of distribution remained the same. High densities of 

DCX-ir cells were observed in the HD, IMM, N, MSt and LSt. Moreover, Pearson's 

correlation analysis revealed strong negative relationships between age and the total 

number of DCX- ir cells in the HD (r = -0.9561; P<0.0001, Figure 3.4A), IMM (r = -
0.9905; P<0.0001, Figure 3.4C), N (r = - 0.9824; P<0.0001, Fig 3.4D), MSt (r = -

0.9850; P<0.0001 , Fig 3.5A) and LSt (r = - 0.9979; P<0.0001, Fig 3.58). In spite of 

the low densities of DCX-ir cells, Pearson's correlation test revealed strong negative 

correlations between age and DCX-ir cell counts in the HP (r = - 0.9711; P<0.0001 , 

Fig 3.48) , SM (r = -0.9904; P<0.0001 , Fig 3.5C) and SL (r = -0.9744; P<0.0001 , Fig 

3.5D) . The most drastic decline took place between 5 and 6 weeks in the HD (Fig 

3.4A) , HP (Fig 3.48) and SL (Fig 3.5D); and between 6 and 7 weeks in the IMM (Fig 

3.4C), N (Fig 3.4D) and MSt (Fig 3.5A). However, the decline in the numbers of DCX­

ir cells with age was more uniform in the LSt (Fig 3.5B) and SM (Fig 3.5C). 
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Figure 3.4: Photomicrographs and graphs showing age-related changes in DCX 

expression in the pa Ilium of the Japanese quail telencephalon . The 

number of DCX-ir cells sharply decreased with age in the HD (A) , HP (B) , 

IMM (C) and N (D) . In each figure , the photomicrographs represent the 

same brain region in the youngest (3 weeks old) and the oldest (12 

weeks old) animals used in this study. Scale bar in D= 20µm and applies 

to all photomicrographs. Error bars correspond to the standard error of 

the mean (SEM). See list of abbreviations for abbreviations used in this 

figure legend. 
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Figure 3.5: Photomicrographs and graphs showing age-related changes in DCX 

expression in the sub pallium of the Japanese quail telencephalon. The 

number of DCX-ir cells sharply decreased with age in the Mst (A) , Lst 

(B) , SM (C) and SL (D). In each figure , the photomicrographs represent 

the same brain region in the youngest (3 weeks old) and the oldest (12 

weeks old) animals used in this study. Scale bar in D= 20µm and applies 

to all photomicrographs. Error bars correspond to the standard error of 

the mean (SEM) . See list of abbreviations for abbreviations used in this 

figure legend. 
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3.3.3 Life-history stage related changes in DCX immunoreactivity in the 
Japanese quail telencephalon 

The number of round multipolar DCX-ir cells were significantly higher in the juvenile 

group compared to sub adult and adult groups in the HD (F =456.5; P<0.0001, Fig 

3.6A), HP (F =106.9; P=0.0005, Fig 3.6B), IMM (F =182.9; P<0.0001, Fig 3.6C), N (F 

=103.5; P=0.0005, Fig 3.6D), MSt (F=96.6; P=0.0006, Fig 3.6E), LSt (F=107.2; 

P=0.0005, Fig 3.6F), SL (F=274.0; P<0.0001, Fig 3.6G) and SM (F=128.5; 

P=0.0003, Fig 3.6H). 

Between juvenile and sub adult life-history stages, post hoc analysis revealed that 

the number of round multipolar DCX-ir cells declined significantly by approximately 

20% in the IMM (P<0.0001) & the MSt (P<0.01); 30% in the Lst (P<0.01) & the N 

(P=0.0005), 40 % in the SM (P=0.0003) and 50% in the HD (P<0.0001 ), the HP 

(P=0.0005) & the SL (P<0.0001 ). Similarly, number of round multipolar DCX positive 

cells declined by approximately 30% in the N (P<0.01) & the MSt (P<0.01); 35% in 

the HD (P<0.0001) & the Lst (P<0.01; 45% in the IMM (P<0.001) and 50% in the SM 

(P<0.01) & the SL (P<0.01) between sub adult and adult life-history stages. However, 

no statistically significant differences were found in the HP between the sub adult and 

adult life-history stages (P>0.005). 

The number of fusiform bipolar DCX-ir cells were also significantly higher in the 

juvenile group compared to the sub adult and adult groups in the HD (F=174.2; 

P<0.0001, Fig 3.6A), HP (F=148.8; P=0.0002, Fig 3.6B), IMM (F=162.8; P=0.0001, 

Fig 3.6C), N (F=103.1; P=0.0005, Fig 3.6D), MSt (F=96.3; P=0.0007, Fig 3.6E), Lst 

(F= 101.7; P=0.0006, Fig 3.6F), SL (F=282.3; P<0.0001, Fig 3.6G) and SM (F=86.8; 

P=0.0009, Fig 3.6H). 

Bonferroni post hoc analysis revealed that the number of fusiform bipolar DCX 

positive cells decreased significantly by approximately 20% in the N (P<0.01) & the 

MSt (P<0.01); 30% in the Lst (P<0.01) & the SM (P<0.01); 40 % in the HD 

(P<0.0001 ); 50% in HP (P=0.0002) and 60% in the SL (P<0.0001) between juvenile 

and sub adult life-history stages. However, no statistically significant differences were 
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found in the IMM between the juvenile and sub adult life-history stages (P>0.05). 

Similarly, fusiform bipolar DCX positive cells declined by approximately 20% in the 

MSt (P<0.01 ); 25% in the N (P<0.01 ); 35% in the IMM (P<0.0001) and 45% in the Lst 

(P<0.01) & the SM (P<0.01) between sub adult and adult life-history stages. 

However, no statistically significant differences were found in the HD, HP and SL 

between the sub adult and adult life-history stages (P>0.005). 
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Figure 3.6: Graphical representation of life-history stage related differences in the 

numbers of round multipolar and fusiform DCX-ir cells in the Japanese 

quail telencephalon. Generally, the number of DCX-ir cells was 

significantly higher in juvenile group compared to the sub adult and adult 

groups in the HD (A), HP (B), IMM (C), N (D), MSt (E), LSt (F), SM (G) 

and SL (H). In turn, the number of DCX-ir cells was higher in the sub 

adult compared to adult group in HD (A), HD (B), IMM (C), N (D), MSt 

(E), LSt (F), SM (G) and SL (H). Error bars correspond to the SEM. 

*P<0.01. **P<0.001 ***P<0.0001 #P>0.005. See list of abbreviations for 

abbreviations used in this figure legend. 
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3.4 DISCUSSION 

In this quantitative study, DCX immunolabelling was used to investigate neuronal 

recruitment in the Japanese quail brain and to determine how this process changes 

with post hatching age spanning different life history stages. Doublecortin is a 

microtubule associated protein that controls polymerisation of the leading process 

and stabilisation of the neuroblast cytoskeleton during migration (Horesh et al., 

1999). DCX, therefore, plays a critical role in neuronal migration from the birth site to 

positioning at the recruitment site. 

Two main types of DCX-ir cells were observed in the telencephalon: elongated 

bipolar cells, presumably corresponding to migrating neuroblasts, and round 

multipolar cells representing neuroblasts that have recently arrived at the recruitment 

site (Boseret et al., 2007; Balthazart et al., 2008; Yamamura et al., 2011). These 

DCX-ir cells were observed throughout the whole telencephalon except in the 

entopallium, arcopallium and globus pallidus across all the ages studied indicating 

widespread neuronal incorporation in the Japanese quail brain. The pattern and 

distribution of DCX immunoreactivity observed in this study corresponds with the 

findings from studies in the chicken (Capes-Davis et al., 2005; Mezey et al., 2012), 

pigeon (Melleu et al., 2013; Melleu et al., 2016; Meskenaite et al., 2016; Mazengenya 

et al., 2017), zebra finch (Kim et al., 2006) and canary (Boseret et al., 2007; 

Balthazart et al., 2008). In addition, if DCX is an accurate proxy for neuronal 

incorporation, findings from this study also resonate with those of Ling et al. (1997) in 

the ring dove brain. However, our findings are contrary to the conclusion made by 

Tsai et al. (1981 ), using thymidine auto radiographic analysis that neurogenesis in 

the chick telencephalon ceases prior to hatching. This study shows that the 

Japanese quail, in spite of being a precocial bird, continues to add new neurons to 

the brain in a similar way as other birds studied to date. Moreover, it can be 

concluded that the entopallium, arcopallium and globus pallidus of the quail brain 

presumably reach their stable gross structures before hatching which explains why 

they do not recruit any more neurons after hatching. 

What then is the significance of neurogenesis in the Japanese quail brain? A few 

studies have shown that neurogenesis in the chick telencephalon, a close relative of 

the Japanese quail, is related to learning and memory. Dermon et al. (2002) reported 
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increased neuronal recruitment in the Mst and IMM, and cell proliferation in the 

adjacent ventricular zones following a passive avoidance learning task in chicks. In 

addition, passive avoidance learning was also shown to reduce neurogenesis in the 

chick hippocampus (Nikolakopoulou et al., 2006a). Furthermore, areas shown to 

have intense DCX immunoreactivity (HD, IMM, MSt) in this study also constitute the 

main components of thalamofugal pathways, a neural circuit essential for visual 

imprinting in chicks (Nakamori et al., 2013). Indeed, these areas have been shown to 

change the number of synapses or to change the expression of immediate early 

genes c-fos and c-jun or to increase glucose uptake following performance of 

learning and memory tasks (McCabe and Horn, 1994; Freeman and Rose, 1999; 

Onal et al., 2002). These studies indicate that post hatching neurogenesis in the 

galliform brain might play a critical role in learning and memory tasks. 

Although this study shows that neurogenesis persists throughout life, it decreases 

with increasing post-hatching age and progression through different life-history 

stages. In all the brain areas studied, post-hatching neurogenesis declined sharply 

with age especially during the transition from juvenile ages to sub adult ages where 

significant differences in DCX-ir numbers were found. Similarly, age-dependent 

changes in neuronal incorporation have been reported in the high vocal centre (HVc) 

of the canary (Alvarez-Buylla et al., 1994; Wilbrecht and Kirn, 2004) and zebra finch 

(DeWulf and Bottjer, 2002; Wang et al., 2002; Kim et al., 2006; Pytte et al., 2007) 

birds. In addition, age-dependent decline in neuronal incorporation has also been 

described in the hippocampus of the migrating white-crowned sparrow (LaDage et 

al., 2011 ), telencephalon of the ring dove (Ling et al., 1997), olfactory bulb and 

hippocampus of homing pigeons (Meskenaite et al., 2016). 

Although the galliformes are precocial birds, significant structural and functional 

changes occur in their brains post hatching. From electroencephalography (EEG) 

studies, two broad phases of synaptogenesis have been identified in the galliform 

brain, synapse formation phase and synapse maturation phase (Atkinson et al., 

2003). The synapse formation phase is characterised by an increase in the number 

of synapses whereas the synapse maturation phase is characterised by trimming and 

conversion of the immature synaptic networks into adult ones (Rostas et al., 1991 ). In 

galliformes, these two phases are separated temporally, making it easy to determine 

the time-course of developmental changes from juvenile to adult birds (Atkinson et 
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al., 2008). In addition, rapid growth in the juvenile phase gives the chick brain its full 

complement of synapses by 10-21 days post hatch. Thereafter, synaptic proliferation 

ceases and between 6-8 weeks progressive modification in the functional and 

structural properties of neural networks occurs without any overall increase in the 

number of synapses (Rostas et al., 1991; Atkinson et al., 2003; Atkinson et al., 

2008). In the context of our findings, it appears that the rapid neurogenesis that 

occurs in the Juvenile ages caters for the need for increased numbers of synapses 

during the synapse formation phase until the gross structure of the quail brain is 

stable (Rostas et al., 1991; Atkinson et al., 2008). Neurogenesis, therefore, begins to 

decline during the sub adult ages which corresponds to the maturation phase of 

synapses (6-8 weeks) since no more neurons or synapses are required for this 

phase. This period of decline presumably reflects a stage when fine tuning of 

neuronal circuits takes place during the maturation phase. 

Several trophic factors, including sex steroids and glucocorticoids, have been 

identified as potential mediators of age-dependant changes in neurogenesis 

(Cameron and McKay, 1999b; Absil et al., 2003; Soma et al., 2004; Brenowitz, 2013, 

2015). Changes in blood levels of testosterone and corticosterone could be related 

to the observed age-dependent changes in neuronal incorporation in the Japanese 

quail brain. 

Testosterone has been shown to increase neuronal incorporation in the song bird 

telencephalon including the high vocal centre (Balthazart et al., 2008; Yamamura et 

al., 2011; Brenowitz, 2013, 2015). In addition, testosterone is believed to increase the 

number of incorporated neurons by increasing their survival (Rasika et al., 1999; 

Spritzer and Galea, 2007). Although telencephalic areas and ventricular zones lack 

steroid hormone receptors, the trophic effects of testosterone on neurogenesis have 

been shown to be mediated via its aromatization to estradiol by aromatase (Chen et 

al., 2013). In turn, estradiol acts via brain derived neurotropic factor (BDNF) to 

increase neuronal production and incorporation (Tang and Wade, 2012; Brenowitz, 

2013; Chen et al., 2013). However, immunoreactivity for both BDNF protein and 

aromatase enzyme in the avian brain have been reported to decline with post­

hatching age (Mattson et al., 2004; und Halbach, 2010; Tang and Wade, 2016). In 

male Japanese quails, testosterone has been shown to peak during the sub adult 

period (between 6 to 8 weeks) and thereafter declining during the adult period 
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(Ottinger and Brinkley, 1979; Ottinger et al., 2004). This decline in serum 

testosterone levels at these life history stages might explain the decrease in 

neurogenesis observed in the adult compared to juvenile quail brain. 

In addition, changes in glucocorticoid levels have also been shown to cause a 

reduction in neurogenesis, particularly production of hippocampal granule cells in 

aged rats (Cameron and McKay, 1999b; Montaron et al., 1999; Montaron et al., 

2006). In addition, Newman et al. (2010) reported a decrease in production and 

survival of neuronal cells in the white crowned sparrow brain following chronic 

exposure to corticosterone. More specifically, corticosterone levels have been shown 

to be lower in juvenile quails compared to adults, increasing gradually with increasing 

age (Hazard et al, 2005). These changes in corticosterone levels at different life­

history stages mirror the changes in neurogenesis taking place in the quail 

telencephalon at corresponding stages. 

3.5 CONCLUSION 

The Japanese quail brain, just like other birds studied to date, continues to recruit 

neurons in adulthood. Moreover, neurogenesis in the Japanese quail brain declines 

with post hatching age in a similar manner as that observed in mammals and other 

birds: that is juvenile peaking followed by a decline at sub adult and adult stages. 

Additionally, this decline observed in neurogenesis might also reflect the reduced 

capacity for behavioural plasticity observed in adult as compared to juvenile quails. 
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CHAPTER 4: AGE-RELATED CHANGES IN Kl-67 AND DCX 
EXPRESSION IN THE BALBI C MOUSE (MUS MUSCULUS) BRAIN. 
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4.1 INTRODUCTION 

Neurogenesis in the mammalian brain was thought to be complete before or soon 

after birth. Today it is widely accepted that the mammalian brain, just like other 

vertebrates, continues to produce new neurons throughout life. The process through 

which new neurons are added to the brain after birth is termed postnatal or 

secondary neurogenesis (Thuret et al., 2015). To date, postnatal neurogenesis has 

been reported in the brains of several laboratory bred and wild living mammalian 

species including laboratory mice (Kondo et al., 201 O; Nada et al., 201 O; Encinas et 

al., 2011; Mobley et al., 2014), four striped mice (Olaleye and lhunwo, 2014), 

rats(Kuhn et al., 1996; Jessberger et al., 2009), voles (Amrein et al., 2004), African 

giant rats (Olude et al., 2014), mole rats (Amrein et al., 2014), bats (Chawana et al., 

2013), dogs (Fernandez-Flores et al., 2018) and humans (Eriksson et al., 1998). 

Neurogenesis is a complex multi-step process that involves proliferation of neuronal 

stem cells, differentiation, migration and integration into existing neuronal circuits 

(Barnea and Pravosudov, 2011 ). Under normal physiological conditions, new 

neurons are formed in the sub ventricular zone (SVZ) of the lateral ventricles and the 

sub granular zones (SGZ) of the hippocampal dentate gyrus of the mammalian brain 

(lhunwo and Pillay, 2007). Neurons formed in the SVZ migrate long distances 

through the rostral migratory stream (RMS) to reach the olfactory bulb (OB) where 

they integrate into the local circuitry as granule cells and periglomerular cells (Mobley 

et al., 2014). On the other hand, neurons born in the SGZ travel short distances to 

integrate into the granule cell layer of the dentate gyrus (Nada et al., 2010; Amrein et 

al., 2014). However, other potential neurogenic sites have been reported in the 

mammalian brain including the hypothalamus, cortex, septum, subcallosal zone 

(SCZ), 3rd ventricle and 4th ventricle (Brown et al., 2003; lhunwo and Pillay, 2007; 

Pierce and Xu, 2010; Kim et al., 2012; Lee and Blackshaw, 2012). 

Several intrinsic and extrinsic factors have been shown to regulate neurogenesis 

including growth factors, hormones, physical activity, environmental enrichment, 

learning and age (reviewed by Aimone et al. (2014)). Although neurogenesis persists 

throughout life in the mammalian brain, several studies have identified chronological 
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age as one of the strongest of its regulators. In mice specifically, age-related decline 

in neurogenesis was reported in the SGZ (Kuhn et al., 1996; Nada et al., 2010; 

Encinas et al., 2011; Jinno, 2011 ), SVZ (Enwere et al., 2004; Luo et al., 2006; Shook 

et al., 2012), RMS (Mobley et al., 2014), OB (Enwere et al., 2004; Kondo et al., 2010) 

and the SCZ (Kim et al., 2012). However, these age-related studies focused only on 

neurogenesis at different phases of adulthood, that is young or early (1-3 months 

old), mid (6-12 months old) and late (20-24 months old) adulthood. Findings from 

such studies only represent changes at the tail end of postnatal neurogenesis and do 

not provide insight on how postnatal neurogenesis changes across different life 

history stages of the animal, that is juvenile, sub adult and adult stages. Given that 

age-related decreases in neurogenesis likely commences during early postnatal life, 

the current study analyzed age and life-history stage related changes in this process 

in the male BALB/c mouse brain. Ki-67 and DCX immunohistochemistry was used to 

assess changes in cell proliferation and neuronal incorporation respectively. Ki-67 is 

a chromosomal associated protein that is expressed during the cell cycle whereas 

DCX is a microtubule-associated protein which labels immature and migrating 

neuroblasts in the brain (Jinno, 2011; Balthazart and Ball, 2014b). 

4. 2 MATERIALS AND METHODS 

4.2.1 Animals 

Male BALB/c mice obtained from the Central Animal Services, University of the 

Witwatersrand with ages ranging from 1 to 12 weeks (n=36) were used in this study. 

The animals were treated and used according to the guidelines of the University of 

the Witwatersrand Animal Ethics Committee which correspond with those of the 

National Institute of Health (NIH) for care and use of animals in scientific 

experimentation. All protocols were approved by the University of the Witwatersrand 

Animal Ethics Screening Committee (AESC/2014/35/A). 

Throughout the study, the mice were maintained under a 12 hour: 12-hour light dark 

cycle with access to food and water ad libitum. For the 12 weeks, 3 mice were 

collected and sacrificed every week. The mice were randomly allocated to groups 
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according to their sexual maturity as follows: juvenile (1-5 weeks old, n= 15), sub 

adult (6-8 weeks old, n=9) and young adult (9-12 weeks old, n=12). 

4.2.2 Tissue collection and processing 

All animals were injected intraperitoneally with Euthapent (0.5 - 1 ml/kg). Animals 

were then perfused transcardially, initially with 0.9 % cold saline solution, followed by 

4 % paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) solution. After 

perfusion, brains were carefully removed from the skull, post-fixed overnight in 4 % 

paraformaldehyde in 0.1 M PB, weighed before being transferred into 30% sucrose in 

0.1 M PB until equilibration. The brains were sectioned in a sagittal plane at 50 µm 

using a cryostat (Shandon Cryotome E, Thermo Fischer Scientific, UK) at -24 t and 

repeated series of 5 sections were collected free-floating into 24 multi-well plates 

containing 0.1 M PB. The first series of sections was mounted on gelatin- coated 

slides before staining with 1 % cresyl violet for anatomical orientation. The second 

and third series were used for Ki-67 and DCX immunohistochemistry respectively. 

The remaining two series were stored in a cryoprotectant solution at -20 ° C for future 

use. 

4.2.3 lmmunohistochemistry 

Brain sections were pre-treated for 30 min at room temperature under gentle shaking 

with an endogenous peroxidase inhibitor solution [0.1 M PB, 100 % methanol, 30% 

H20 2 in the ratio of 49.2: 49.2: 1.66 H20 2]. Following three 10-min rinses in 0.1 M 

PB, the sections were subsequently pre-incubated in a blocking buffer solution [ 3 % 

normal goat serum, 2 % bovine serum albumin, 0.25 % Triton X-100 in 0.1 M PB] for 

2 h under gentle shaking at room temperature to prevent non-specific binding. 

Sections were then transferred into a primary antibody solution [1:1000, rabbit anti­

Ki-67 (AB15580, Abeam, UK) or 1: 2000, rabbit anti-DCX (AB18723, Abeam, UK), in 

the blocking buffer solution] and were incubated for 48 h at 4 °C under gentle 

shaking. Following incubation, sections were subjected to three 10-min rinses in 0.1 

M PB before being incubated in secondary antibody solution [1,000 dilution of 

biotinylated anti-rabbit lgG (BA-5000; Vector Laboratories, USA) in blocking buffer 

solution] for 2 h at room temperature under gentle shaking. Following three 10-min 
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rinses in 0.1 M PB, the sections were incubated in an avidin-biotin solution [1: 125 A 

and 1: 125 B (Vector Laboratories) in 0.1 M PB] for 1 h. The sections were then 

transferred into three 10-min 0.1 M PB rinses before being placed in a solution 

containing 0.05% 3, 3' di-amino-benzidine tetrachloride (DAB) in 0.1 M PB for 5 min. 

To each 1 ml of this solution, 3.3 µI of 30% H20 2 were added, and chromatic 

precipitation was visually monitored under a low power stereomicroscope. 

Development was subsequently stopped by placing the sections in 0.1 M PB, 

followed by a final 10-min rinse in 0.1 M PB. Sections were mounted on 0.5% 

gelatinised slides, left to dry overnight, dehydrated in a graded series of alcohols, 

cleared in xylene and cover slipped with DPX. To ensure that non-specific staining 

was not affecting the results, control sections taken at random were processed in the 

same manner, but either the primary or the secondary antibody was omitted. No 

labelled cells were observed in either case. 

4.2.4 Data Analysis 

4.2.4.1 Qualitative analysis 

Sections were analysed qualitatively with both low and high power microscopy to 

yield a comparative description of the distribution of Ki-67 and DCX-immunoreactive 

(-ir) cells. Anatomical brain structures were identified based on the Allen's reference 

atlas of the mouse brain (Dong, 2008). High power microscopic observation was 

used to determine the relative densities of Ki-67 and DCX immunostained structures 

throughout the different regions of the brain. The relative densities of immunostained 

structures were visually compared and recorded on a scale ranging from absent(-) to 

low(+) to moderate(++} to high(+++}. A second observer was used to eliminate 

observer bias (Chawana et al., 2013; Mazengenya et al., 2017; Nkomozepi et al., 

2018). 

4.2.4.2 Quantitative analysis 

The quantification of Ki-67 and DCX-ir cells was done using computer assisted image 

analysis by the first author (PN) who was blinded to the ages of the animals. Sections 
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were digitized using a AxioCam HRC video camera linked to a Zeiss Axioplan 2 

microscope and Ki-67 and DCX-ir cells in each brain region of interest were manually 

counted using the cell counter function of lmageJ (Schneider et al., 2012). Ki-67 and 

DCX quantification was carried out in the following brain regions: 

Sub ventricular zone and rostral migratory stream 

Quantification of Ki-67 and DCX-ir cells was carried out in all the brain sections per 

animal exhibiting the complete SVZ- RMS- OB continuum (two sections in this case) 

following the method described by Li et al. (2009). The first brain section 

corresponded to sagittal level 15 (lateral 1 .10 mm) of Allen's reference atlas of the 

mouse brain (Dong, 2008) and the second one was situated 250µm medial to the first 

section. For the SVZ, the enlarged region overlying the anterior horn of the lateral 

ventricle (SVZa) was quantified (Fig 4.1 A). For the RMS, three regions were 

quantified: the short vertical segment which descends ventrally from the SVZ (VL­

RMS), the rostral horizontal extension of the RMS (HL-RMS) (Fig 4.1 A) and the 

terminal portion of the RMS in the centre of the olfactory bulb (OBc-RMS) (Fig 4.1 B). 

In each of these brain regions, three quantification fields at a magnification of 1 00X 

(each one equal to 0.013 mm2
) were used per section. 

Sub granular zone of the dentate gyrus 

Ki-67 and DCX-ir cells were quantified in 6 corresponding sections/per animal 

(approximately 250µm apart) containing the dentate gyrus following a method 

modified from Obiorah et al. (2015). The first section was situated at a level 

corresponding to sagittal level 12 (lateral 1. 725mm) of Allen's reference atlas of the 

mouse brain (Dong, 2008) and the rest were placed medial to the first one. In each 

section, all Ki-67 and DCX-ir in the SGZ of the entire dentate gyrus were quantified at 

a magnification of 40X. 

High resolution microscopic images digitally captured with an AxioCam HRC digital 

camera on a Zeiss Axioplan 2 compound microscope were processed with the Adobe 

Photoshop 7.0 software (Adobe Systems, Mountain View, CA). No pixelation 

adjustment or manipulation of the captured images was undertaken, except for the 

adjustment of brightness and contrast. 
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4.2.4.5 Statistical analysis 

Ki-67 and DCX-ir cell counts were averaged where multiple quantification fields were 

used at the same or different medic-lateral levels of the same brain region. The 

Shapiro-Wilks normality test was used to test the normality of data in all the variables. 

For all the variables, the data followed a normal distribution (P>0.05). The correlation 

between age and either Ki-67 or DCX-ir cell counts for each brain region was tested 

using Pearson's correlation analysis. For each brain area quantified, the mean 

counts of Ki-67 or DCX ir cells for each life-history stage were computed and 

compared using one-way analysis of variance (ANOVA) followed by Bonferroni's post 

hoc test. All analyses were performed using Graph pad prism 5 software (Graphpad 

software, CA). All results were expressed as means ± standard deviation and a 

significance level of P<0.05 was used. 

4.3 RESULTS 

4.3.1 Distribution of Ki-67 and DCX immunoreactive cells in the BALB/c mouse 
brain 

The distributive pattern of Ki-67 and DCX-ir was similar across all the ages studied 

except for variations in the density of labelled cells (Tables 4.1 and 4.2). Thus the 

following description applies to all ages studied. Ki-67-ir cells were mainly observed 

in the sub ventricular zones (SVZ) of the lateral ventricles, the rostral migratory 

stream (RMS), olfactory bulbs (OB) and sub granular zone (SGZ) of the dentate 

gyrus. 

In the SVZ, Ki-67-ir cells occupied the dorsal and ventral proliferative zones which 

were separated by the lateral ventricular bulge of the corpus striatum (Fig 4.1A). 

From the dorsal proliferative zone a band of Ki-67-ir cells (dorsal RMS) coursed 

along the dorsal border of the corpus striatum between the caudoputamen and the 

corpus callosum. In this region, some Ki-67-ir cells appeared to migrate from the 

dorsal RMS and traverse the substance of the corpus callosum to reach the 

neocortex (Fig 4.2A). Ki-67-ir cells from the ventral proliferative zone (ventral RMS) 

coursed along the ventral border of the corpus striatum between the nucleus 
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accumbens and the caudoputamen. The dorsal RMS and ventral RMS merged 

rostrally into one RMS before turning sharply upwards to enter the OB (Fig 4.1 B). In 

the OB, Ki-67-ir cells were observed in all the five layers although they were mostly 

abundant in the granule cell layer (Fig 4.1 C). 
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Figure 4.1: Photomicrographs showing distribution of Ki-67-ir cells in the 

telencephalon and olfactory bulb of the BALB/c mouse brain. (A) Ki-67-ir 

cells in the sub ventricular zone (SVZ) and the rostral migratory streams 

(dRMS & vRMS), (B) Ki-67-ir cells in terminal portion of the rostral 

migratory stream in the core of the olfactory bulb (OBc-RMS), (C) Ki-67-

ir cells in the olfactory bulb (OB) and (D) Ki-67-ir cells in the dentate 

gyrus of the hippocampus (DG). The inserts in the upper right corner of 

each image represent higher magnification photomicrographs. In all 

images dorsal is to the top and rostral to the left. Squares a, b, c & d in 

photomicrographs A and B show brain regions where quantification was 

carried out. Squares in photomicrographs A (a), B, C and D show regions 

where the inserts were magnified from. Scale bar in A and B= 200µm; in 

C and D = 100 µm. Scale bar in all inserts= 20 µm. See list of 

abbreviations for abbreviations used on the figure. 
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Ki-67-ir cells were mostly observed in the SGZ, a region located between the granule 

cell layer and the hilus of the dentate gyrus of the hippocampus (Fig 4.1 D). In 

addition, fewer Ki- 67-ir cells were observed in the granule cell layer of the dentate 

gyrus. Few Ki-67-ir cells were occasionally observed in the different layers of the 

neocortex (Fig 4.28); the cerebellar cortex and peduncles (Fig 4.2C), superior and 

inferior colliculi of the tectum (Fig 4.20). The density of Ki-67-ir cells decreased with 

advancing age (Table 4.1 ). 
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Table 4.1: Age-related changes in Ki-67 expression in the BALB/c mouse brain 

Postnatal age 

1 week 2 weeks 3weeks 4weeks 5weeks 6weeks 7weeks 8weeks 9weeks 10weeks 11weeks 12weeks 

OB +++ +++ ++ ++ + + + + + + + + 

RMS +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

svz +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

SGZ +++ +++ ++ ++ ++ ++ ++ + + + + + 

NC + + + + + + + + + + + + 

TECT ++ ++ ++ + + + + + + + + + 

DIEN 
MES 
MED 
CB ++ ++ ++ ++ ++ ++ ++ + + + + + 

+++ High density ++ medium density + low density - absent. See list of 

abbreviations for abbreviations used in the table. 
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Figure 4.2: Photomicrographs showing distribution of Ki-67-ir cells in the dorsal RMS 

& corpus callosum (A), neocortex (B), cerebellum (C) and inferior 

colliculus (D) of the BALB/c mouse brain. The inserts in the upper right 

corner of images B, C and D represent higher magnification 

photomicrographs of the respective region to demonstrate cellular 

morphology. In all images dorsal is to the top and rostral to the left. 

Squares in images B, C and D represent areas where images in inserts 

were obtained from. Black arrows show Ki-67-ir cells in the dRMS and 

white arrows show Ki-67-ir cells migrating through the corpus callosum. 

Scale bar in A = 20µm; in B = 100 µm; in C and D = 200 µm. Scale bar in 

inserts B, C and D = 20 µm. See list of abbreviations for abbreviations 

used on the figure. 
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Similarly, DCX-ir cells were observed mainly in the SVZ of the lateral ventricles, RMS 

(Figs 4.3A & B), OB (Fig 4.3C) and SGZ (Fig 4.30) at all ages studied. In these 

areas, DCX-ir cells were observed in corresponding locations as the Ki-67-ir cells. 

The majority of DCX-ir cells observed in the SVZ and RMS were bipolar in 

morphology with short leading processes and appeared to migrate from the SVZ 

towards the OB. In the OB, numerous small bipolar cells with short processes were 

observed in the granule cell layer (Insert, Fig 4.3C). In addition, fewer cells with 

longer processes were observed in the internal plexiform and glomerular layers of the 

OB. 

In the dentate gyrus, DCX-ir cells were mostly observed in the SGZ and granule layer 

with their processes extending towards the granule cell layer and molecular layers 

respectively (Insert, Fig 4.30). Fewer DCX-ir cells were occasionally observed in the 

layers of the neocortex (Fig 4.3E). The density of DCX-ir cells decreased with 

advancing age (Table 4.2). 
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Table 4.2: Age-related changes in DCX expression in the BALB/c mouse brain 

Postnatal age 

1 week 2 weeks 3weeks 4weeks 5weeks 6weeks ?weeks 8weeks 9weeks 10weeks 11weeks 12weeks 

OB +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

RMS +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ ++ + 

svz +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ ++ ++ 

SGZ +++ +++ +++ +++ +++ ++ ++ ++ ++ + + + 

NC ++ ++ + + + + + + + + + + 

TECT 
DIEN 
MES 
MED 
CB 

+++ High density ++ medium density + low density - absent. See list of 

abbreviations for abbreviations used in the table. 
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Figure 4.3: Photomicrographs showing distribution of DCX-ir cells in the 

telencephalon and olfactory bulb of the BALB/c mouse brain. (A) DCX-ir 

cells in the sub ventricular zone (SVZ) and the rostral migratory streams 

(dRMS & vRMS), (8) DCX-ir cells in the terminal portion of the rostral 

migratory stream that projects into the olfactory bulb (OBc-RMS), (C) 

DCX- ir cells in the olfactory bulb (OB), (D) DCX-ir cells in the dentate 

gyrus of the hippocampus (DG) and (E) DCX-ir cells in the neocortex 

(NC). The inserts in the upper right corner of each image represent 

higher magnification photomicrographs of each region to demonstrate 

cellular morphology. In all images dorsal is to the top and rostral to the 

left. Squares in photomicrographs A, 8, C, D and E represent areas 

where images in inserts were obtained from. Scale bar in A and B= 

200µm; in C and D = 100 µm. Scale bar in all inserts= 20 µm. See list of 

abbreviations for abbreviations used on the figure. 
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4.3.2 Age-related changes in the number of Ki-67 and DCX immunoreactive 
cells in the BALB/c mouse brain 

Pearson's correlation analysis revealed that the number of Ki-67-ir cells sharply 

declined with postnatal age in the VL-RMS (r =-0.9884; P<0.0001, Fig 4.4A), HL­

RMS (r = -0.9910; P<0.0001, Fig 4.4C), OBc-RMS (r =-0.9951; P<0.0001, Fig 4.5A), 

SVZa (r = -0.9940; P<0.0001, Fig 4.6A) and SGZ (r =-0.9838; P<0.0001, Fig 4.6C) 

Similarly, the number of DCX-ir cells decreased significantly with postnatal age in the 

VL-RMS (r =-0.9811; P<0.0001, Fig 4.48), HL-RMS (r = -0.9830; P<0.0001, Fig 

4.40), OBc-RMS (r =-0.9858; P<0.0001, Fig 4.58), SVZa (r =-0.9722; P<0.0001, Fig 

4.68) and SGZ (r =-0.9767; P<0.0001, Fig 4.6D). 
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Figure 4.4: Photomicrographs and graphs showing age-related changes in numbers 

of Ki-67-ir (A & C) and DCX-ir (8 & D) cells in the different parts of the 

rostral migratory stream of the 8AL8/c mouse brain. The number of Ki-

67-ir cells sharply decreased with age in the VL-RMS (A) and HL-RMS 

(C). Similarly, DCX-ir cells decreased with age in the VL-RMS (8) and 

HL-RMS (D). In each figure, the photomicrographs represent the same 

brain region in the youngest (1 week old) and the oldest (12 weeks old) 

animals used in this study. Scale bar in D= 20µm and applies to all 

photomicrographs. Error bars correspond to the standard error of the 

mean (SEM). 
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Figure 4.5: Photomicrographs and graphs showing age-related changes in the 

number of Ki-67-ir (A) and DCX-ir (B) cells in the terminal portion of the 

rostral migratory stream that extends into the core of the olfactory bulb 

(OBc-RMS) of the BALB/c mouse. The number of Ki-67-ir cells sharply 

decreased with age in the OBc-RMS (A) . Similarly, DCX-ir cells 

decreased with age in the OBc-RMS (B) . In each figure, the 

photomicrographs represent the same brain region in the youngest (1 

week old) and the oldest (12 weeks old) animals used in this study. Scale 

bar in B= 20µm and applies to all photomicrographs. Error bars 

correspond to the standard error of the mean (SEM). 
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Figure 4.6: Photomicrographs and graphs showing age-related changes in the 

number of Ki-67-ir (A & C) and DCX-ir (B & D) cells in the anterior part of 

the sub ventricular (SVZa) and sub granular (SGZ) zones of the BALB/c 

mouse brain. The number of Ki-67-ir cells sharply decreased with age in 

the SVZa (A) and SGZ (C) . Similarly, DCX-ir cells decreased with age in 

the SVZa (B) and SGZ (D) . In each figure , the photomicrographs 

represent the same brain region in the youngest (1 week old) and the 

oldest (12 weeks old) animals used in this study. Scale bar in D= 20µm 

and applies to all photomicrographs. Error bars correspond to the 

standard error of the mean (SEM) . 
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4.3.3 Life-history stage related changes in Ki-67 and DCX immunoreactivity in 
the BALB/c mouse brain 

One-way analysis of variance (ANOVA) revealed significant differences in the 

number of Ki-67-ir cells at different life-history stages in the VL-RMS (F=137. 7; 

P<0.0001, Fig 4.7A), HL-RMS (F=153.9; P<0.0001, Fig 4.7C), OBc-RMS (F=197.0; 

P<0.0001, Fig 4.7E), SVZa (F= 135.2; P<0.0001, Fig 4.8A) and SGZ (F=119.6; 

P<0.0001, Fig 4.BC). Between juvenile and sub adult life-history stages, Bonferroni 

post hoc analysis revealed that the number of Ki-67-ir cells significantly declined by 

approximately 20% in the VL-RMS (P<0.0001 ), HL-RMS (P<0.0001) & SVZa 

(P<0.0001) and approximately 25% in the OBc-RMS (P<0.0001) & SGZ (P<0.0001 ). 

Similarly, the numbers of Ki-67 positive cells declined by approximately 25% in the 

SVZa (P<0.0001) & SGZ (P<0.0001 ), approximately 30% in the VL-RMS (P<0.0001) 

and approximately 35% in the HL-RMS (P<0.0001) & OBc-RMS (P<0.0001) between 

the sub adult and adult life-history stages. 

Using ANOVA, significant differences were found in the number of DCX-ir cells at 

different life-history stages in the VL RMS (F=134.5; P<0.0001, Fig 4. 7B), HL-RMS 

(F=139.6; P<0.0001, Fig 4.7D), OBc-RMS (F=145.3; P<0.0001, Fig 4.7F), SVZa (F= 

141.3; P<0.0001, Fig 4.8B) and SGZ (F=153.5; P<0.0001, Fig 4.8D). Bonferroni post 

hoc analysis revealed that the number of DCX-ir cells significantly declined by 

approximately 30% in the VL-RMS (P<0.0001 ), HL-RMS (P<0.0001 ), OBc-RMS 

(P<0.0001 ), SVZa (P<0.0001) and SGZ (P<0.0001) between the juvenile and sub 

adult life-history stages. Similarly, the numbers of DCX-ir cells declined by 

approximately 20% in the VL-RMS (P<0.0001 ), HL-RMS (P<0.0001 ), OBc-RMS 

(P<0.0001 ), SVZa (P<0.0001) and SGZ (P<0.0001) between sub adult and adult life­

history stages. 
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Figure 4.7: Graphical representation of the life-history stage related changes in the 

number of Ki-67-ir (A, C &E) and DCX-ir (8, D & F) cells in the rostral 

migratory of the 8AL8/c mouse brain. The number of Ki-67-ir cells 

decreased with advancing life-history stages in the VL-RMS (A), HL-RMS 

(C) and O8c-RMS (E). Similarly, DCX-ir cells decreased with advancing 

life-history stages in the VL-RMS (8), HL-RMS (D) and OBc-RMS (F). 

Error bars correspond to the mean (SEM). ***P<0.0001. 
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Figure 4.8: Graphical representation of the life-history stage related changes in the 

number of Ki-67-ir (A&C) and DCX-ir (B&D) cells the SVZa and SGZ of 

the BALB/c mouse brain. The number of Ki-67-ir cells decreased with 

advancing life-history stages in the SVZa (A) and SGZ (C) . Similarly, 

DCX-ir cells decreased with advancing life-history stages in the SVZa (B) 

and SGZ (D) . Error bars correspond to the standard error of the mean 

(SEM). ***P<0.0001 . 
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4.4 DISCUSSION 

In the current study, Ki-67 and DCX immunohistochemistry was used to identify 

proliferating cells and immature neurons respectively in the BALB/c mouse brain. Ki-

67, is a nuclear protein that is associated with ribosomal transcription and is found in 

the nucleus during interphase (Bullwinkel et al., 2006). However, during mitosis Ki-67 

becomes associated with the surface of chromosomes (Balthazart and Ball, 2014b). 

Ki-67 is expressed during all active phases of the cell cycle (G1, S, G2 and mitosis) 

but is absent in cells that are not cycling (Go) (Scholzen and Gerdes, 2000). 

However, Ki-67 labelling is related to both neurogenesis and gliogenesis. DCX is a 

microtubule associated protein that controls polymerisation of the leading process 

and stabilisation of the neuroblast cytoskeleton during migration (Horesh et al., 

1999). DCX, therefore, plays a critical role in the migration of immature neurons from 

the birth site to final positioning at the recruitment site. 

4.4.1 Distribution of Ki-67 and DCX immunoreactive cells in the BALB/c mouse 
brain 

Proliferating cells and immature neurons were observed at all ages in the sub 

ventricular zone of the lateral ventricles, rostral migratory stream, olfactory bulb and 

sub granular zone of the hippocampal dentate gyrus. Expression of both Ki-67 and 

DCX confirmed that these brain regions are indeed neurogenic sites and these 

findings extend earlier observations made by previous researchers in mammals 

(Kuhn et al., 1996; Enwere et al., 2004; Kondo et al., 2010; Nada et al., 2010; 

Encinas et al., 2011; Jinno, 2011; Kempermann, 2011; Mobley et al., 2014; Olaleye 

and lhunwo, 2014; Olude et al., 2014; Fernandez-Flores et al., 2018). 

New neurons produced in the sub ventricular zone migrate along the lateral wall of 

the lateral ventricles and through the rostral migratory stream guided by the 

astrocytic scaffolding to reach the olfactory bulb where they differentiate into granule 

and periglomerular interneurons (Mobley et al., 2014). As the neuroblasts migrate 

through the rostral migratory stream, they retain their ability to proliferate (Mobley et 

al., 2014) and possibly explains the expression of Ki-67 in RMS observed in the 

current study. 
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In the olfactory bulb, mitral and tuft cells are born during embryonic development. 

However, granule and periglomerular interneurons are mainly born postnatally 

(Mirich et al., 2002). In fact, only about 25% of the bulbar interneurons are born 

prenatally (Bayer, 1983). The bulk of bulbar interneurons are born locally within the 

olfactory bulb before postnatal day 7. In addition, proliferation in the olfactory bulb 

after the first postnatal week is most likely related to production of glial cells as the 

SVZ and RMS become the major sources of new bulbar interneurons (Lemasson et 

al., 2005). Therefore, the Ki-67 expression in the olfactory bulb we observed in this 

study is most likely related to formation of neuroglia. 

Within the hippocampus, Ki-67 and DCX-ir cells were also observed in the sub 

granular zone of the dentate gyrus at all ages investigated confirming the presence of 

neurogenesis in this region. In this region, new neurons are born in the sub granular 

zone, migrate a short distance and integrate into the granule cell layer. 

In the neocortex, a few cells expressing Ki-67 and DCX were also observed. In 

addition, we observed Ki-67 cells migrating from the dorsal RMS through the corpus 

callosum to reach the neocortex (Fig 4.2A) suggesting that the proliferating cells and 

immature neurons observed in the cortex could have migrated from the dorsal RMS. 

These observations confirmed that the neocortex continues to recruit new neurons at 

all ages studied. Our observations are in agreement with the findings of other authors 

who have reported presence of neurogenesis in the mammalian neocortex (lhunwo 

and Pillay, 2007; Chawana et al., 2013; Olude et al., 2014). In contrast to our 

findings, Olaleye and lhunwo (2014) observed only DCX but not Ki-67 

immunoreactivity in the four striped mouse neocortex. This variation could possibly 

reflect species (four striped mouse vs BALB/c mouse) and habitat (wild vs laboratory 

bred) specific differences. 

Ki-67 but not DCX immunoreactivity was observed in the tectum and cerebellum. The 

proliferation observed in these brain regions is presumably related to production of 

neuroglial cells and not neurons since no immature neurons were observed. 
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4.4.2 Age and life-history stage related changes in Ki-67 and DCX expression in 
the BALB/c mouse brain 

In this study, the number of proliferating cells and immature neurons in the SVZ and 

RMS significantly decreased with postnatal age and life history periods (i.e higher 

during juvenile periods and lower during adulthood) of the BALB/c mouse brain. Our 

results further revealed that there was no period during the first 12 postnatal weeks 

where neurogenesis was stable over extended periods defining life-history stages 

corresponding to juvenile, sub adult and adult. Age-related decreases in 

neurogenesis in the SVZ and RMS have been reported previously in laboratory mice 

(Enwere et al., 2004; Luo et al., 2006; Shook et al., 2012; Mobley et al., 2014), 

laboratory rats (Chen et al., 2003), the giant African rat (Olude et al., 2014) and more 

recently dogs (Fernandez-Flores et al., 2018). These age-related decreases in 

neurogenesis in the SVZ and RMS have also been proposed to be functionally linked 

to the olfactory dysfunction that is observed during aging (Enwere et al., 2004). The 

decreases in neurogenesis in the SVZ and RMS with age are thought to be as a 

consequence of either a reduction in the neuronal stem cell proliferation (Kuhn et al., 

1996; Tropepe et al., 1997; Enwere et al., 2004; Luo et al., 2006) or lengthening of 

the cell cycle (Tropepe et al., 1997; Maslov et al., 2004). The decline in cell 

proliferation observed in the SVZ and RMS has been reported to be related in part to 

a reduction in epidermal growth factor receptor (EGFR) signaling, fibroblast growth 

factor 2 (FGF 2) and transforming growth factor (TGF), all of which have been shown 

to decline with age (Jin et al., 2003; Enwere et al., 2004; Sun et al., 2006). 

lntracerebral infusions of FGF 2 or heparin binding EGF in aged rodents was 

reported to restore SVZ and RMS neurogenesis to levels found in young rodents (Jin 

et al., 2003). In addition, this ability to respond to exogenous factors suggests that 

neuronal stem cells in the SVZ and RMS become quiescent with aging but retain 

their capacity to form new neurons when appropriately stimulated. Furthermore, age 

dependent reductions in telomerase activity have also been implicated in age-related 

down regulation of neurogenesis in the SVZ. Caporaso et al. (2003) reported that the 

young rodent SVZ contains higher telomerase activity compared to the adults. 

Interestingly, telomerase activity appears to mirror proliferation levels in the SVZ 

(Caporaso et al., 2003). 
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In the SGZ of the dentate gyrus, a similar relationship between age or life-history 

stage and the number of proliferating cells or immature neurons was also observed. 

Similar age-related changes in hippocampal neurogenesis were previously reported 

in several mammals including laboratory mice (Kronenberg et al., 2006; Nada et al., 

2010), wild mice (Amrein et al., 2004), laboratory rats (Drapeau et al., 2003; 

Jessberger et al., 2009) African giant rats (Olude et al., 2014), mole rats (Amrein et 

al., 2014) and Humans (Knoth et al., 2010). These observed age-related reductions 

in neurogenesis in the dentate gyrus could be functionally related to the spatial 

memory deficits observed in aged animals (Kuhn et al., 1996; Drapeau et al., 2003). 

Although the exact mechanisms underlying age-related reductions in hippocampal 

neurogenesis are poorly understood, a few processes have been singled out. These 

include a reduction in the neuronal stem cell pool, reduced proliferation of neuronal 

stem cells or progenitors, reduced survival of neuronal stem cells or progenitors and 

reduced neuronal lineage commitment (Encinas et al., 2011 ). Encinas et al. (2011) 

reported division coupled conversion of neuronal stem cells into mature astrocytes in 

the hippocampus of aged rodents. 

Several factors have been implicated in age-related down regulation of hippocampal 

neurogenesis among them glucocorticoids and growth factors such as insulin-like 

growth factor-1 (IGF-I), FGF-2 and vascular endothelial growth factor (VEGF). 

Glucocorticoid receptors are strongly expressed in the granule cells of the 

hippocampus and in neuronal stem cells (Garcia et al., 2004). During the early 

postnatal period, rodents have been shown to exhibit very low levels of circulating 

glucocorticoids and to be relatively resistant to stress (Sapolsky and Meaney, 1986). 

Incidentally, this early postnatal period is also associated with high levels of 

hippocampal neurogenesis (Bayer, 1983). Furthermore, previous studies have shown 

that glucocorticoid levels naturally rise with increasing postnatal age in rodents as the 

hypothalamic-pituitary-adrenal (HPA) axis matures (Sapolsky, 1992; Dalm et al., 

2005) and this rise coincides with a reduction in the numbers of newly generated 

neurons (Cameron and Gould, 1994; Seki and Arai, 1995; Kuhn et al., 1996; 

Cameron and McKay, 1999a).The HPA axis matures during adolescence, thereby 

141 



providing increased levels of glucocorticoids which have drastic effects on 

hippocampal neurogenesis in adult animals (Lupien et al., 2009). Conversely, 

elimination of glucocorticoids by adrenalectomy increases proliferation of neuronal 

progenitors and formation of new neurons in the hippocampus (Cameron and McKay, 

1999a; Montaron et al., 1999; Montaron et al., 2006). 

Growth factors (IGF-I, FGF-2 and VEGF) increase neuronal stem cell proliferation in 

the hippocampal dentate gyrus and the concentration of these factors in serum or 

expression of their receptors in the hippocampus have reported to be reduced in 

adults and aged animals compared to juvenile animals (Lai et al., 2000; Jin et al., 

2003; Shetty et al., 2005; Sun et al., 2006). In addition, intraventricular infusion of 

these growth factors were reported to increase neurogenesis in the adult or aging 

hippocampus (Lai et al., 2000; Jin et al., 2003; Sun et al., 2006; Rai et al., 2007). 

4.5 CONCLUSION 

Neurogenesis persists throughout the life-history periods of the BALB/c mouse in the 

sub ventricular zone of the lateral ventricles, rostral migratory stream, olfactory bulb, 

sub granular zone of the dentate gyrus and the neocortex. In addition, neurogenesis 

declines sharply with postnatal age in the SVZ, RMS and SGZ of the BALB/c mouse 

brain. Although cell proliferation persists in the tectum and cerebellum of the BALB/c 

mouse, it is presumably related to the production of neuroglia. 
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CHAPTER 5: AGE- RELATED CHANGES IN PROLIFERATION 
NUCLEAR ANTIGEN (PCNA) AND DOUBLECORTIN (DCX) 

EXPRESSION IN THE POST-METAMORPHIC SOUTH AFRICAN 
CLAWED (XENOPUS LAEVIS) FROG BRAIN. 
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5.1 INTRODUCTION 

Neurogenesis is a process through which new neurons are added to the brain. This 

process involves progenitor cell proliferation, differentiation, migration and integration 

of the newly formed neuroblasts into the existing neuronal circuitry of target areas 

(Kaslin et al., 2008). Primary neurogenesis establishes the central nervous system 

during embryogenesis (Thuret et al., 2015). Secondary neurogenesis, however, 

refers to the continuous production and addition of new neurons to the brain after 

birth or hatching. Over the last few years, secondary neurogenesis has received a lot 

of attention having been found to be a common trait shared by all vertebrates. In 

mammals, secondary neurogenesis is restricted to the olfactory bulbs and the 

dentate gyrus of the hippocampus (lhunwo and Pillay, 2007; Chawana et al., 2013; 

Olaleye and lhunwo, 2014; Olude et al., 2014). However, this process is more 

widespread in the non-mammalian vertebrate brains including amphibians. 

In amphibians, neurogenesis was widely studied during embryonic development of 

the brain (Chapman et al., 2006; Simmons et al., 2006; Simmons et al., 2008; 

Herrgen and Akerman, 2016; Moreno and Gonzalez, 2017) or in relation to brain 

regeneration following experimental lesions (Endo et al., 2007; Parish et al., 2007; 

Maden et al., 2013; Kirkham et al., 2014; Amamoto et al., 2016). Reports from these 

studies demonstrate that neurogenesis takes place in both urodele and anuran 

amphibian brains under normal physiological or experimental conditions. However, a 

closer analysis of the available literature on amphibian neurogenesis reveals three 

main problems. Firstly, neurogenesis in anuran amphibians has mostly been studied 

in detail in the developing brain during the larval and pre-metamorphic stages. 

Secondary neurogenesis in the post-metamorphic anuran brain is either poorly 

understood or is not well documented. Secondly, most secondary neurogenesis 

studies focused mainly on mapping progenitor cell proliferation in the anuran brain. 

Indeed, cell proliferation has been mapped in pre and post metamorphic brains of the 

X. /aevis (D'Amico et al., 2011; Herrgen and Akerman, 2016; Moreno and Gonzalez, 

2017), R. esculenta (Raucci et al., 2006; Cerri et al., 2009), R. catesbiana (Chapman 

et al., 2006; Simmons et al., 2006; Simmons et al., 2008) and H. ceneria (Almli and 

Wilczynski, 2007). However, progenitor cell proliferation constitutes only one stage of 

neurogenesis and provides no information on the fate of the newly formed cells 
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(neurons or glial cells). Thirdly, age dependent changes in neurogenesis have only 

been reported during the pre-metamorphic stages of development (Simmons et al., 

2008; Thuret et al., 2015; Moreno and Gonzalez, 2017). To date, no studies have 

quantitatively investigated changes in neurogenic activity in the post-metamorphic X. 

/aevis brain across the major life-history stages, i.e juvenile, sub adult and adult 

stages. 

Previous studies mostly relied on exogenous markers of neurogenesis such as 

titriated thymidine (H3 -thymidine) and more recently 5-bromo-2'-deoxyuridine (BrdU) 

(Bernacchi et al., 1990; Almli and Wilczynski, 2007; Simmons et al., 2008; D'Amico et 

al., 2011 ). Although these markers allow investigators to monitor survival of the newly 

formed cells, their usage is limited by their short half-lives as they become diluted 

with each successive cell division. In addition, BrdU has also been shown to induce 

DNA damage (Balthazart and Ball, 2014b). In this paper, we report a detailed 

neuroanatomical mapping of cell proliferation and neuronal incorporation in the 

brains of juvenile, sub adult and adult African clawed frogs (Xenopus /aevis) using 

endogenous markers PCNA and DCX respectively. In addition, the current study also 

quantitatively describes how PCNA and DCX expression changes with age in the 

telencephalon of the post-metamorphic X. laevis. 

5.2 MATERIALS AND METHODS 

5.2.1 Animals 

Forty-six post-metamorphic uuvenile, ages 8 to 20 weeks old, n = 34; sub adult, ages 

36 to 44 weeks old, n= 6 and adult, 48 to 60 weeks old, n= 6) South African clawed 

frogs obtained from the African Xenopus Facility (Knysna, Western Cape, South 

Africa) were used in this study. The animals were housed at the Central Animal 

Services (CAS) of the University of the Witwatersrand. During this experimental 

period, the frogs were kept in tape water maintained at 25 ± 3°C, fed ad libitum and 

maintained on a 12:12 hr light-dark cycle. All experimental animals were handled 

according to the ethical principles for Animal Research approved by the University of 

the Witwatersrand Animal Ethics Screening Committee (AESC/2014/35/A), which 
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correspond with those of the National Institute of Health (NIH) for care and use of 

animals in scientific experimentation. 

5.2.2 Tissue collection and processing 

Following euthanasia by an intraperitoneal injection of Euthapent (0.5 - 1 ml/kg), the 

animals were decapitated and the heads were immersion fixed in toto in 4 % 

paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) solution. Brains were 

carefully removed from the skull, post-fixed overnight in 4 % paraformaldehyde in 

0.1 M PB, weighed before being transferred into 30% sucrose in 0.1 M PB until 

equilibration. The brains were sectioned in a coronal plane at 20 µmusing a cryostat 

(Shandon Cryotome E, Thermo Fischer scientific, UK) at -24 ° C and repeated series 

of 5 sections were collected free-floating into 48 multi-well plates containing 0.1 M 

PB. The first series of sections was mounted on gelatin- coated slides and stained 

with 1 % cresyl violet for anatomical orientation. The second and third series were 

used for PCNA and DCX immunohistochemistry respectively. The remaining two 

series were stored in a cryoprotectant solution at -20 ° C for future use. 

5.2.3 lmmunohistochemistry 

Brain sections were pre-treated for 30 min at room temperature under gentle shaking 

with an endogenous peroxidase inhibitor solution containing 0.1 M PB, 100% 

methanol and 100% H20 2 in the ratio 49.2%: 49.2%: 1.66%. Following three 10-min 

rinses in 0.1 M PB, the sections were subsequently pre-incubated in a blocking buffer 

solution [ 3 % normal horse serum or 3 % normal goat serum, 2 % bovine serum 

albumin, 0.25 % Triton X-100 in 0.1 M PB] for 2 h under gentle shaking at room 

temperature to prevent non-specific binding. Sections were then transferred into a 

primary antibody solution [1 :500, mouse anti-PCNA (ab29, Abeam, USA) or 1: 500, 

rabbit anti-DCX (ab18723, Abeam, USA), in the blocking buffer solution] and were 

incubated for 48 h at 4 °C under gentle shaking. Following incubation, sections were 

subjected to three 10-min rinses in 0.1 M PB before being incubated in secondary 

antibody solution [1:1000 biotinylated anti-mouse lgG (Novocastra, UK) or 1: 1,000 

dilution of biotinylated anti-rabbit lgG (BA-5000; Vector Laboratories, USA) in 

blocking buffer solution] for 2 hat room temperature under gentle shaking. Following 
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three 10-min rinses in 0.1 M PB, the sections were incubated in an avidin-biotin 

solution [1: 125 A and 1: 125 B (Vector Laboratories) in 0.1 M PB] for 1 h. The 

sections were then transferred into three 10-min 0.1 M PB rinses before being placed 

in a solution containing 0.05% 3, 3 di-amino-benzidine tetrachloride (DAB) in 0.1 M 

PB for 5 min. To each 1 ml of this solution, 3.3 µI of 30% H202 were added, and 

chromatic precipitation was visually monitored under a low power stereomicroscope. 

Development was subsequently stopped by placing the sections in 0.1 M PB, 

followed by a final 10-min rinse in 0.1 M PB. Sections were mounted on 0.5% 

gelatine-coated slides, left to dry overnight, dehydrated in a graded series of 

alcohols, cleared in xylene and cover slipped with DPX. To ensure that non-specific 

staining was not affecting the results, control sections taken at random were 

processed in the same manner, but either the primary or the secondary antibody was 

omitted. No labelled cells were observed in either case. 

5.2.4 Data Analysis 

5.2.4.1 Qualitative analysis 

Sections were analysed qualitatively with both low and high power light microscopy 

to yield a comparative description of the distribution of PCNA and DCX­

immunoreactive (ir) cells. Brain structures were identified and nomenclature used 

according to the stereotaxic atlas of the CNS of R. pipiens (Wada et al., 1980). The 

relative densities of immunostained structures were visually compared and recorded 

on a scale ranging from absent(-) to low(+) to moderate(++) to high(+++). A 

second observer was used to eliminate observer bias (Chawana et al., 2013; 

Mazengenya et al., 2017; Nkomozepi et al., 2018) 

5.2.4.2 Quantitative analysis 

Quantification of PCNA and DCX-ir cells was carried out in areas of the 

telencephalon that exhibited high expression for these markers. The PCNA-ir cells 

were quantified in the ventral and dorsal reaches of the lateral ventricles whereas 

DCX-ir cells were quantified in the medial pallium (MP), lateral pallium (LP), septum 
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(S) and striatum (St) in all the animals studied. The quantification of PCNA and DCX­

ir cells was done using computer assisted image analysis by the first author (PN) who 

was blinded to the ages of the animals. Sections were digitized using an AxioCam 

HRC digital camera linked to a Zeiss Axioplan 2 compound microscope (40X 

objective) and PCNA or DCX-ir cells in each camera field (0.0816 mm2
) were counted 

using the cell counter function of lmageJ (Schneider et al., 2012). 

The camera field for quantification was placed in a standardized manner based on 

predefined anatomical landmarks guided by Nissl stained sections using the 

anatomical scheme of Moreno and Gonzalez (2004) (for the S and St) and Westhoff 

and Roth (2002) (for the MP and LP). Briefly, four coronal sections of the 

telencephalon of each animal corresponding to plate figures 3, 5, 6 and 9 of the 

stereotaxic atlas of the CNS of R. pipiens (Wada et al., 1980) were used for 

quantification of PCNA-ir or DCX-ir cells. Representative photomicrographs of the X. 

laevis showing neurogenic activity were acquired using the AxioCam HRC digital 

camera and were prepared with the Adobe Photoshop 7.0 software (Adobe Systems, 

Mountain View, CA). No pixelation adjustment or manipulation of the captured 

images was undertaken, except for the adjustment of contrast and brightness. 

5.2.4.3 Statistical analysis 

For each animal, PCNA or DCX-ir counts obtained from different rostrocaudal levels 

of the same brain area quantified were averaged. The Shapiro-Wilks normality test 

was used to test the normality of data in all the variables. For all the variables, the 

data followed a normal distribution (P>0.05). The correlation between age and the 

mean PCNA or DCX-ir cell counts for each brain area quantified was tested using 

Pearson's correlation analysis. Furthermore, the mean counts of PCNA or DCX -ir 

cells for each brain area quantified at different life history stages (i.e juvenile, sub 

adult and young adult) were computed and compared using one-way analysis of 

variance (ANOVA) followed by Bonferroni's post hoc test. All analyses were 

performed using Graphpad prism 5 software (Graphpad software, CA). All results 

were expressed as means± standard deviation and a significance level of P<0.05 

was used. 
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5.3 RESULTS 

5.3.1 Distribution of PCNA in the South African clawed frog 

5.3.1.1 Olfactory bulb. 

In the olfactory bulb of juvenile frogs, a high density of PCNA-ir cells were observed 

in the lining of the olfactory ventricles. More specifically, PCNA-ir cells were 

concentrated along the dorsal, medial and lateral walls of the olfactory ventricle (Fig 

5.1 A). A similar pattern of PCNA immunoreactivity was observed in sub adult and 

adult frogs although the density was comparatively lower than that observed in 

juvenile frogs (Table 5.1 ). 

5.3.1.2 Telencephalon 

In the telencephalon, PCNA-ir cells were observed mainly in the lining of the lateral 

ventricle (Figs 5.1 B-F). In the rostral telencephalon, a high density of PCNA-ir cells 

were observed mainly in the ventricular walls adjacent to the dorsal, lateral and 

medial pallial areas dorsally and striatal and septal areas of the sub pallium ventrally. 

At mid-telencephalic levels, a high density of PCNA-ir cells was mainly concentrated 

along the ventral aspects of the lateral ventricles adjacent to the septum, nucleus 

accumbens and striatum. Furthermore, a few PCNA-ir cells were also observed in the 

parenchyma of the striatum (Fig 5.1 D). At more caudal levels, PCNA-ir cells were 

mainly aggregated in the ventricular lining adjacent to the DP and MP. 

The distribution of PCNA-ir cells in sub adult and adult frogs was similar to that of 

juvenile frogs. However, the density of PCNA-ir cells in the juvenile frogs was 

comparatively higher than that observed in sub adult and adult frogs (Table 5.1 ). 
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5.3.1.3 Diencephalon 

In juvenile frogs, no PCNA-ir cells were observed in the ventricular and parenchymal 

areas of the diencephalon except for a few cells seen in the preoptic area (POA) (Fig 

5.1 F). In addition, a few PCNA-ir cells were also observed in the ventricular lining of 

the adjacent to the caudal parts of the ventral hypothalamus (VH). A similar pattern of 

PCNA expression was also observed in the diencephalon of sub adult and adult frogs 

(Table 5.1). 
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Figure 5.1: Photomicrographs showing the distribution PCNA-ir cells in the X. laevis 

brain. PCNA-ir cells were concentrated in the lining of the olfactory 

ventricles (A), telencephalic ventricles adjacent to the DP, MP, LP, St (B­

E) and the 3rd (Ill) ventricle adjacent to the POA (F). Black arrows show 

PCNA-ir cells in the striatum. Scale bar in F = 20 µm and applies to A, B, 

C, D and E. See list of abbreviations for abbreviations used in the table. 
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Table 5.1: Age-related changes in PCNA immunoreactivity in the X. /aevis brain 

Age 

9 10 11 12 13 14 15 16 17 18 19 20 36 44 48 60 
weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks 

OB OBV +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ ++ ++ +++ 

OB 

TEL LV +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

MP 

LP 

DP 

St* 

s 
DIE 3rdV + + + + + + + + + + + + + + + + 

POA** 

Hypo** 

Thal 

MES TECT 

MID 

RHOM 4thV + + + + + + + + + + + + + + + + 

CB ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ + + + + + 

+++ High density, ++ medium density, + low density, - absent. * Few PCNA-ir cells were observed in the striatum. ** PCNA-ir cells were 

only observed in the ventricle adjacent to the preoptic area and caudal part of the ventral hypothalamus. See list of abbreviations for 

abbreviations used in the table. 
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5.3.1.4 Mesencephalon and rhombencephalon 

No PCNA-ir cells were observed in the mesencephalon of juvenile, sub adult and 

adult frogs. Additionally, the rhombencephalon, with the exception of the cerebellum, 

was devoid of PCNA-ir cells. In the cerebellum, PCNA-ir cells were observed in the 

granule cell layer across all age groups studied (Table 5.1 ). However, no PCNA-ir 

cells were observed in the molecular and Purkinje cell layers of the cerebellum. 

5.3.2 Distribution of DCX in the South African clawed frog 

5.3.2.1 Olfactory bulb. 

In the olfactory bulb of juvenile frogs, a high density of DCX-ir cells were observed 

along the walls of the olfactory ventricles and parenchyma adjacent to the ventricles. 

Similarly, DCX-ir were also observed in the olfactory bulb of sub adult and adult frogs 

although the density was lower compared to that found in juveniles (Table 5.2). 

5.3.2.2 Telencephalon 

Across all age groups, high densities of DCX-ir cells were mainly concentrated along 

the lining of the telencephalic ventricles. Although DCX-ir cells were also observed in 

the ventricular lining, highest densities of these cells were observed ventrally in the 

ventricular lining adjacent to the sub pallium. Additionally, medium densities of DCX­

ir cells were also observed in the parenchyma of the LP and MP (Figs 5.2 B and C). 

Furthermore, comparatively higher densities of DCX-ir cells were observed in the 

striatum, septum and nucleus accumbens (Figs 5.20 and F). Although the 

distribution of DCX-ir cells in the telencephalon was identical at all ages studied, the 

density of DCX-ir cells in the juvenile frogs was comparatively higher than that of sub 

adult and adult frogs (Table 5.2). 
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Figure 5.2: Photomicrographs showing the distribution of DCX-ir cells in the X. laevis 

telencephalon. A: Low power cross sectional photomicrograph of the 

mid-telencephalon; B, C, D, E and F: Showing the distribution of DCX-ir 

cells in the LP, MP, St, Sand VH respectively at high power. White 

arrows in F show DCX-ir cells in the VH. Scale bar in A= 200 µm & in F 

= 20 µm and applies to B, C, D and E. See list of abbreviations for 

abbreviations used in this figure. 
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Table 5.2: Age-related changes in DCX immunoreactivity in the X /aevis brain 

Age 

9 10 11 12 13 14 15 16 17 18 19 20 36 44 48 60 
weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks weeks 

OB OBV +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

OB +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

TEL LV +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

MP +++ +++ +++ +++ +++ ++ ++ ++ ++ ++ ++ ++ + + + + 

LP ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ + + + + + 

DP ++ ++ + + + + + + + + + + + + + + 

SVAcc 
+++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ 

+++ 

s +++ +++ +++ +++ +++ +++ +++ ++ ++ ++ ++ ++ ++ ++ ++ 
+++ 

DIE 3rdV 

POA + + + + + + + + + + + + + + + + 

Hypo• + + + + + + + + + + + + + + + + 

Thal 

MES TECT 

MID 

RHOM 4thV 

CB ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ + + + + 

+++ High density, ++ medium density, + low density, - absent. * DCX-ir cells observed only in the caudal part of the ventral 

hypothalamus. See list of abbreviations for abbreviations used in this table. 

157 



5.3.2.3 Diencephalon, mesencephalon and rhombencephalon 

In the diencephalon, fewer DCX-ir cells were observed in the parenchyma of the 

POA and VH (Fig 5.2F) at all ages studied. In addition, DCX-ir cells were also 

observed in the granular cell layer of the cerebellum at all ages studied (Table 5.2). 

5.3.3 Age-related changes in the number PCNA and DCX-ir cells in the 
telencephalon 

Pearson's correlation analysis revealed that the number of PCNA-ir cells significantly 

decreased with age in the dorsal (r =-0.9817; P<0.0001; Fig 5.3A) and ventral (r = -

0.9746; P<0.0001; Fig 5.3B) reaches of the telencephalic ventricles. 

Similarly, the number of DCX-ir cells decreased significantly with age in the LP (r =-

0.9243; P<0.0001; Fig 5.4 A), MP (r = -0.9244; P<0.0001, Fig 5.48), S (r =-0.9641; 

P<0.0001; Fig 5.4C) and St (r =-0.9905; P<0.0001; Fig 5.40). 
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Figure 5.3: Photomicrographs and graphs showing age-related changes in the 

number of PCNA-ir cells in the dorsal (A) and ventral (B) ventricular 

zones of the X. laevis telencephalon. Generally, the number of PCNA-ir 

cells in both the dorsal (A) and ventral (B) ventricular zones of the X. 

laevis telencephalon significantly declined with age. Error bars 

correspond to the standard error of the mean (SEM). 
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Figure 5.4: Photomicrographs and graphs showing age-related changes in the 

number of DCX-ir cells in the LP (A), MP (B), S (C) and St (D) of the X. 

laevis telencephalon. Generally, the number of DCX-ir cells in all the 

areas of the X. laevis telencephalon quantified significantly declined with 

age. Error bars correspond to the standard error of the mean (SEM). See 

list of abbreviations for abbreviations used in this figure legend. 
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5.3.4 Life-history stage dependent changes in PCNA and DCX immunoreactivity 
in the telencephalon 

Analysis of variance (ANOVA) revealed significant differences in the number of 

PCNA-ir cells among the different life history stages in the ventral (F= 101.2; 

P<0.0001, Fig 5.5A) and dorsal (F=205.7; P<0.0001; Fig 5.58) ventricular zones. 

Furthermore, Bonferroni post hoc analysis revealed that the number of PCNA-ir cells 

significantly declined by approximately 48% in the ventral (P<0.0001) and 66% in the 

dorsal (P<0.0001) ventricular zones between the juvenile and sub adult life-history 

stages. However, no significant differences were found in the number of PCNA-ir 

cells in the ventral and dorsal ventricles between the sub adult and adult life-history 

stages (P>0.05). 

Significant differences were also found in the number of DCX-ir cells among the 

different life-history stages in the LP (F=37.6; P<0.0001, Fig 5.6A), MP (F=43.1; 

P<0.0001, Fig 5.68), St (F= 277.3; P<0.0001, Fig 5.6C) and S (F=52.9; P<0.0001, 

Fig 5.6D). Bonferroni post hoc analysis revealed that the number of DCX-ir cells 

significantly decreased by approximately 15% in the S (P<0.0001 ); 20% in the MP 

(P<0.0001) and 30% in the St (P<0.0001) & the LP (P<0.0001) between juvenile and 

sub adult life-history stages. However, no significant differences were found in all the 

telencephalic areas quantified except for the St between the sub adult and adult life­

history stages (P>0.05). In the St, DCX-ir cells significantly decreased by 

approximately 12%. 
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Figure 5.5: Graphical representation of life-history stage related changes in PCNA 

immunoreactivity in ventral and dorsal ventricular zones of the X. /aevis 

telencephalon. Generally, the number of PCNA-ir cells was significantly 

higher in juvenile group compared to the sub adult and adult groups in 

both the ventral and dorsal ventricular zones of the telencephalon. 

However, no significant differences were found in the number of PCNA-ir 

cells in the ventral and dorsal ventricular zones of the telencephalon 

between the sub adult and adult groups. Error bars correspond to the 

SEM. *P<0.01. **P<0.001 ***P<0.0001 #P>0.005. See list of 

abbreviations for abbreviations used in this figure legend. 
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Figure 5.6: Graphical representation of life-history stage related changes in DCX 

immunoreactivity in parenchyma of the X laevis telencephalon. 

Generally, the number of DCX-ir cells was significantly higher in juvenile 

group compared to the sub adult and adult groups in the LP (A), MP (B), 

St (C) and S (D) areas of the X laevis telencephalon. However, no 

significant differences were found in the number of DCX-ir cells in the LP, 

MP, St and S between the sub adult and adult groups. Error bars 

correspond to the SEM. *P<0.01. **P<0.001 ***P<0.0001 #P>0.005. See 

list of abbreviations for abbreviations used in this figure legend. 
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5.4 DISCUSSION 

Our study used PCNA and DCX immunohistochemistry to investigate cell 

proliferation and neuronal incorporation in the post-metamorphic X laevis brain and 

to determine how expression of these markers changes with age and life history 

stage. 

5.4.1 Methodological considerations 

Proliferating cell nuclear antigen (PCNA) is a protein associated with catalytic activity 

of DNA polymerase A and is expressed during the G1 and S phases of the cell cycle 

(Balthazart and Ball, 2014b). In addition, PCNA expression is highly conserved 

among eukaryotes (Charvet and Striedter, 2008) and was used in the current study 

as a marker for cell proliferation in the post-metamorphic X laevis brain. Indeed, 

PCNA immunohistochemistry was previously used for neuroanatomical mapping of 

cell proliferation in the anuran amphibian brain (Raucci et al., 2006; Cerri et al., 2009; 

D'Amico et al., 2011 ). Additionally, double labelling experiments have shown that the 

pattern of PCNA expression coincides with that of BrdU in the X laevis brain at short 

survival times (D'Amico et al., 2011 ). 

On the other hand, DCX is a microtubule-associated protein that binds to 

microtubules, increasing their bundling and stabilization (Horesh et al., 1999). DCX 

controls the polymerization of the leading process and stabilization of the 

cytoskeleton during neuroblast migration (Balthazart and Ball, 2014a, 2014b). DCX 

immunohistochemistry was previously used to demonstrate neuroblast migration and 

incorporation in the amphibian brain (D'Amico et al., 2011; Maden et al., 2013). In 

this study, DCX immunolabelling was used as a marker for neuronal incorporation in 

the post-metamorphic X /aevis brain. 
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5.4.2 PCNA and DCX expression in the X. laevis brain 

Proliferative activity was observed in the olfactory bulb, telencephalon, diencephalon 

and cerebellum of the X laevis across all ages studied. More specifically, mitotic 

activity was mainly observed in the ventricular lining of the olfactory bulb, ventricles of 

the telencephalon, ventricular lining associated with the ventral hypothalamus, pre­

optic area and the granule layer of the cerebellum. The neuro-anatomical mapping of 

cell proliferation observed in our study is largely comparable to the findings reported 

by other researchers except for a few differences in the location of proliferating cells 

and discussed below. 

The highest concentrations of proliferating cells were observed in the telencephalic 

ventricular 'hot spots'. This observation is in perfect agreement with findings reported 

from studies in other anurans (Bernacchi et al., 1990; Filoni et al., 1995; Wullimann et 

al., 2005; Raucci et al., 2006; Almli and Wilczynski, 2007; D'Amico et al., 2011) and 

other non-mammalian vertebrates (Alvarez-Buylla, 1992; Garcia-Verdugo et al., 

2002; Nottebohm, 2002; Lindsey and Tropepe, 2006; Chapouton et al., 2007; 

Gonzalez-Granero et al., 2011; Nkomozepi et al., 2018). In addition, abundant 

proliferative activity was observed mainly in the ventral ventricular 'hot spot' adjacent 

to the sub pallium. This observation is in agreement with findings made in other 

anuran studies using X laevis (D'Amico et al., 2011) or other species such as H. 

cinerea (Almli and Wilczynski, 2007). Interestingly, cell proliferation was also found to 

be extremely abundant in the telencephalic ventricular areas adjacent to the sub 

pallium in other classes of vertebrates such as fish and birds (Alvarez-Buylla et al., 

1990; Cayre et al., 2002; Nottebohm, 2002; Lindsey and Tropepe, 2006; Chapouton 

et al., 2007; Pellegrini et al., 2007; Kaslin et al., 2008; Mazengenya et al., 2017; 

Nkomozepi et al., 2018). However, proliferative activity in adult R. esculenta was 

reported to be more abundant along the dorsal ventricular zones (Raucci et al., 2006; 

Cerri et al., 2009). This variation in the distribution of proliferative cells could reflect 

species specific differences in neurogenic activity as different studies used different 

anuran species. 
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In this study, fewer proliferating cells were also observed in the ventricular linings 

adjacent to the preoptic area, ventral hypothalamus and cerebellum. Similar findings 

were also reported in other studies. Indeed, proliferative cells were observed in the 

ventricular lining of the preoptic area of the R. temporaria, R.escu/enta and X. laevis 

(Bernocchi et al., 1990; Chetverukhin and Polenov, 1993; Raucci et al., 2006; 

D'Amico et al., 2011 ), ventral hypothalamus of R.catesbiana, R.esculenta, H.cinerea 

and X.laevis (Bernocchi et al., 1990; Polenov and Chetverukhin, 1993; Almli and 

Wilczynski, 2007; Simmons et al., 2008; D'Amico et al., 2011) and cerebellum of R. 

esculenta and X. laevis (Raucci et al., 2006; D'Amico et al., 2011). 

These findings confirm that proliferative activity is more widespread in the anuran 

compared to mammalian brain. This high proliferative activity is probably related to 

the need to provide neuronal substrates for the continuous brain growth observed in 

amphibians. Additionally, it has also been suggested that the widespread 

neurogenesis observed in amphibians presumably underlies the high regenerative 

capacity reported in these animals (Endo et al., 2007). Similarly, widespread mitotic 

brain activity is also a characteristic observed in other anamniotic vertebrates such as 

fish that exhibit continuous brain growth throughout life (Lindsey and Tropepe, 2006; 

Zupanc, 2006). Contrarily, cell proliferation is mostly restricted to the forebrain in 

amniotic vertebrates such as mammals, birds and reptiles (Alvarez-Buylla and Kirn, 

1997; Garcia-Verdugo et al., 2002; Nottebohm, 2002; Gonzalez-Granero et al., 2011; 

Kempermann, 2011). The cell proliferation pattern exhibited by anurans is somewhat 

intermediate between that observed in fish and reptiles (Almli and Wilczynski, 2007). 

Neuroblasts were observed in the parenchymal areas of the olfactory bulb, 

telencephalon, hypothalamus and cerebellum adjacent to the respective proliferative 

ventricular walls. In the telencephalon, the highest concentration of neuroblasts was 

observed in sub pallium, more specifically, the striatum, septum and nucleus 

accumbens. These neuroblasts appeared to have migrated from the ventrally located 

telencephalic ventricular areas that exhibit high proliferative activity. This observation 

is in perfect agreement with reports from other anuran studies using the H. cinerea, 

R. catesbeiana and X. laevis (Almli and Wilczynski, 2007; Simmons et al., 2008; 

D'Amico et al., 2011). Indeed, these studies revealed that after two weeks following 

BrdU injection, the majority of BrdU-ir cells migrate from the ventral regions of the 
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lateral ventricles to the sub pa Ilia I parenchyma. D'Amico et al. (2011 ), using 

BrdU/DCX double labelling technique provided further evidence that these BrdU-ir 

cells observed in the sub pallium are neuroblasts. 

DCX positive neuroblasts were also observed in the medial, lateral and dorsal pallial 

areas although their density was lower compared to the sub pa Ilium. Of the pa Ilia I 

areas, the medial pallium had the highest concentration followed by the lateral 

pa Ilium. Our results are comparable to the findings of D'Amico et al. (2011) in the X 

/aevis brain but contrary to those of Almli and Wilczynski (2007) in the H. cinerea 

brain. In the H. cinerea, Almli and Wilczynski (2007) reported that the lateral pallium 

exhibited more BrdU-ir cells than the medial pallium following long survival times post 

BrdU injection. The disparity could be a reflection of species specific differences in 

neuronal incorporation. 

Compared to the telencephalon, fewer DCX-ir neuroblasts were also identified in the 

parenchyma of the preoptic area, ventral hypothalamus and the granular layer of the 

cerebellum. These observations corroborate findings in the H. cinerea and X /aevis 

(Almli and Wilczynski, 2007; D'Amico et al., 2011). Contrary to reports by Almli and 

Wilczynski (2007), we did not observe any proliferating cells or neuroblasts in the 

thalamus, optic tectum, torus and reticular formation. Interestingly, the granular layer 

of cerebellum appears to continue to recruit neuroblasts across all vertebrates 

studied so far (Lindsey and Tropepe, 2006; Grandel and Brand, 2013). 

5.4.3 Age and life-history stage dependent changes in PCNA and DCX 
expression 

The quantification of PCNA and DCX-ir cells was carried out in areas of the 

telencephalon that showed strong neurogenic activity. More specifically, PCNA was 

quantified in the dorsal and ventral reaches or 'hot spots' of the lateral ventricles. On 

the other hand, DCX was quantified in the striatum, septum, medial and lateral pallia. 

Across all ages studied, abundant neurogenic activity was observed in all brain 

regions quantified even though the activity was comparatively less in adult than 

juvenile frogs. Indeed, our study revealed that the number of proliferating cells and 
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neuroblasts decreased significantly with post-metamorphic age in the X. /aevis 

telencephalon. Although no quantitative age dependent studies have been reported 

before this study, all studies in anurans to date agree that post-metamorphic juvenile 

froglets exhibit higher neurogenic activity compared to adult frogs (Raucci et al., 

2006; D'Amico et al., 2011). Based on qualitative observations, D'Amico et al. (2011) 

reported higher neurogenic activity in brain of juvenile compared to adult X. laevis. In 

addition, pre-metamorphic larvae have been shown to display even greater 

neurogenic activity than post-metamorphic frogs (Filoni et al., 1995; Wullimann et al., 

2005; Raucci et al., 2006; D'Amico et al., 2011). The climax of metamorphosis 

appears to be the point where the reduction in proliferative potential in the anuran 

brain begins (Filoni et al., 1995; Chapman et al., 2006; Raucci et al., 2006). Indeed, 

Raucci et al. (2006) reported drastic post-metamorphic decline in proliferative activity 

in the R. esculanta brain. Similarly, Chapman et al. (2006) reported a significant 

increase in the number of proliferating cells in the auditory medulla of R. catesbeiana 

before metamorphic climax followed by a decrease during the post-metamorphic 

period. These observations in the anuran amphibian brain corroborate reports that 

age related decreases in neurogenic activity are a characteristic observed at all 

taxonomic levels of vertebrates (Lindsey and Tropepe, 2006). 

Our study further revealed that post metamorphic neurogenic activity in all the X. 

/aevis brain areas quantified sharply declines during the transition from juvenile to 

sub adult life history stages. Therefore, it appears that neurogenic activity begins to 

decline during the metamorphic climax but sharply declines during the transition from 

juvenile to sub adult stages as the frogs attain sexual maturity. Although no studies 

have reported or identified the cause of the age dependent decline in neurogenic 

activity in amphibian brain, changes in the composition of the neurogenic niches are 

most likely involved. Studies in other vertebrate animals have identified age related 

lengthening of the cell cycle or changes in production of growth factors, certain 

hormones and neurotransmitters as potential intrinsic mechanisms for the observed 

age related decline (Lindsey and Tropepe, 2006). Indeed, Thuret et al. (2015) 

identified age dependent lengthening of the cell cycle in the pre-metamorphic X. 

laevis central nervous system as a potential culprit. 
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5.5 CONCLUSION 

The X. laevis brain exhibits widespread cell proliferation and neuronal recruitment. 

Even though neurogenic activity in the X. laevis brain remains high throughout the 

different life history stages, it declines with increasing age. Furthermore, this decline 

in neurogenic activity is more pronounced during the transition from juvenile to sub 

adult life-history stages compared to the adult stage. 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS 
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6.1 Observations from the different vertebrate taxa studied 

The current study was designed with an aim to determine time-course changes in cell 

proliferation, differentiation and cell death in the mammalian, avian and amphibian 

brains. In addition, time-course in this study was defined as increasing chronological 

age spanning different life-history stages of the animal. However, changes in cell 

death could not be established using the techniques that were proposed for this 

study. As already alluded to in Chapter 1, neurogenesis involves many steps 

including proliferation of neuronal stem cells, differentiation, migration and neuronal 

incorporation into target areas (Barnea and Pravosudov, 2011 ). In this study, we 

evaluated neuronal stem cell proliferation, neuronal differentiation and incorporation 

in the brains of the BALB/c mouse, Japanese quail and African clawed frog using Ki-

67 or PCNA and DCX immunohistochemistry respectively. This study further 

evaluated how neurogenesis in the brains of each of these vertebrates changes with 

chronological age and life-history stage. Analysis of the data on neurogenesis from 

these different animals belonging to different vertebrate taxa revealed both shared 

and divergent characteristics. 

Firstly, there appears to be a phylogenetic reduction in the number of proliferative 

zones in the brains of vertebrates. In the amphibian and avian brains, proliferative 

activity was observed in the olfactory bulb, telencephalon, diencephalon and 

rhombencephalon of the brain (Table 6.1 ). On the contrary, proliferative activity was 

mainly restricted to the telencephalon, cerebellum and to a lesser extent the olfactory 

bulb of the BALB/c mouse brain (Table 6.1 ). Indeed, proliferative activity in the 

BALB/c mouse olfactory bulb is most likely related to the production of neuroglia 

since most of the new bulbar interneurons are derived from the sub ventricular zones 

of the lateral ventricle. Across all the species studied, however, it appears that 

proliferation along the ventricular zones is highly conserved. Indeed, neuronal stem 

proliferation was observed in areas associated with the ventricles in all the 

vertebrates investigated in this study (Table 6.1 ). In the African clawed frog, cell 

proliferation was restricted to the ventricular lining of the olfactory bulb, 

telencephalon, diencephalon and the rhombencephalon. In the Japanese quail, 

neuronal stem proliferative activity was mainly observed in the lining of the 

telencephalic ventricles although fewer cells were also observed in the lining of 3rd , 

4th and mesencephalic aqueduct. In mammals, proliferation was also found in the sub 
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ventricular zones of the lateral ventricles. In the avian and amphibian telencephalic 

ventricles, the distribution of proliferating cells is not uniform as they form clusters 

along the ventral and dorsal reaches of the lateral ventricles. The location of these 

clusters correspond to the proliferative "hot spots" described by Alvarez-Buylla et al. 

(1994). 

However, other "secondary proliferative sites" were also observed in the BALB/c 

mouse and Japanese quail brains. In the BALB/c mouse, the sub granular zone of 

the dentate gyrus is the main secondary proliferative site. In the quail, however, 

"secondary proliferative sites" were observed in the diencephalon and 

mesencephalon (Table 6.1 ). These "secondary proliferative sites" are located in the 

parenchyma of the brain and are believed to originate from the proliferating cells 

situated along the ventricles ("primary sites") during embryonic development 

(Chernoff et al., 2002; Lindsey and Tropepe, 2006). Since no DCX expression was 

observed in all these "secondary proliferative sites" in the avian brain, it is unlikely 

that the proliferative activity is related to neurogenesis. Therefore, proliferative 

activity observed in the diencephalon and mesencephalon divisions of the quail brain 

is presumably related to the production of neuroglia. However, this presumption 

needs to be confirmed through double-labelling experiments involving PCNA and a 

glia cell marker. 

176 



Table 6.1: A comparison of proliferative brain areas among vertebrates studied 

Mammalian Avian Amphibian 

Olfactory Bulb OB parenchyma/ventricle + + + 

Telencephalon Lateral ventricle/SVZ + + + 

Pallium DP, LP 

HP/MP 

Sub pallium Striatum 

Septum 

Diencephalon 3rd Ventricle + + 

Preoptic region + + 

Hypothalamus + + 

Thalamus 

Mesencephalon Mesencephalic aqueduct + + 

Tectum + 

Midbrain + 

Rhombencephalon 4th ventricle + + 

Cerebellum + + + 

+ Indicates presence - indicates absence 
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Secondly, it also appears that there is a progressive reduction in the number of brain 

areas incorporating new neurons as species evolve. In the amphibian brain, new 

neurons are incorporated in the olfactory bulb, telencephalon, diencephalon (pre­

optic and ventral hypothalamic areas) and the rhombencephalon (cerebellum). In the 

avian brain, neuronal incorporation is restricted to the olfactory bulb, telencephalon 

and cerebellum. In the mammalian brain, neuronal incorporation is restricted to the 

olfactory bulb and telencephalon only (Table 6.2). 

In the avian and amphibian telencephalon, neuronal incorporation is more 

widespread, having been observed in both pallial and sub pallial areas, compared to 

mammals (Table 6.2). In fact, the striatal division of both the amphibian and avian 

sub pallium incorporates more neuroblasts than the rest of the telencephalon. 

Contrarily, neuronal incorporation in the mammalian telencephalon is only restricted 

to the granule cell layer of the dentate gyrus and the olfactory bulb (Table 6.2). 

However, a few previous studies have reported neuronal incorporation in the 

mammalian striatum under normal physiological conditions (Bedard et al., 2002; 

Ernst et al., 2014) 
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Table 6.2: A comparison of brain areas that incorporate new neurons among 

vertebrates studied 

Mammalian Avian Amphibian 

Olfactory Bulb OB parenchyma + + + 

Telencephalon Lateral ventricle/SVZ + + + 

Pallium 
DP, 

+ + + 
LP/CTX 

HP/MP + + + 

Sub pallium Striatum + + 

Septum + + 

Diencephalon Preoptic region + 

Hypothalamus + 

Thalamus 

Mesencephalon Tectum 

Midbrain 

Rhombencephalon Cerebellum + + 

+ Indicates presence - indicates absence 
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Interestingly, the presence of neurogenesis in the olfactory bulb and hippocampus 

appears to be conserved in all the vertebrates investigated in this study. Although the 

olfactory bulb is very consistent throughout evolution, homologies observed for the 

hippocampus are complex and not fully understood for all vertebrates. Based on 

evidence from hodological, gene expression, immunohistochemistry and 

electrophysiology studies, the avian hippocampus is believed to be homologous to 

the mammalian hippocampus (Jarvis et al., 2005). More specifically, the dorsomedial 

and v-shaped ventral regions of the avian hippocampus have been proposed to be 

homologous to the mammalian Ammon's horn and dentate gyrus respectively (Atoji 

and Wild, 2004). Similarly, the medial pallium of the amphibian brain is also viewed to 

be homologous to the mammalian and avian hippocampi (Bruce and Neary, 1995; 

Broglio et al., 2015; Sotelo et al., 2016). However, the whole amphibian medial 

pallium was reported to be only homologous to the mammalian subiculum and 

Amman's horn and that no part of it is homologous to the mammalian dentate gyrus 

(Roth and Westhoff, 1999). In summary, the study revealed that there is a 

phylogenetic reduction in brain areas that support neurogenesis from amphibians to 

mammals. 

Thirdly, it also appears that age-related decline in neurogenic activity is a common 

feature of all vertebrates investigated. Although age-related decline in neurogenesis 

was observed in all vertebrates investigated, the sharpest and most rapid decline 

was observed in the mammalian neurogenic areas. Regardless of the age-related 

decline, neurogenic activity remained comparatively high in the amphibian and avian 

brains. It appears that there is a more rapid neuronal stem cell "deforestation" 

(Encinas and Sierra, 2012) or a rapid decline in neurogenesis supporting factors 

(Hamilton et al., 2013) in the mammalian neurogenic niches compared to either the 

avian or amphibian niches. 

Fourthly, this study revealed differences in the life-history stage related changes in 

neurogenesis. In the avian and amphibian brains, neurogenic activity declined at a 

steady state during the juvenile stages and only drastically declined at an age when 

the animals attained sexual maturity. In mammals, however, neurogenesis declined 

at a rapid rate from the first week without defining any plateau stages when 

neurogenesis was stable. This study made two assumptions in this regard: Firstly, 

that all the animal species used in this study become sexually reproductive at a 
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certain point in their lifespan. Secondly, that the age at which sexual maturity is 

attained is the beginning of adulthood. Reproductive maturity is deemed to be a 

reasonable physiological indicator of the attainment of adulthood (Lindsey and 

Tropepe, 2006). However, the exact age in the life-history of a given species at which 

sexual maturity is attained is variable and depends on a variety of individual factors. 

In addition, not all species become sexually reproductive in their life-span. For 

instance, non-dominant rodents in a unit or group may never reproduce because only 

the dominant male services all the females in a given unit. 

Finally, nothing in this study suggested that postnatal neurogenesis is a vestigial 

remnant of the embryonic process. In all the animals investigated in this study, 

neurogenesis persisted throughout the ages and life-history stages studied. Indeed, if 

neurogenesis was just a vestige of the embryonic process it would have stopped at 

some point during the animal's life-span and certainly would not be related to specific 

functions for instance song-learning in songbirds (Nottebohm, 2011) or spatial 

memory in rodents (Drapeau et al., 2003). 

6.2 Limitations of the study 

Firstly, we had proposed to investigate time-course changes in cell turnover in the 

different vertebrate brains used in this study using the flourojade C technique. 

However, due to circumstances beyond our control we could not get flourojade C 

from the local manufacturers. We also attempted to use Giemsa staining to identify 

the apoptotic cells but our efforts were fruitless. 

Secondly, only laboratory bred animals were used in this study. The biggest concern 

that arises is how representative the findings from laboratory bred animal models are 

compared to animals living in natural populations. Indeed, Barnea and Nottebohm 

(1994) reported an approximately two-fold reduction in adult neurogenesis in the 

hippocampus of captive compared to wild black capped chickadees. Laboratory 

environments lack an adequate assortment of environmental stimuli that characterise 

natural environments. Thus, caution must be taken when interpreting findings from 

laboratory animals. However, age-dependent studies are not practical when using 

wild living animals as it is always difficult to accurately determine the age of the 
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animals. Therefore, the use of laboratory bred animals in our study enabled us to 

ascertain the ages and life-history stages of the animals. 

Thirdly, as already pointed out above this study assumed the age at which sexual 

maturity is expected to be the landmark for attaining adulthood. However, the age at 

which sexual maturity is attained in a given species is highly variable depending 

several factors such as the social hierarchy, environment to mention just a few. In 

addition, some species never attain sexual maturity throughout their lifespan (Lindsey 

and Tropepe, 2006). 

Fourthly, the current study used one species to represent each of the amphibian, 

avian and mammalian vertebrate groups. However, variation in the characteristics of 

neurogenesis exists among animal species within each taxonomic group. Regardless 

of this fact, significant differences still exist in the characteristic features of 

neurogenesis such as the rate, location, number of neurogenic niches and migratory 

pathways across the different vertebrate (Lindsey and Tropepe, 2006). The findings 

from this study therefore establish a baseline for future comparative studies including 

more animal models for each vertebrate class. 

Lastly, in brain areas where PCNA or Ki-67 but not DCX-ir cells were observed it was 

generally presumed that the cell proliferation was related to production of neuroglia. 

Without evidence from double-labelling experiments using PCNA and a glial cell 

marker such as GFAP, caution must be exercised when making such conclusions. 

However, reactivity of some conventional glial cell markers such GFAP or S100 has 

been shown to unreliable in the non-mammalian central nervous system (Castagna 

et al., 2003; Bardet et al., 2012). This finding should therefore inspire future studies 

to investigate the exact nature of these newly formed cells. 

6.3 Recommendations 

Firstly, we recommend that a similar interclass study be extended to wild living 

natural populations of these species. The natural environment provides a unique set 

of environmental stimuli that is not present in laboratory environments. Such studies 

are important to determine whether findings from laboratory animals are upheld in 
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natural populations. If not, the next step would be to determine the exogenous factors 

responsible for the observed disparity. 

Secondly, attempts should be made to include more members of each vertebrate 

taxa so as to determine intra-class as well as inter-class shared and divergent 

characteristics of neurogenesis. Thirdly, more research needs to be done using 

double labelling experiments of Ki-67 or PCNA proliferation markers with a wide 

range of glial cell markers so as to ascertain the phenotype of proliferating cells in 

non-neurogenic brain areas. 

Fourthly, cell death is a major component in neurogenesis under normal 

physiological conditions. However, information on this process is only available for 

mammalian species (Amrein et al., 2004; Nada et al., 2010). In the hippocampi of 

rodents investigated thus far, formation of new neurons is balanced by neuronal 

death leading to no changes in the granule cell population (Amrein et al., 2004; Nada 

et al., 2010). Similar investigations on cell death should also be extended to 

amphibian and avian animal models so as to determine the relationship between 

neurogenesis and neuronal turnover. Cell death studies have now been planned to 

become a component of the postdoctoral studies arising from this study. 

Lastly, comparative interclass and age-dependent studies focussing on the changes 

in neurogenesis promoting and inhibiting factors in each neurogenic niche should will 

be considered for further investigation. In addition, the investigation should also be 

extended to changes in neuronal stem cell populations in all the niches. These 

studies will establish the exact mechanisms underlying interclass differences as well 

age-dependent changes in neurogenesis. 

6.4 Conclusions 

The current study yielded some important conclusions and opened opportunities for 

future research. In all vertebrates, the ventricular lining is the main site of neuronal 

birth. In the amphibian brain, neuronal birth takes place in the ventricular lining of the 

olfactory bulb, telencephalon, diencephalon and rhombencephalon. In the avian 

brain, neuronal birth is restricted to the ventricular lining of the olfactory bulb and 

telencephalon, and the cerebellum (Nkomozepi et al., 2018). In mammals, however, 

183 



neuronal birth is restricted to the telencephalon, specifically the sub ventricular zone 

of the lateral ventricles, rostral migratory stream and the sub granular zone of the 

dentate gyrus. This reflects a phylogenetic reduction in the brains regions exhibiting 

proliferative activity. 

Similarly, neuronal incorporation is more widespread in the amphibian and avian 

brains compared to the mammalian brain. In the amphibian brain, new neurons are 

incorporated in the olfactory bulb, telencephalon, diencephalon and cerebellum. In 

the avian brain, neuronal incorporation takes place mainly in different parts of the 

telencephalon, and to a lesser extent the olfactory bulb and cerebellum (Nkomozepi 

et al., 2018). In mammals, neuronal incorporation is mainly restricted to the olfactory 

bulb and the hippocampal dentate gyrus. It therefore appears that as vertebrates 

evolve, there is a reduction in the number of brain regions incorporating new 

neurons. 

In addition, this study also revealed that neurogenesis decreases with chronological 

age in all the vertebrates studied. In the amphibian and avian brains, the rate of 

neurogenesis is relatively stable during the juvenile period and then declines steeply 

during the transition from sub adult to adult life-history stages as the animal attains 

sexual maturity. In mammals, however, the decline in neurogenesis is very rapid and 

steep from early postnatal life to adulthood. Thus neurogenesis declines at a slower 

pace in the amphibian and avian brains compared to their mammalian counterparts. 
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Changes in neurogenesis with post-hatching age in 
the male Japanese quail (Cortunixjaponica) brain 
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Most avian neu rogenesis studies have prev·ously focused on the song co trol system and little anentlon has been given to non-song 

birds. The objeccive o f this study was to assess c anges in neurogenesis associated with post-hat ching age (3-12 w eeks) in the Japanese 

quail brain us ing pro li ferating cell nuclear antige {PC A) and doublecordn (DOC) lm muno istochemistry. PCNA-immunoreactive 

(ir) cells were observed mainly in the olfactory bu!b ventricular zo • • tel• cephalic ventricular zones and cerebellum. Fewer PC A-Ir 

cells were also observed in the hypoth alamus, tha'amus and bed nucleus of e stria terminalis. In telencephalic ventricular zones, 

PCNA-i r ce lls were concentrated ventrally and dorsally adjacent to the mesopal lium and medial str"atum, respectively. DCX-ir cells were 

observed in the olfac tory bulb, telencepha lon and cerebellum. Furthermore, DOC-i r cells were scan ered throughout the pallium except 

in th e entopa llium and arcopallium, septa! nuclei a d striatum . Fewer DCX-lr cells were also observed in the hippocampus and bed 

nucleus of stria term inalis. The density of PCNA-ir ce lls ar,d DCX-lr cells in all brain areas declined wi th post-hatch ing age. In conclusion, 

cell p roli feration appears to be restricted to the ventricula r zones w ereas euronal recru itment is more widespread in the olfactory 

bu lb, telen cephalon and cerebellum. Postnatal neuronal incorporation appears to be absent in the d iencephalon and m esencephalon. 

Key w ords: neurogenesis, proliferating cell nuclear antigen, doublecortin, pose-hatching.Japanese quail brain, neuronal recruitment 

INTRODUCTION 

Ac ross all vertebrate species, t he centr:i l nervous 
system harbours const itutively active neuron:i l pro­
gen itors that are responsible for producing new neu­
rons t hroughout I ife (A lunn i a nd Bally-Cu if 20 Io). The 
process through which new neurons are fo rmed from 
these progenitors is termed neurogenesis and involves 
cell prolife r:i t ion , d ifferen t iation, migrat ion :ind inte­
grat ion of the newly fo rmed neuro ns into th e ex ist ing 
neuronal ci rcuitry (Barn ea and Pravosudov 20 1 I). In 
ma mmal ian adult bra ins, neurogenesis is rest ricted 
to the subgra nula r zone of the hippoca rnpus and t he 
subventricular zone of t he l:iteral ventr icle (Kasi in et 
a l. 2006, olaleye :i nd lhunwo 201 4) . However, in avian 
brains new neuro ns are generated along the walls of 
the lateral ventr icle :ind migrate rad ially to be inte-

grated into the different c ircuits of t he te lenceph:ilon 
(H all et :i i. 2014, Vel le ma et :i i. 2010). 

The songbird species such as the canary and zebra 
fi nch h:ive bee n used extensively in post-hatching neu­
rogenesis studies (Brenowitz 2004, Brenowitz and Lar­
son 201 5, Nottebohm 1964, 2011). Although neurogen­
esis in songbi rd bra ins was observed to be widespread, 
the focus of most st udi es has been almost exclusively on 
neuron:i l recru itment and integration into telencephal­
ic circuit s involved in song production (Alvarez-Buylla 
e t al. 1992, 1994 , Ba lthazart et al. 2006, B:ilthazart and 
Ball 2016, Boseret et al. 2007, Not tebohm 2011). How­
ever, songbirds constitute only about 29£ of all avian 
species (Ling et al. 1997). f urtherm ore, previo us stud­
ies have revea led th at the neurogenesis observed in t he 
t elencephalon is not only specific to songbirds but also 
occurs in ot her avian species belongi ng to other orders 
such :is ring doves (Ling et a l. 1997, Li ng and Cheng 
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1995), pigeons (Melleu et al. 2013, 20 16, Meskenaite et 
al. 2016) chicken (Mez.ey et al. 2012 , ikobkopoulou et 
al. 2006a) and quai ls (Balthazart et al. 2010, Bardet et 
al. 2012, Mouriec and Balthazart 2013, Nikola kopoulou 
et al. 2006b). 

eurogenesis in the avian brain has been shown to 
be regulated by several internal and external factors in­
cluding levels of circulating sex steroids (e.g. testoster­
one, estradiol), variations in day length, seasonal chang­
es and age (Barker et al. 2014, Dewulf and Bottjer 2002, 
Guigueno et al. 2016, Meskenaite et al, 2016, Mouriec and 
Balthazart 2013, Yamamura et al. 2011). 

Age-related decline in the production and recruitment 
of neuronal cells has been reported in the telenc.ephalon 
and song control nuclei of canaries (Alvarez-Buylla et al. 
IQ94) and zebra finches (Dewulf and Bottj er 2002, Pytte 
et al. 2007, Wang et al. 2002). In addition, neurogenesis 
was reported to decl ine with age in the telencephal­
ic ventricular zones of the ring doves (Ling et al. 1997), 
the hippocampus and olfactory bulb (OB) of the pigeon 
(Meskenaite et al. 2016), and the telencephalon of the 
chicken (Mezey et al. 2012). Interestingly, Mouriec and 
Balthazart (2013) reported an age-dependent decl ine in 
cell proliferation in t he medial preoptic nucleus (POM) of 
the Japanese quail brain during the pre-pubertal stages 
(postnatal day, PND 1 to 43) which was followed by an 
inc rease in cell proliferation at puberty (P D 44 to 56). 

The majority of neurogenesis studies in quails fo­
cussed on the sex steroid sensitive areas like the POM 
(Bardet et al. 2012), intermediate medial mesopallium 
and lateral septa! nucleus (Nikolakopoulou et al. 2006b) 
wi th little attention given to neurogenesis in other quail 
brain areas like the telencephalon. 

The aim of the present study was therefore to de­
termine the effect of post-hatching age on cell prolif­
eration and neuronal recruitment in the male Japa­
nese quai l (Cortunix japonica) brain . Japanese quai ls are 
precocial birds that belong to the order galliformes. In 
addition, male quails exhibit crowing, a testosterone 
dependent behaviour. However, crowing is considered 
a non-learned vocalisation in contrast to the learned 
song of songbirds. 

To achieve this aim, proliferating cell nuclear antigen 
(PCNA) and doublecortin (DCX) were used to assess c.el l 
proliferation and neuronal recruitment respectively in 
qua il brains. 

METHODS 

Experimen ta l An imals 

Thirty male Japanese quails with post-ha ch ing ages 
ranging from J to 12 weeks obt::iined from the agricul-

Arni eurobiof Exp 2018, 78: 173-186 

rural research centre (ARC, Irene, South Africa) were 
used in this study. All animals were treated and used 
according to the guidelines of the University of the 
Witwatersrand Animal Ethics Committee, wh ich corre­
sponds wi th those of t he ational Institute of Health 
(NI H) for care and use of animals in scientific ,exper­
imentation. All protocols were approved by the Uni­
versity of the Witwatersrnnd Animal Ethics Screening 
Committee (AESC/2012/53/0J) . 

Throughout their li fe , the birds were maintained 
on a photoperiod simulating long days (16: S h, 
light: dark) with access to food and water ad libitum. 
During the first 3 weeks after hatching, chicks were 
kept in mixed groups in brooder cages at 30'C. Tem­
perature was then progressively reduced to room 
temperature by the 5,i, week. from post-hatching age 
3 weeks, 3 birds were collected every week up until the 
12'~ week. The quaiJs were allocated to groups accord­
ing to their sexual maturity as follows: juvenile (sexu­
ally immature, 3-5 weeks old, 11•9), subadult (sexually 
matured, 6-S weeks old , n=9) and adult (sexu:illy active, 
9-12 weeks old, n•12). 

Tissue collection and processing 

All birds were given a dose of heparin (t ml i.m.) 
5 min prior to euthanasia to prevent blood clotting 
fol lowed by an intraperit oneal injection of Euthapent 
(0.5- 1 ml/kg). Animals were then perfusion-fixed tran­
scardially, initially with 0.996 cold saline solution, fol ­
lowed by 496 paraformaldehyde in 0.1 M phosphate buf­
fer (PB, pH 7.4) solution. After perfusion, brains were 
carefully removed from the skull, post-fi xed overnight 
in 4% par.:iformaldehyde in 0.1 M PB and weighed be­
fore being transferred into 3096 sucrose in O.J M PB 
unti l equilibration was reached. The brains were sec­
tioned in a coronal plane at 50 µm using a cryostat 
(Shandon Cryotome E, Thermo fischer scientific, UK) 
at -24'C and repeated series of 5 sections were collected 
free-floating into 24 mu lti -well plates containing 0. 1 M 
PB. The first series of sections was mounted on gelatin 
coated slides before staining with 196 cresyl violet fo r 
anatomical orientation, the second series for PC A and 
the t hird for DCX immunohistochemistry. The remain­
ing two series were stored in a cryoprotectant solution 
at -2o•c for future use. 

lmmunohistochemistry 

Brain sections were pre-treated for 30 min at room 
temperature under gent le shaking with an endog­
enous peroxidase inhibitor (0.1 M PB, 10096 meth-
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anol and 30% H20 2 in t he ratio 49.2 : 49.2: 1.66). fol­
lowing th ree 10 min ri nses in 0.1 M PB, the sections 
were su bseq uent ly pre-incubated in a b locking buffer 
solution (3% nor ma l horse serum or 396 normal rab­
bit serum, 296 bovine seru m a lbumin , 0.25% Triton 
X-100 in 0. 1 M PB) fo r 2 h under gentle shaking at 
room te mperature to prevent non-specific binding. 
Sect ions were then transferred into a primary anti­
body solut ion 1 : 500, mouse ant i-PCNA, clone PC 10; 
NCL-L-PC NA , Novocast ra, UK or 1 : 300, goat anti-DCX, 
C-18 : SC-8066, Santa Cruz Biotechnology, Inc, USA , in 
the blocki,1g buffer solut ion, and were incubated for 
48 h at 4"C under gent le shaki ng. following incuba­
t ion, sect ions were subjected to three 10 min r inses 
in 0.1 M PB before being incubated in secondary an­
t ibody solution l : 1000 biotinylated ant i-mouse JgG, 
Novocastra, UK or 1: 1000 d ilution of biotiny lated 
anti-goat IgG, BA-5000; Vector Laboratories, USA in 
block ing buffer solutio n, for 2 h at room te mpera­
ture under gentle slrnking. Following th ree 1 O min 
ri nses in 0. 1 M PB, the sections were incubated in an 
avidin-biot in solut ion t : 125, Vecto r Laboratories in 
O.J M PB for I h. The sections were then t ransfe rred 
into t hree 10 min 0.1 M PB rinses before being placed 
in a solution conta ining 0.0596 3, 3 Di-am ino-benzi­
d ine tetrachloride (DAB) in o. I M PB for 5 min. To each 
1 ml of t h is solut ion , 3.3 ~11 of 3096 H,0 2 was added , 
and ch romatic preci pi t ation was visually monito red 
under a low power stereom icroscope. 

Development was su bsequently stopped by plac­
ing the sections in 0.1 M PB, followed by a fina l 10 mi n 
rinse in 0.1 M PB. Sections were mou nted on 0.5% ge­
lat in ised slides, left to dry overnight, dehydrated in 
a graded series of alcohols, cleared in xylene and cover 
slipped wi th Depex. To ensure that non-specific sta in­
ing did not affect the results, control sections t aken at 
random were processed in the same manner, but either 
t he prima ry or the secondary antibody was omitted. No 
labeled cells were observed in either case. 

Data Analysis 

Sections were analysed qualitatively with both low 
and high power microscopy to yield a comparative de­
scri ption of t he distribution of PCN A and DCX-ir neu­
rons . Bra in st ructures were ident ified based on t he atlas 
of the quail or chicken brain (Bayle et a l. 1974, Kuen­
zel and Masson 1988, Puelles 2007) and we adopted the 
nome nclature by t he Avian Brain forum (Reiner et al. , 
2004). High power microscopic observations were used 
to determine t he re lati ve densities of stained structures 
throughout the different regions of t he bra in. The rela­
t ive densit ies of immunostained struct ures were visua lly 
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compared and recorded on a sc.1le ranging from absent 
(-) to low (+) to moderate (++) to high(++-+). A second ob­
server was used to el iminate observer bias. 

High resoluti on microscopic images were digital­
ly captured using an AxioCam HRC digital camera on 
a Zeiss Axioplan 2 compound microscope and a Zei ss 
Discovery SteREO v20 Stereomicroscope connected to 
a PC runn ing Axiovision software . Composite images 
were prepared with t he Adobe Photoshop 7.0 soft-ware 
(Adobe Systems, Mou ntain View, CA). No pixilation ad­
j ustment or manipulation of th e captured images was 
undertaken, except fo r t he adjustment of contrast and 
bright ness levels. 

RESULTS 

We report here changes in PCNA-ir and DCX-ir from 
post-hatch ing age 3 weeks to 12 weeks. 

Age related changes in PCNA expression 
in the Japanese quail bra in 

Olfactory bulb 

In j uven ile quails, a high density of PCNA- ir cells 
was observed in the epe ndymal and subepe ndymal lin­
ing of the olfa ctory ventr icles (f ig. J A, B). In addit ion , 
a few PC A-ir cells were observed extending dorsally 
into the hyperpa lli um de nsocellulare (HD) (fig. lC). 
The distribution of PCNA-ir cells in the OB of subadult 
and adult quails was simi lar to that observed in j uvenile 
quails except that no PC A-ir cells were observed ex­
tending into the HD in adu lt quails older than 9 wee ks 
(f ig. 3A-C, Ta ble 1) . 

Telencepholon 

In t he juvenile tel encephalon, a high density of 
PCNA-ir cells was observed t hroughout t he rostrocaudal 
e:i.'tent of the lateral ventr icles (f ig. lD-L). In the ven­
tricu lar zones, PC A-ir cells were mostly abundant ven­
trally adjacent to t he medi al striatum (Mst) and dorsally 
adjacent to t he mesopa ll iu m (M} (f ig. 10, E). In addition, 
a few PCNA-ir cells were observed in the M (arrows in 
f ig. IE) of quails aged 3 and 4 weeks. However, no PC­
NA-ir ce lls were observed in the rest of the pallial areas. 
In t he subpallium, a low density of PC A-ir cells was ob­
served in the Mst adjacent to the latera l vent ricles (f ig. 
I H, I). Fewer cells were also observed in the bed nucleus 
of stria termina1is (bed nucleus of the st ria te rminalis, 
med ial division, BSTM and bed nucleus of the st ria ter­
minal is, lateral division, BSTL) (arrows in f ig. IL). 
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The distr ibution of PCNA-ir cells in the telenceph­
alon of subadult and adult qua ils was similar to that 
observed in the juvenile group although the density of 
PCNA-i r cells was lowest in t he adult group (figs 30-1). 
However, no PCNA-ir cells were observed in the pal­
lial areas of the subadult and adult quails. Jn addition, 
PCNA-i r cells were absent in the BSTM and BSTL of 
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Fig. I. Photomicrographs showing dist ribution of PCNA-lr cells in the 

o actory bul b (OB) and telencephaion of the j uvenile Japanese quail brain. 

(A) Lowpmver photomicrograph shO\Ying distribution of PCNA-ir cells i n the 

OB. {B) High power photomicrograph showing distribution ot PCNA-i r cells 

along the OB venDicular lining. (Q High power photomicrograph showing 

PCNA-lr cells (bl~ck arrows) extending from the OB to the hyperpallium 

densocellulare (HD). (D) Low power image showing distribution o PCNA-ir 

cells long the lining of the lateral venoide (LV) of the rostral telencephalOn. 

(E) High pOW<!r image showing distribution PCNA-ir cells alo g the lining 

of the LI/ adjacent co the mesopallium (1\1) {black ar rows s.hoY;ing PCNA-ir 

cel ls in ,the MJ. (F} High power image showing distributio PCNA-lr cells In 

the lining of the lateral ventr,jcle adjacent ,to the nidopall,um (N). (G) low 
power Image s Ol'.ing distribution ol PCNA-ir cells long the lining o' the 

lateral vencride of the mid telencephalon. (H) Photomicrograph showing 

an increase in PCNA-ir cells on the ventral reach of the lllteral ventricular 

zones adjacent to medial scriatum (Mst). (I) High power image showing 

PCNA-ir cells in the Mst (black arrows) adjacent to the lateral ventricle. 

OJ low power photomicrograph showing d istribution of PCNA-lr cells long 

the lining of the latera l ventricle of the caudal telencephalon (rnertshows 

part ot che lateral vencride magnified in figure I(). (K) High power Image 

showing distribution of PCNA-ir cells along the lllteral ventricular lining 

of the caudal telencephalon. (l) High power photomicrograph shcrMng 

the distrlbudon of PCNA-ir cells In the bed nudeus of the scria ten-ninalis 

late.ral division (BSTL) (black arrows~ E, entopallium; OBV, ol'actory bulb 

ve tride. Scale bars: )•500 µm and applies to A, D, G; l•SO µm and applies 

to B, C. E, F, I, K an d H=200 µm. 
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adu lts older than 9 weeks or in the Mst of adult qua ils 
(Table I). 

Diencepholon 

In the hypothalamus of juvenile quails, medium den­
sities of PCNA-ir cells were observed in the POM (figs 2A, 
3J), nucleus paraventricul:iris (PVN), nucleus ventrome­
dinlis hypothalami (VM ) and nucleus tuberis (Tu). In 
the thalamus, low densities of PCNA-ir cells were ob­
served in t he nucleus rotundus (Rt), nucleus ovoidalis 
(ov), nucleus dorsolateralis anterior thalami (DLA), nu­
cleus dorsomedialis anterior thala mi (OMA) and nucleus 
geniculatus b temlis pars ventral is (Glv) (Fig. 2B). A low 
density of PCNA-ir cells was also observed lining the 
ventricu lar zones of the 3nl ventricle of the diencepha­
lon. The pattern of expression of PCNA in the diencepha­
lon of subadu.lt and adult quails was identical to that ob­
served in juvenile quails although the density of PCNA-ir 
cells appeared to decline with age (Table I). 

Fig. 2. Photomiaographs showing distribution of PCNA-ir cells in the nudeus 

preoptirus mediaf,s{POMJ(Al thalamic nudei(B), mesencephalic nuclei (C, D) 

nuclei cerebela r corwc (EJ and the nucleus cerebellum internum (Cbi}(F) of 

the jwenile Japanese quail brain. Inserts in f igures C and D , epr=t high 

magnif1Cations of the grtseum cemrale (Get) and oculomotor nucleus (OMN) 

respectively. DIA, nudeus dorsolaterafis anterior thalami; DMA, nucleus 

dorsomedialis anterior thalami; R.M. fasciculus longitudinafis medialis; 

GL. granule cell layer; Glv, rucleus geniculllrus lateralis, pars vencralis; Nl., 
molecular ceil layer; OV, nucleus ovoidalis; Pl, Purkinje cells; Rt, nucleus 

rorundus; Rl'..IC, red nudeus magnoceilular part; JV, fourth ventride. Scale 

bars: F=200 µm and applies to images A-f; lnsercs in C aJ1cl 0=20 m. 
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Mesencepholon ond optic tecrum 

In the j uvenile mesenceph.1lon, .:1 high density of 
strongly stained PCNA-ir cells w.1s observed in the oc­
ulomotor nucleus (OMN) .:tnd red nucleus magnocellu­
lar part (RMC) located ventr:il to the OMN (Figs 2C-D, 
3M). In .1ddition, a high density of small weakly st:iined 
PCNA-i r cells w:is also observed in the griseum centr.:tle 
(Get) (Fig. 2C). Furthermore, a low density of PCNA-ir 
cells was observed in the li ning of the mesenceph.:11-
ic aqueduct. The distribution of PCNA-ir cells in the 
mesencephalon of sub.1dult and adult groups was sim­
ilar to that of the j uvenile groups. However, the den­
sity of PCNA-ir cells was lowest in the adult group. In 
the optic tectum, no PCNA-ir cells were observed in .:111 
age-groups (Table 1). 

Cerebellum 

In the cerebellum of juvenile quails , a high densi­
ty of PCNA-ir cells was observed in the Purkinje and 
granule cell layers of the cerebellum (Figs 2E, 3P). In 
addit ion to th is, fewer PCNA-ir cells were found in the 
nucleus cerebellum internum (Cbi) s itu.1.ted on either 
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side of the cerebellar recess of the fourth ventricle 
(Fig. 2F). A si milar pattern of PCNA express ion was 
observed in subadult quails .1lthough the number of 
PCNA-ir cells decre.1se.d with .1ge. In the :idult qu.1ils , 
fewer PCNA-ir cells were observed in the cerebellar 
layers whereas no PCNA-ir cells were observed in the 
cbi (T.:tble t). 

Age-related changes in DCX expression in the 
Japanese quail brain 

Two m.1in types of DCX-ir cells were observed in the 
J.:tpanese quail brain. Type I cells were round multipo­
lar cells that displayed spherical or triangubr shapes 
wit h cytoplasm filled with DCX and pale nuclei devoid 
of DCX sta ining. Long DCX-ir fibres extendi ng from 
the cell bodies were also observed (Fig. 4A). The type 
I pattern of staining was mostly observed in t he pallia l 
(towards the external surface) and striatal parts of the 
telencephalon. In :iddit ion, smaller type 1 cells were 
observed in the cerebellum. 

Type 2 cells were e ither unipol:ir or bipolar cells 
tl1.1t displayed elongated DCX-ir cell bod ies with long 

Fig, 3. Photomicrograph< showing the disulbution of PCNA-lr cells In the different pares or the b<aln of j~nlle (A, 0, G, J, M and P1 subadulc (B, E. H, K, 
N and Q) and adult (C, f, I, L, 0 and RJ Japanese quails. Ven me war lining of o accory bulb (OB) (A.(), 11entrlcular lining iidjacenc to mesopallium (M) (0-f), 

11enllicular lining adjacent to medial 5trlatum ( >Ast) (G-1), nucleus preopticus medialls (POM) (l-l), oculomotor nucleus (OMN) (M-01 and cerebellum (P-R). 

R.M, fasciculus longitudinalis medialis; GL, granule ct!! layer; LV, lateral ventricle; ML, molecular cell feyer; PL, Purki nje cell l"'Jer. Scale bars: C•200 µm and 

applies to A and C; R=SO µm and applies to 0-Q. 

218 



178 P. Nkomozepi e t al. 

fibres origi nat ing fro m one or both ends. f urther­
more, the cell bodies of type 2 cells d isplayed elo ngat­
ed pa le stain ing nuclei (r ig. 4B). The type 2 stai ni ng 
pattern was most ly observed in the pal lia l areas ad­
jacent to t he lateral ve ntricles, st ria t um, septu m, and 
cerebellar cortex. 

Olfactory bulb 

In j uvenile quai ls, t he OB was intensely st ained with 
a com p::ict plexus of DCX-i r fibres interspersed with 
small rou nd or fusifo rm (types 1 and 2) we::ikly stained 
cell bod ies in the ependymal an d subependymal linings 
of the olfactory ventrides (r igs 5A- B, 7A). In addition, 
a dense network of DCX-ir fibres extended dorsally into 
the HD (rig. 5C). The pattern of DCX st aining in t he OB 
of su badult nnd adult anima ls was identical t o t hat ob­
served in j uvenile an imals, although there was a marked 
decl ine in t he density of DCX-ir cells nnd fi bres with age 
(Fig. 7A-C). In cont rast to j uvenile and subadult qua ils, 
no DCX-ir fibres were observed extendi ng into the HD in 
ad ult quails. 

Telencepholon 

In j uven ile q uails , the highest density of DCX-i r 
cell s and fibres were observed in t he pall ia l p:1 rt (hy­
per palli um apicale, HA, HD, M and nidopa lli um, N) of 
t he t e lencephalon, alt hough the density of posi ti ve 
ce lls va ried across d iffe rent pallia l areas (f ig. 50-N). 
Type I cells we re most ly observed near t he e.,.."te rnal 
su rfaces of the pall ium, whereas type 2 cells were 
observed near the late ra l ventricles. The HA, HD, M 
and N were de nse ly pop ula ted by ty pes 1 and 2 DCX-i r 
ce lls. A much higher density of type J and 2 DCX-ir 
cells was observed on the ventral aspect of the n i­
dopa ll ium caudale (NC). In add it ion , a high dens ity of 
DCX-ir fibres was observed in the pall ial a reas adja­
cent to t he late ral ve ntricles wi th the highest den­
sities obse rved in the M and Mst . The hippocam pus 
(HP) had t he lowest de ns ity of DCX-ir ce lls in th e pa I­
li um (fig. 5G, H). However, DCX-ir eleme nt s (cells or 
fibres) were absent in the e ntopa llium (Fig. 50, K) and 
arcopall ium. 

In the subpall iu m, a high de nsity of type I and 2 cells 
was observed in t he Mst {Fig. 5D, G, 1) and lateral str ia­
t um (Lst) (Fig. 5G,J , K). A low density of type 2 ce ll bodies 
was also observed in t he septum (lateral septum, SL and 
medi al septum, SM) (Fig. SJ) and in the bed nucleus of 
st ria terminal is (BSTM and BSTL) (Fig. 5 ). However, no 
DCX-ir cells or fib res were observed in t he globus pall i­
dus (fig. 5G). 

Throughout t he ent ire t elencepha lon, the later­
al vent ricul ar walls we re lined with a high density of 
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DCX-ir elements. The distribution of DCX-ir cells in 
t he pall ium of subadult and adult quails wos si mi lar 
to that observed in j uveni le quails except for a reduc­
tion in the density of DCX-ir elements with age (Figs 
70-1, Table 11). Similar ly, the density of DCX- ir elements 
decl ined with age in t he subpall ium of subadult and 
adult quails (figs 7J-O, Table II) . However, no DCX-ir el­
ements were observed in the BSTM and BSTL of adult 
qua ils older t han 9 weeks (Table II ). 

Diencepha/on, mesencepholon and op tic tectum 

At all ages studied, no type 1 or type 2 DCX-ir cell s 
were observed in t he ventricular or parenchym:il areas 
of t he diencephalon, mesencephalon and optic tectum 
(Fig. 6A-C). 

Cerebellum 

A high density of small b ipolar DCX-ir cells (type 2) 

was observed in t he gran ular a nd Purkinje layers of 
the j uven ile quail cerebellar cort ex (Fig. 6D, f, G). In 
add ition, a few type 2 cells with long fibres were also 
observed in t he molecu lar layer of t he cerebell um 
(Fig. 60 , E). 

In the subadult and adult quai l cerebellar cortex, 
t he pattern of DCX-ir cells was similar to t hat observed 

Fig. 4. Phocom·crographs st,ov,;r,g type 1 (A) aod type 2 (BJ OCX-ir cells 
in !he Japan~ q ii brll.-. (black arrowsi Saile bar: 8=20 µm a d also 
applies to A 
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in j uveniles although the densities declined with DCX-ir cells were observed in the Cbi at all ages studied 
age (fig. 7P-R, Table 11). However, no type I or type 2 (fig. 6H). 

Table I. Age-related changes in PC A immunoreactiv,ty in the Japanese quail braiA. 

Post hatching age 

3wttks 4wttks Swttks 6weeks 7weeks 8Wttks 9Wttlcs 10wttks 11 weekS 12weeks 

Olfactory Bulb OBV +++ ...... ~+ +- +-+ ++ +-+ + + + 

Te encephalon LV ++-+ +++ +++ ·- tt+ +++ ++ ++ ++ ++ 

Pallium HA 

HD 

M -· -· 
N 

E 

A 

HP 

Subpalli..n Msc _u _, ... 

Lst 

GP 

SL 

SM 

BSTM + + + + + 

BSTL + + + + + + 

D encephalon Hypothalamus POM .... ++ ++ + + + + + 

PVN + + + + + + + + + + 

VMN + + + + + + + + 

Tu + + + + + + + + + 

Thalamus Rt +++ .,. .. +++ - ++ ++ .... + + + 

ov +++ .. ++ +-+ ++ ++ +-+ + + + 

DLA ++ ++ - + + + + + + 

OMA ++ ++ ++ + + + + + + + 

Glv .... ~~· +++ ++ ++ h + + 

Wesencep alon Get +++ ++• +++ ++ ++ ++ + + 

OMN +++ -··• +++ ++ ++ ++ ++ + + 

RMC ++ ++ ++ + + + + + + + 

OpdcTectum 

Cere~llum CB +++ +++ +++ ++ ++ ++ + + + + 

Cbi +++ +++ +++ ++ ++ ++ .. .. .. + 

+++ h"Jh dt.ns.Jt)'. ++ mtdium dtm.ity. + low density. PCNA r c1- b in thtmt.S-0~l1ium('} 1.nd mtdtl stri.la.rm , - ,. ~ o pos. ti\4 PCN'- ir. 
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DISCUSSION 

Our study used PCNA and DCX to investigate cell pro­
liferation :ind neuron:il incorporation in the Japanese 
quail brain to determine how these processes change 
with post-hatching age. 

Methodological considerations 

Proliferating cell nuclear antigen, also known as 
cyclin , is a protein associated with catalytic activity 
of DNA polymerase A and is critical to the extension 
of the DNA strnnd during replication (Balthazart and 
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Ball 2014b). PCNA is therefore expressed during the 
GI and S phases of the cell cycle and not in GO or the 
resting phase. In addition, PCNA expression is high­
ly conserved among eukaryotes (Cha rvet and Stried­
ter 2008) and has been employed in the current study 
as a marker of cell prol iferation in the Japanese quail 
brain. PCNA immunolabelling was used previously in 
the avian brn in to compare cell proliferation during 
ontogeny in birds that possess large (Parakeets) vs. 
small (Bobwhite quai ls) brains in adulthood (Charvet 
and Striedter 200S). Additionally, Bardet et al. (2012) 
and Mouriec and Balthazart (2013) also used PCNA to 
demonstrate age dependent changes in cell prolifera­
t ion in the POM of Japanese quai l bra ins. In the quail 

Fig. 5. ·Phocomicrographs shewing distribution of DOC-Ir cel ls In the or.actory bulb and telencephelon of the Japaner..e quail brain. (A) Low power 
photomicrograph showlng distribution of DCX-ir cells in the olfactory bulb (06J. (B) !High powu p otomicrograph showiAg distribution of DCX-ir cells 
along the OB. (C) Hig power photomicrograph shewing DOC-Ir cells (blllck arrows) extending from the OB to the hypNpallium densocellulare (HD). 
(0) Low power image showing distribution of DOC-ir cells in the rostral telencephalon, E-high power image showing distribution DOC-ir cells in the 

mesof)" ll ium (M). (F) High power Image shOwing dimlbutlon DOC-Ir cel ls In the nidopaUlum (N~ (G) Low pov.-er image showing distribution or DOC cel ls 

in che mid telencep alon. (HJ Photomicrograph showing DCX-ir cells in e hippocampus (HP) (black arrows~ (I) High power image snowing DOC-ir cells 
in the medial striatum (MsC). U) Low power photomicrograph showing distribution or DCX-ir eels I t e cautlal tefencephalon. (Kl High p<mer image 
showing distribu tion of DCX-ir cel ls i n the Lst near che lateral striatal- encopaUial junction. (L) High power photomicrograph showing the distribution or 
DOC-Ir cel ls in the lateral septum (SL) (black arrowi (M) High power photomicrograph sho...,ing the dlsuibu ion of DOC-Ir cells in the medial septum (SM) 
(blllck arrow). (NJ High power photomicrograph showing the distribution or DOC.Jr eels in the bed nucleus of the stria terminafis lateral dlvisio (Bffi) 
(black arrow). GP, globus pa llidus; Lst, la~ral striarum; LV, lateral ventricle; OBV, olfactory bulb ventricle. Scale bars: J=SOO µm and applies to A, D, G; 

N=SO µm and applies co B, C, E, F, H, I, K, L, M. 

221 



Acta Neurobiol Exp 2018, 78: 173-186 Neurogene~is in the Japanese quai l brain 181 

specifically, the pattern of PCNA staining was reported (Bardet et al. 2012, Striedter and Charvet 2008) and 
to co inc ide with bromodeoxyuridine (BrdU) l:ibell ing this therefore justifies its use as a marker of cell pro-
observed after injections with short survival times liferntion in the current study. 

Table II. Age-r<,laced changes in OCX immunoreactivily in Japanese quail brain. 

Post hatching age 

3we<,ks 4Wttks Sweeks 6Wttks 7wttks 81\ttks 9 weeks 10wttks 11 weeks 12 Wttks 

Olfaccory Bulb OB +++ +++ +++ tt+ ++ ++ ++ + .. + 

Telencephalon LV +++ +++ +++ +++ +++ +++ ++ ++ + + 

Pallium HA +++ +++ +++ ++ - ++ + + + + 

HD +++ .... +++ +++ +.;.+ +++ ++ ++ ++ ... 
M +++ +++ -t++ +++ - +++ ++ ++ ++ ++ 

N +++ +++ +++ +++ +++ +++ ++ ++ ++ +T 

E 

A 

HP ++ + + + + + + + 

Subpallium M.st +++ ++• +++ +++ - +++ ++ ++ + + 

lst +++ 
... _ 

+++ ++ .. H + + + 

GP 

SL ++ ++ + ... + + + + + 

SM + + + + + + + + + + 

BSTM + + + + + + + 

Bffi + + + + + + 

o·• ephalon Hypothalamus POM 

PVN 

VMN 

Tu 

Thalamus Rt 

ov 

OLA 

OMA 

Glv 

Mesencephalon Get 

OMN 

RMC 

Optictemnn 

Cerebellum CB +++ +++ +++ ++ ++ ++ + + + + 

Cbi 

++t h gh d•:ns:ity, +-+ medium d•nsity. + lcw ctensity ot DCX ir type 1 and 2 ceUs 01'11y. No posiD'.-e DOC ir. 
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DCX is a microtubule-associated protein that binds 
to microtubules, increasing their bundling and st:ibili­
zation (Horesh et al. l 9<l9). DCX controls the polymer­
ization of the leading process and stabilization of the 
cytoskeleton during neuronal migration (Balthaurt 
and Ball 2014a, 20146) thus playing a critical role in the 
positioning of new born neurons. However, mammalian 
studies have also shown that DCX is not only a marker 
of neurogenesis but is also related to the extensive neu­
ronal plasticity present in the adult brain (Brown et al. 
200J, Klempin et al. 2011, Kremer et al. 2013, Naeher et 
al. 200 I). Given the role of DCX in microtubule reorgani­
zation, DCX also supports the reorg:inization of the den­
dritic arbour, neurite outgrowth and synaptogenesis in 
plastic neurons. 

The DCX antibody has been validated for both mam­
ma ls and birds and it has been established that it is spe­
cific to the DCX protein (Balthazart et al. 200s, Balth­
aza.rt and Ball 2014b). In galliformes, DCX has been 
identified in the develo'ping or post- hatch ing brain of 
the chicken (C:ipes-Davis et al. 2005, Mezey et al. 2012) 
and Japanese quail (B:1lthazart et al. 2010), In this study, 
DCX immunolabelling was also used to investigate neu­
ron:11 incorporation in the Japanese quai l brain. 
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Two m.1in type.s of DCX-ir elements were observed 
in this study. Type J cells were observed mostly near 
the e>..'ternal surfaces of the brain and :ire presumably 
differentiating neurons that have re.ached their desti­
nation following migr:ition since DCX expression be­
gins in bte mitotic neuronal precursors and extends 
to early post mitotic neurons (Balth:izart et al. 2008, 
Brown et al. 2003). Type 2 cells were mostly observed in 
the telenceph:ilic areas :idjacent to the lateral ventri­
cles and resemble migrating neurons with leading and 
tr:iil ing processes that will presum:ibly tr:insform into 
multipol:ir morphology on reaching their target area 
(Boseret et al. 2007, Mezey et al. 2012). 

Ontogenetic considerations 

Japanese quails are precociiil birds and therefore re­
quire minim:il parental C'.lre after h:itching. for precoci:il 
birds it is vit:il to have ii highly developed brain by the 
time of hatching especially subtelencephalic areas that 
are important for homeostatic processes and simple be­
havioural tasks (Mezey et al.2012). eurogenesis in the 
quail brain is therefore supposed to be complete before 

Fig. 6. PhotomiGrographS showing Japanese brain seaions througt, the nucleus preoplicus me<fialis (POMl hypothalamus (HVPOl mesencephalon and 
cerebellum. DOC-ir cel ls were absent in the POM (A}, hypothalamus (B), mesenc:ephalon (Q 1111<! nucleus cerebellum intffllUm (Cbi) (H}. DCX,ir cells {blade 
arrows) were ot>s,,rvl!<l in all the la~r,; (molecular cell layer (MU. Pu1dnje cell layer (PL) and granule a l la~r (GL) of ~ cem>dar ~ (D, E, F and Gi 
rl/, fourth vemride, CA. anterior commissure; CB, cerebellum; Ga,. griseum cencraie; OM, , OOJlomotor rudeus. Scale bars: G=20 I"" and applle~ co E and F; 
H•2001,1m and applies to A, B, C and D. 
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hatchi ng (Tsa i et al. 1qs 1). In gall iformes such as quails 
and chicks, neurogenesis starts at about 16-309' of hatch­
ing time and is presumed to be complete for the medulla 
by 309', the tect um by 50% and the telencephalon by 509' 
of hatching time (Mezey et al. 201 2). However 8ardet et 
al. (2012) reported rh:it neurons in most brai n areas in 
t he quail except fo r the telencephalon and t he cerebel­
lum are born and become post-mitotic before embryonic 
day 6 (E6). Even if neurogenesis persists throughout life 
in the telencephalon of adult birds , the bulk of neurons 
in this part of the brain are produced before E6 in quails 
(8ardet et al. 20 12) and f7-E9 in chicks (Tsai et al. 1981). 
Our results reveal that the post hatch development of 
higher order brain areas such as the telencephalon and 
cerebellum is protracted in precocial birds in a similar 
way as observed in other birds and mam mals. 

Age-related changes in PCNA and DCX expression 
in different brain regions 

PCNA-ir and DCX-ir elements were observed in the 
08 of juven ile , sub:idul t and adult qua ils. Our find­
ings suggest th.1t the li ning of the olfactory ventricle 
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is the birth site of neurons that are incorporated in 
the 08. This is in contrast with the situation in mam­
ma ls where neurons are born in the lateral ventricu­
lar zones and migrate through the rostra l migr.1tory 
stream to reach the 08 (Maheu et al. 20 15). A quali­
tative analysis of t he re.suit s revealed an age-depen­
dent decl ine in PCNA-ir and DCX-ir cells in the 08 
especially in the subadult and adult groups . A si milar 
age-dependent decl ine in DCX expression was also re­
ported by Mezey et al .(201 2) in chicks and Meskenaite 
et al. (2016) in pigeons. DCX-ir cells and fibres run­
ning between the OB and the HD have been previous­
ly observed in the adu lt chick (Mezey et al. 2012) and 
in the pigeon (Melleu et al. 2013). These fibres may 
represent an extensive network of newly generated 
neurons being continuously exchanged along the ros­
trocaudal extension of the olfactory pathways (Me lleu 
et al. 201 3). The presence of neurona l prod uction and 
incorporation in the OB of t he quai l is not -surpr is ing 
as th is bird has been reported to have a keen sense of 
smell and is known to be :ible to detect the presence 
of certa in pesticides, :is well as avoid food conta in ing 
:i toxic chemical called lectin, us ing only the sense of 
smell (Mills et al. 1997). 

Fig. 7. Photomicrographs showing the distribution of OCX-ir cells the different parts of the brain of juvenile {A, D, G, J. Mand P), subadult (B, E, H, K, N 
and Q) and adult (C. F, I, L, O and R) Japanese quails. OJ actory bulb (OBJ (A-C). mesopallium (M) ([).F). nidopalllum (NJ (G-1), medial w iatum (Mst) (J.L), 
lateral stria rum (I.st) (M-O) and cerebellun (P-R). Gt.. granule cell layer; ML. molecu r cel l layer; PL, Purkinje cell layer. Scale bars: C•200 µm and applies 
10 A.C; R•SO µm and appies 10 0-Q. 
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In the pall ium, the major ity of PC A- ir cells ob­
served t hr oughout t he rostrocaudal extent of the lat­
eral ventricles appeared to decline with post-hatching 
age, PC A-ir ce lls were mostly found to be abundant 
ventrally and dorsally in the ventr icular zones adja­
cent to t he medial stri atum and mesopalliu m, respec­
tively, corresponding to the prol iferative "hotspots" 
described by Alvarez-Buylla et al. (1990). In j uven ile 
quails, very few PCNA-i r cells were observed in the 
mesopallium and caudal part of the nidopall ium adja­
cent to the lateral ventricles, Similarly, Bardet et al. 
(2012) reported t he presence of a fe w PC A and BrdU 
labelled cel ls in the quai l pall ium and concluded that 
these could be s low cycling progen itors, Alternatively, 
the presence of PC A-ir cel ls in the parenchyma may 
not be rel ated to cell prolife rat ion but to D A repair 
in mature neurons as proposed by Essers et al. (2005). 
Apart from those few cells in the pa llia l pa re nchy ma of 
j uve nil e quai ls, cel l proliferat ion in the subadult and 
adu lt Japanese quai ls appears to be rest ricted to t he 
latera l ventricular zo nes. 

DCX-ir cells were observed throughout the pall ium 
except for t he entopallium and the arcopall ium. DCX 
exp ress io n in the pa ll ium suggests that t he Jap:rnese 
qua il , like ot her birds, continues to recruit neurons 
into the pall ium throughout life although at a slow­
er rate in adu lt as compared to juveni le and subadult 
qua ils, The very low densi ty of DCX-ir cell s in t he quail 
hi ppocampus throughout j uvenile, subadul t and adult 
stages is not surprising given t hat spatial memory is 
not as major a factor in t he life of quails as it is for food 
storing birds (Mezey et al. 2012) or homing pigeons 
(Meskena ite et al. 2016). 

In the subpalliu m, PCNA-ir cells declined with post 
hatching age eventually disappearing in the medial stri­
atum and in the bed nucleus of stria terminalis (BSTM 
and BSTL) in adu lt qua ils older than 9 and 10 weeks 
respectively. DCX expression ceased in t he BSTL and 
BSTM a J J weeks suggesting that t hese brain struc­
tu res reach fu ll matur .1tion at 10 weeks after wh ich no 
new neurons are incorporated. However t he striatum 
cont inues to express DCX t hroughout the juvenile , sub­
adult and adult ages. 

The observation t hat DCX is expressed in the sep­
tum and the striatum , areas where PC A is not ex­
pressed, implies t hat there could be another source for 
neu ro ns that are added to these brain areas, presum­
ably the adj acent latera l vent r icles . furthermore, our 
fi ndings suggest t hat t he septum continues to recruit 
neurons t hroughout the ages studied. This is contrary 
to the fi ndings by ikolakopoulou et :ii. (20066) who 
reported an early maturat ion of t he SL in the qua il at 
post-h:itchi ng day 20 (P20) using Brdu sta ining. They 
reported that abou t 50% of BrdU-ir ce lls in t he SL were 
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of an unknown phenotype as t hey neit her co-expressed 
with neuronal or gli:il markers. Since t he SL is a steroid 
sensitive brain area, thi s population •of BrdU-ir cells 
could be slow cyclin progenitors that are quiescent at 
P20 but may be reactivated at puberty when the level of 
circulating steroids increases as observed by Mouriec 
and Balt hazart (2013). 

Given the fact that no type I or type 2 DCX-ir cell s 
were observed in t he diencepha lon, the PC A immuno­
reactivity observed in this region is presumably related 
to glial cell product ion. Additionally, Balthazart et al, 
(20 LO) also reported a lack ofDCX immunoreactivity in 
t he adult quail POM. In support of our observat ion, Bar­
d et et al. (2012) reported that neuronal product ion in 
t his region of the quail brain is complete by embryonic 
day 6 and that further cell proliferat ion after t his da e 
is related to production of gl ial ce lls. However, previous 
atte mpts to test th is hypothesis t h rough double label­
ling experiments in birds proved to be techn ically chal­
lenging because many antibodies ava ilable to identify 
glial cells in mammals (S 100, GfAP or CD Jl) eit her do 
not label any cell in birds or on ly label subpopulations 
of glial cells in specific brain region s (Castagna et al. 
200'.l, Bardet et al. 2012). 

As was the case with t he die ncephalon, no type 1 

or type 2 DCX-ir ce lls were observed in t hese two re­
gions of t he qua il brain . As a resul t, it can be concluded 
that the intense PC A immunoreacti vity observed in 
t he oculomotor nucleus, griseum cen rale and t he red 
nucleus of t he mesencepha lon may not have related to 
neurogenesis but poss ibly related to glial cell produc­
t ion. No PCNA-ir or DCX- ir cells were observed in t he 
optic tectum in any of the quails suggesti ng that t his 
structure reaches full maturity before hatching, 

Our fi ndi ngs suggest t hat neurona l birth and incor­
poration continue to take place in the cerebellum of 
juve nil e, subadult and adult quails j ust like other birds 
species (Bardet et al. 20 12, Stamatakis et al. 2004,). The 
PC A immunoreact ivity observed in t he cbi of juvenile 
and subadult quails may be related to glial cell p ro­
duction since no type I or type 2 DCX-ir cells were ob­
served in that nucleus. 

In conclusio n, post-hat ch neuron a l prod uction 
appears to be rest ricted to olfactory and telencepha l­
ic vent ricles whereas neuronal incorporat ion is re­
st ricted to the telencephalon and cere bell um. In ad­
dit ion, both processes continue into adulthood and 
appear to decline with post-hatching age begi nning 
from the 6th week. f u rthermo re , subtelence pha lic re­
gions such as t he d iencephalon, mesencephalon and 
optic tect um appear to reach full maturity prior to 
hatch ing and post -hatch ing prol iferation observed 
in these regions is most li kely related to glia l cell 
production . 
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cl"'nges In this p,oces hi tJ., uisle 81\LB/c molJSI! boarn .. Kl-67 and DCX 
ln~hwl<>h ls toduemlstJy ""' u.<ed to ass<!!! clwlJll!S hl cell pmll!erm 
M d 11eur0,.., I (OJ'J)<utlot1 1esp""1lvely .. K~67 k a du 001.i a• 
&lC l:ltedp,01el11 tl l e,p,esr.eddwln tJw, eell cycl•"~ .. s UCX lu 
,1Jcr0n1bule,assocl&1ed p,01el11 "hJch heh hn,natwe and mlgr atln 
t1<o1r0bl•su In tlte b,aln (Juuio, 201 I; 11.'l ltl ..,r1 a11d llsl l, 201~). 

2. Male.rials and ,netliod& 

2.1. Altbl!<lll 

Male llAUVc ,rrloe obi..l rw,d f, o,n tl"' C"'1Lral Arll,ml S.. v <!!! , 
unJv., sky of llw, Wln, oters,and ,.. Jth ages r.lr Ir from 1 to 12 "eeks 
(n - '.16) " "'' used bi tltls s,J>C!y. The animal """' u e:,ied and us.ad 
accord 10 tl1c \lelhteS of 11 .. untve,slty the V.11\\oterstaoo 
Anlm"1 iilltlc.< Con~nlnee \\ltlch con<!!!pond \\Ith !hose of ll1e N,11Joil.lll 
IJU11lu1e of tie tl1 {NIH) fo, care d Ufll! of an.ht Is fo Jlclentlflc b · 
pe,lf, ,. r1L11 l1011. AD p,0100018 "'"'" app, ol'l!d y tlie Uft lversliy of I.he 
Wltwat., sr,utd AJlln:.,J J,.11\lcs • ,e.,llng Coou111t1e. 2014/ 35/ 
A). 

11noughou1 the siudy, tl,e mlee \\e,e ntaltual; .. d lilldcra 12 h: 12 h 
light dad, cycle .. 1t1, aooe~ 1.0 food and...,, ,,. <tl libla.m For I.he 12 
"""'U. 3 mice ee rolleCb!d a,wl soer l!lced """'Y ..-ee Tlw, 11, lee .. ere 
mndo,11ly a lloca1ed 10 gn>UJlS soooidlng 10 llteb ...,.,,31 " tu,hy u 
foUows, Juv.,,Oe ( 1- 5 .,...,1,, o ld, n 15), ub adult (6-8 .. -..i.. old, 
I\ - 9) and yoWI adult (9-12 "'e. old, 11 - 12). 

2.2. llssut roktlo, a,,J proce<.<~1g 

Al l anln Is """' Injected l111n1per11ruie ly ,.Ith Eulhapent 
(0.~ 1 n~/1, ) .. Aflhl l ,...,. tlw!11perfosed Lr au lly, lnhla Dy ,.Jlh 
0.9 % rold s Ille "'l1UJ01l. followed b)' ◄' pa,a/mm..ldchyde O.J M 
pho,phate buff,. (I'll, pH 7 .◄) lutlM. Alie, perlu o,~ hr.I Ins ere 
ca,eful ly re.r ved frmn ll•• s1ul ~ 1-fbed O\enll lu In 4% ~ ­
M naldel1. de In 0 .1 M Pll, clgb.d bdl>te bel,1 Ir it,ned lll!O 30% 
'"'Cro<• 111 0.1 M Pll WIUI "luJlll>tatJOll. The bn1 s .,.,,e 1c!OIJOfled In :a 

Ina! pla,u a1501.1m u.sl • c:ryosta1 (Sl"'ndoil uyo1ome E, 111., 

) 7 

~Jou:,rr;d/of~i.~ 7~ f::0, 9) .J6A7 

ti he, sd.,11il'lc, UK) a1 - 2◄• c d ri!pe3led ., lei of s fll!ctl<>M "'"' 
coll d fu,e-Ooall · ·I<> ◄ rnul!J, ,.ell pla1,s OOCL!1ll1l 0 .1 M PIL 
The flrsu .. les of fll! oos ,. •• 01ow,1ed0<1 ~•IJn· 0<>01 d lides foie 
,Lal Jh 1"- aeii•J let lo, ona1<>,u al o,JMt<lllOll. The second 
aJld du,d • .,,.,, ,. .,, , .ad foa KJ o 7 ud DCX ot1m l<>dw,rn i:.uy 
,es ely. 11,e ,em nJ l\\oS., l<!!i ,..., u,orcd I aci,•op,01..,ta111 
solut • -'20· C lo, lu.1w e !ii! . 

2. 3. lnu ry 

Brain aeCIJoos ... ,. pt"· l:n!Ued (o, 304llil 81 t l ll!ttlpe,9!Utc 

rmder l!lltle shall \\llh a11e enouspeio~I e lnlubJ11>1 sol,;c 
[O. 1 M NI , l OO'li ftld 0~ 3(m H, O, Ill tllua!lo oi 49. 49.2: 1.661. 
Folbwh three 10-mln ,I s Iii 0.1 M PB. I.ht tectlo<>s """' 111boe­
q11£"1.ly p,e- lr\Cuboled 111 a loci. buffe ll!ll<>ll I IIOl'!tlal goa t 

l!J11ffl, bovlnes .. um1lbun.1 , o - .. n/k)AX-100h10.l I PllHor 
2hund., e,ule s!u 111000J t..,.p,tallll • 10P, lMn,pi!d!'.e 
blftdl11 • Seodoos ,. ., . ~ feni!d In t<> a p, Im y utJbody soJu. 
tJoo [1.1000, rabbk antl -Kl{;7 (AB155SO, Ab<:a ,11, Ill..") or 1: 2000, 
rabb.l1 anll•OCX (AB1 8'7ll, Abeam, UK), In tlw! bl<>d.J buffe, soln­
dool a,1d ... ..,., lnaib3l•d lru ◄ Sh ,. ◄ •c , elllle lli!ll.ln;g. 
fol .. 1 , tncubotJon,s ons .. -..eaibjected1oduee 10-mln rt ' In 
0.1 M PB efore bel ino, ed Ins cla;y antlbody 1J<ld [1,000 
dJhuJoo of blollnyb ted 111111 rs JI lgG {BA-5000; \'e<lkll Llrbor•rort .. , 
lliA) In locking buffa huJMI for 2 h a t IOl)Jtl ldllp,r.,ru,e Wld..­
allle s"31Jng. FoDm, lng tluee lo-,nl11 ,ir..es In U.l 1 PB, me fll!ctlcm 

"""' loouboted in an evldJ:11- ' I huion O: 1 A end 1: 125 B 
'e(l!Ol l.sbo1<11orles) In 0.1 M l'Bl fo, 1 ih. Tiie seaJ 

IJ fe ned l,uo tluee 10.ttllnO.JM PB r J,,,..sbeforebe cedl1>a 
sohu contalnJng0.OM.l, l ' dJ . .,,,l_ben2! · eteu lde{l)AB) 
lnO.t M PB /or S rJb1. Toe 1 ml ofthl! :11>lwJoit, 3..3~1 cl 36% H20, 

e,e added, and duoml!lllc pi!d1ilullon ..- ~JilJ.!IDy oo.Jro,i!d IJ:ftder 

a bw JlO"'" s1e,"°"'kros00fl'! . 
D"'elopm.,u was n1lls«jU<!ntly stopp,d by placi ll1e er:, · "' In 

0.1 M Pll, fol101>ed by a f lrt,J 10-,"hi, It n 0.1 M PB. ctl<lilS Ive 

n1ow11,d on0.5% ge tlnlfll!d slldes, lefl 1odtyo,.,11J lu,"""1.1(1,.. In 
a ,a:ted , ., Jes of a d101!, c l, ed In ~y leoe ~Jld a,v., slipped wllh 
DPX. To e osu ,e trud non-speclflc atbll " "' ""' af! I, !he ,e,.,,a, 
ro,11,ol s<e1.i011S u~ ... 11 r.,ndo.11 e,e proeess I !he so • • ......, , 
but eltlW!r l11e J)liu,ary or the ,..,OJldary 1111/body ,. 001l11ed .. No la• 
be Ded cel ls..,.,. obset ,·ed 1n ehl,., cau.. 

2. ◄. Doti <lJUlO' 

2. ◄.I . Q1Jal1uu1,., ona/y 
S"'tlons """ a,uly""d qU3llutJ,e ly ,. JtJ, lh lo" alld hi JlO"''"' 

mlaosropy 10 yield a carn ,..Uve de-.erlptJi»i of die dJsi,J tJoo,d l(J . 

67 d DCX-hllillUMN!8ClJ\oe ( · Ir) celk. A>lalOl'.Jlcal b, ii llrul!lrbi!I 

.... ,., ~,uJ ned based Oil the Al lo,11'1 ... r .... 100 ail oi the I e bn1 
(D,,u~. ZOOM) . High po,..., llllO'Ollc,oplc obteJ\li UM ,_H <!ii to cl, . 
1emr111e the ,elsUve datsltJa oi l(J 67 and DCX lm.,..1'0!'LSJ srruc-
1wes tluoughou1 tlW! dlffeni,u re s of t},,. bialn. n.e n, i,il., den­
hie of 1n,mw1osr.:,fite1 ,rn,c1wes ""'e ,tmlly a, """' 

ded 011 a sca le "" ht from e 111 (·) to "' ( + ) k) 111a&!tate ( + 
+) 10h h {+ + +)(r , • .J, 201:l; ,la •eni ~ .I .a.n11; 

cro....-pl d a l, 2( 111). 

2. ◄.2. Qua U.JuJIM 0114!)1.<IJ 
The qwo11unca1 I0-67 sJld DOC 

pu1e1 a,i111ed ni~ sis 1 
LO tlw, c of Ill e Is. c 
HRC ldeo ca,ua ,s ·IO • Zeiss 
••ld DOC, lr een, IA a 1111.. Dy c 

I tlw,c,e1l cowlledWl<JIJ c.J (sd .... , ...... t . -.112). K167 
rld OCX q ll!lcslloo ... , Cllrrled ow IA tlw, !ollo "lr. bral11 .-. 
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Z-4.3. Sub ,.,i,,.i,,.Ja, W ht w td r1¥raJ mJf1'},1a-y nea11 

Qu,lnll fk allon o f KH,7 s od DCX-h cell; 1',8" c.9 11ied OUI 111 al 1J;e 
b1sln . .-: 11 IS I"" ~nlmal • idllbhh, ti"' c pleli! SV-l- IU,t.S- 08 m , 

tlnUl!JD ( two .sectiOJ_ liH M , ca,,e)fo llo\\ l 11 .. me l1toodc!esaa .. dby LJ 

.:1 .d. (2009J . ni.e ru t b,slo s«IJ011 co11;o.po, 10 h UII k,el 15 

0su,, 1!1 1.10 mm) of Al l,,n's td"e.n,nce a tbs of tl,e i:,o~e br:il n (0. ,11g. 

~ 'US) al\d Ille COllrl 0 1:.? W · <l11.s1.sl 250 ., l!ledlal IO t],e fi rst 
-alon. For l1 es z, 1lw.e.r.l,aged n!j\ 11 0 , a lyi, tl,es111erlorhoinor 

tl.e bte,a l , a ,u Ide (SV?.a) 1',U <[mntJfltd ll'•~ - 1 A) . R>f the RMS, 

tJ,.,e, ,~gjo,tS " e'" 4u;s,, 11fied: the ho, t va tlc:!d m .. t "lllcli des­
eend< ,a,u-lllly fro,,. t heSV-l {Vt.-Rl\15), the rostJl!I h,>i 210t11'11 eirteiwon 
ofl11e RIIIS (li L IU.1 )<~-.H, I A) 3 1.S tJ,e lcrml , J po, l1011or the R.1115 Wi 
tlti! O'-llln! or t lt.e o l( <:IOI~ bclb (OB<, RMS) (Fi;, . 18). hi escl, o r t hese 

b13ln 1eglo1~ , tl, ree <[U&uifocotlon Od I a n, nlnca1.lo11 o l l OOX 
(each OJti! "'!lill l lo 0 .0 13 i:u ,1' ) -.e,~ ~ l)e, ,etilon. 

Z-4. 4. Sub f1'0ililltr urt< of u,e JeJUaie !l)'l1l.! 

Kl-67 and DC)(. i, celL. "'n! 4uaa,11fled In 6 coin,sr,ond l, eetJo,..,./ 
p<!I &1ittui l ( 1ij)J>t0.Xlmille ly 25() m ~ • IJ Cl)ltl n il. tl>i! d ei1t.'l tt!t)•I 

loDowl,• a ""' od n odlfl <!d fi on, Ol-L-r,h et al t2'!J I s~ Tbe. n,.i 
,;ecrion .,. .. sltw 111 1.,.e1 0011 .spoudl 10 l1U11 lbel 12 (1'.uas l 
1.725 1m l) or Al liot' rer .. e -.ce allss o r tlx m0 u:.'ie b1;a l,1 ( Do, . 20t\~) 

&1dtlie,,. t "''"' pl-"" media l to tlr.e rltSI one. In e~uctlOJ1,"1 U Kl• 
67 aod DCX· h 1., lite ,zor the eii1Jre deni,ite g_,-rttf ""'"qu:a ,11.lfled a& 

a magniflc;ltlion or 40 x • 

JI 

b"~...,%,,Cf".aJ Jaum.:I Cf Omfq:'ff".c2:d S:.U10Jl:1a.a: 72 (2019) 36-4 7 

Fig. L Raca.omfflgr:1ph.u!m y.,ing diteiln.1·im <1f Ki 67 ir cell1 in 
1he ..J<'ll"'!'h.mn ""d olfX1ory b\llb uf 1he JWJVc mo\l!e br,,itL 
( A) I,] 61 • tth in 1.ho sub ,,,inricuw :r.ane CS Vl) md 1h• romi:J 
n:iS"'IJI'.!" , -., (dlt.'5 A ,-RMS). ) l(i f;] ir cells in •= in~ 
p«?iaa a f fte rm112 lmignt<J 1)· Sl"fHm in ,e.e a nt: aft.h.,. alf.aac:wy 
lntlb {OllcRV ,(C) l.i67 ocells in t ol!xs,l'.!•bulb (OBJ and 

CD) i €1 • a,lb in 1he d""" "' BY" " of fie hippooa,r.pu, (00). 
The imcrts i.n thf' uwcr rign cnrn6 ol each im;a;g:e n:p ree:111 
hijhetn.llpi5Clrion pbotan-ja c,gnq,h.L In >II im •t5darsal iHa 
1he .... ODd mSlnl tu the ldL Square a, Ii, c & d in p!Kno 
n:Jc:rqiaphl A and l!alaw \rain ~ gicsuwhe~ ~1ffic.at im wm 
arricd '"" · Sq-J"""' in plwnmua qg:u qils A (a ). ll, C '111d D shaw 
r~:n:1whl!:ft the in.,m3were-TMg:nMI rmrr .. Salehl r in.A and 
8 = .l.'lO~m; in C and D = 100..,,_ Seal. bo r in .all 
in.ser13 = See It'll cl ~bbre,,"D 'li cm.J b r .aline,;:it.iam wed 
a .n th.e figure 

High ,ejl/)jutlo,1 m "'6<:l)pk Ji,13g,. dlgl ta Dy co pt111frl wltl, an 
AxloOun HR.C dlglt.,I co ,:.,,-s OJI a 7.ds< /u:loplan 2 co1111)()111,d rn lao­
smpe ""'" 1>111:,s,;ed " 'h tl,e Add>e Pl,oto.s liop 7.0 ft""'" (Adob, 
Sysiwis. Mowtt.,ln v1e ... a i No plJ<l! l,31lon j u.<ll'1"1:I o, o,il pula-
110 o r mr,01p1.111ed i u.s "a. imde_1uika1, ex,>,i>t ro, tl"' jusu11foll 

o f b , rneu and ro11u- L 

2.·U. SUl.lillrol .. wJ_y.<r.s 
Kl-67 tnd OC:X· b cell C1>1111tl " " " a;e,ag ;, ,e ,a uliJ ple <[W11 

tlllcrulon rie.lrls " e.,e "'3 a 1 tl,.,uine ordl fferen1 nu!<tlo-lateml le1,cls 
oft.he 11eb1ak11~lon. TlleS1 pl10-Wll l.sno11 ll il}' te>l \\as u.ed 10 
1u1 tlie ''°' ,mlhy ·or d3 t3 In s ll the. 1,arlobl,s, Fo, II the • ri.ables. 11 .. 
<UIJI foDo\,ed a no, r..-il c!J.st rt b111Jo,1 (P ;.. 0.05) . Tl co11eLtJo bi!· 

"'lle. and e.ilbei Kl-67 OJ oc:x.lf °' II cowu, fOJ e.acl1 1,,,. n te11lon 
" . tel l ush,g ~ son':s a,, reb tlOJt an.:ilysk. 

Fo, e;,d, btal11 a,~ q113n tlfled, t h,e man counts c,f Kl~7 OJ DCX h 
~ U fo, e;icl1Ufe- hbl0Jlt L1ge .. '<! 1e ror:iputecl lldeompa ,edusl, one• 
.. '3y Iii ly of I, ,booe ~OVA) rou_.t!d by Bo uJ .. ,o, ·s pol l /we 
ld l.. All -:ii>3 ly.lc> ""'e pe,fo,n,i!d e:slJ>g G1aph1>Sd J}d:1110 5 rofn.·a,., 
1Gr.ljmJ)3d soffll\ait, CA). AU ,.,.,.hs ..-e,e bj>1e!t>dl i:,S Jtlee! IIS ~ 

w u! .. '11-d de1,bt lo11 a11rd gdOconce le.e l or P "' o.os Mb csed. 
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P. NkD,naitp l!l 4. """1'rm11ffi J""""'1 of~ /Vaircsnma. 7"('1019J 36-47 

'l'a,le I 
Ag•nlaccd chont"S in Ki 67 apreD>n in the Ml.Ill e n:au5e b~n. 

1 'iiW"ctk '2w.i~ 7',t<b ..,,_ ""·"" IOW 

OB + .,.-,. .,..,.-,. ++ ++ + + .,. + .,. + .,. 
~s +++ +++ +++ .,..,..,. .,..,..,. +++ .,..,..,. ....... ++ . .,. ++ + + 
!N7. +++ +++ ++. +++ +++ +,-+ + ++ +++ ++ +,- ++ +,-
luZ ,..,..,. +++ .,. + .,..,. ++ ++ ++ + + . 
NC .,. + .,. + + + + . .,. + 
T'ECT ++ ++ +• .,. + + + + .,. + 

= 
~IFS 

Mm 
Cl! -,. .,. ++ T+ .,. .,. + + .,.-,. + .,. + 

• + + high deri.ay • - medium de:l'Wty -"' Jaw ~ ty al,,e1Jt. Stt. Jis d abb.re\;Kiom for at:t,m; ill iors; med ,El lai>le. 

3. l!esul lS 

3. 1. Dur lbwai of K~67 Olld DCX llnJIIUJIO, ta:U\lt ~ells Ill 1M Ml.Bl~ 
11"11JJt lrdt, 

The dlsts lbutl\'t! panem of 1( ~67 and ocx.1, ».ti sln~l31 ac, · all 
the ages sr udled ei.cei)1 lo, w , tJons lhe denslry of lsbeDed cells 
( r:ililcS I •nd 2). U1us 111<, following de9CJ'lptJon aw11 .. to a ll ai,,s 
studied. 

Kl-67, I, cell ""'e n Inly obsened t11 the sub "111rlcuhr ro11es 
(SVll of tlw, l3leral v .. u dclo . tlW! rostJa! ml atooy sln!am (RMS). ol, 
fac to,y bulbs (OBJ and sub ,snula , ,t.-.1e ( CJ of tl1c de111a1e gy,l!S. 

In t11e SVL, Kl•67•h eel occupied 11ie dorul a,)d ve n1n1I pro­
life ,atJvezonei l\hlcl1 .. e,e sepa ra1ed by lhe1a1e,&J ven11 Jcular buJ eof 
tlie COrJ>l" sr.l ,nwn (H • I A). F1om1he do,s&l prohfera tJ e ro,-.. a band 
of Kl-67-1, cells (do,s&l RMS) Cbllra!d a !he d<mal bo, dei of tlw, 

co, 1= a, la1u1t1 bd"ee,1 tlw, caud<>putamen w w. co, pus caDooum. 111 
tllls region, so,ne Kl·67•h cells appea,ed 10 mli;une f, 0111 LIii! do,sa l 
llMS and tsa\'t!1Se 1he subs1&1oe of Lile ro1J)US caDMllrtl 10 ,esc:h !he 
neocorteJ< (F~, _A). 1(1,67-tr celk f,o,H l),e \'t!J11Jsl pm'llfe,-a 111'e mne 
(ve,111al RM51 oows<:d along dw, , enu al botde, of !1le oo, pus sr. l3lum 
bdl\,e1 1he II uclClt'I wnbeiu Md Lile c udop1na ,1. The dor,a1 
RMS and ve 1t,al IL\IS m .. ged ros tsslly buo o.ie RMS 'before ll1J'/1lng 

!11 11tply UJ)Wo,d, 1oe,u.-e, 1heou (Fig. 1 Bl . 111 LIii! OI! , J0-67-h oeDs\\eie 
observed In all !lie five laye,s a hl1ou 'h Liley ..,.,,e n106lly abw)dan1 hi 
I.lie ~ anule cell la_i, .. (I •~ 1 C). 

Kl-67-h c elk .,.,,. ,nosily obse ,ved In die SGZ, a , ~Ion loc:ui!d 
becw.e, ll1e m11ule cell laye, aJld LIii! Wlus o/ !lie deiua 1e yrus of Ille 
h.lJ>JXlC8mpus (1'1~. I 0). 111 3dd11Jon, fe\\ei JU 67 -1, ce lls ,.t,,e obse --v "'1 
In Lile g111t1ule cell IJ.Vi!1 of Lile detlll li! gyrtl.i . F""' Kl -67-b oel ls " "'e 
occaslona ll. obse1ved In ll1e dlffe-en1 layen of the neooom,,, ( Fig. 2 B); 
Llw, oerebella1 0011a: 1d ped Uficles ( 1-1~ 2 C), Slllp,!I , and lnierlo1 

'l'a,le 2 
AgCftlOJcd ch""i"' in DO'. ""JI"""''"' -, '1• BAJ.B/c mou;e bnin. 

,,.. .. lW.:! ,.,_ - 6'.c~ 

OB +++ +++ ++.,. Tt+ +++ +++ 
RIIS +++ ++ + .,..,. + .+ ... +++ 
!NZ + ++ +++ +++ +++ +++ +++ 
!l'.iZ +++ +++ .,..,..,. +++ .,.-,. .,. ++ 
NC ++ ++ + .,. .,. + 

= 
DD! 

IFS 
Mm 
Cl! 

roll wl of the u,aum O·I, l D). TIW! de11Si1y ofKJ-67•• cells cl.,c,ea;"1 

\\Ith adva,ldni; e (I ,le 1). 
Sln10aily, DCX·lt oells .... e oh!ii!rved rualuly In ,Lile SVZ of me IAI• 

e-al \'t!UII li!s, 11.MS ( l·l~ J A& 8), 0ll (Fig. JC)aooSGZ (l l • ' 0) 1111 sl l 
a • •udJ&:!. hi these are.ti , ocx~, 0?1k -..ere obseni!d • • ffif"ri!· 

po,idJ, locatJo, as lhe l(J-67-h oen • TIW! 1 ~orlry of DCX-b cell 
o ei -w?d In ,Jhe SVZ and RMS v.ese blpols, In mo.rjlhcl "Y bh sli1»1 
J di p,ooeses ild aJ>J)e.1,ed lo 1t1l ,a1e f, om llw, svz 10»-anh me 
0 8. ht Llw, OB, nwuei ou.ssmall l>lpob, cel ls,. ll], :a.011 J)IOOl!lli,. ,--.,,e 
obse, w,d tn tl1e g, 1ule cell Jaye, (lnsa 1., f"l i; ·• C). hi ~bJM, ,.,....e 
ceD wllll !on e, J)JOOe!Old -..ere ol,,ie," ed tn the hue,, l p!e.lfonn 1111.d 

ierula, 13ye,s of tile Oil. 
111 tile denlllle y, U.'1, DO<-b ce lls \\'eie mostly o e"'ed the SGZ 

1100 1 \ Ille Jaye- .. 1111 th;,J, proceSSi!S eJ< liOlcfl t0\\3nls the _,aMJ]e 
a,0 ~e,- aod 11 .I u1 la)'t!u re51,ectJvely ( hi, e,,i_, 1- • D}. J'e-.. e 
OCX·b cell; we,e ooea<.I ly obses.ied 111 die ~ei-• of tlw, rw,OClOrte:x 

(1,,~ Iii . The dei1sliy of DOC•h celb di!cJeai..! \\Ith e hi!! e 
('faL k 2). 

3.2. A tdaud that Inda, m,mhet tf Ki-67 a,id OCX l1rt. Ibo~ 

c~»• •n ,Ji, BAJJ3/t 11t<X1.,c bttJbt 

Pl';'l ,so,1'$ ro,rel.!lllon lysls ,e vffi led 1J,..1 Ill,, nwt1be, jJjf J(i-67-lt 
a,O , l,.. l'J)ly declined -..l!J, !)OS11131.'1l "llf In tbe \'1..-R.\!S (,- - -0. 9SS4; 

P < 0.0001, Fig. 4/v. 11 1,11..\lS (r -0.9910; P < 0.0001, I 1.;. -IC), 
0 RMS (r =--0.9951: P < 0.0001, l"ig. i-A), S\'Z., ( t - -0.IJ'Ji(J; 

,p < 0.0001, I•~ }andSGZ(, - -0.9838,, P < 0.0001, 1-,,._ ",C) 

SlmOaily, LIii! nwubei d DO( l, oeDs di,amsed s' nlflca,uly wh!, 
l)MIAa W age In Lile VlrRM.S (, -0.~11 ; P < 0.0001, Fig. ; e ), Hlr 
RMS (r c -0.9830; P < 0.0001, 1-1 •. ~D), OBe-R.\lS - .0.9858,: 
P < 0.0001, Fig. 5 8), S\"l.a (, --0. 9722; P < 0. 1, h~ t> B) .111<1 
SGZ (, - -0..9767; P < 0.0001, I,_,;_ 60). 

--,..,.-,. + ++ ++ + + ++ ++ 
++ + + ... ... .,..,. + 
++ + + ++ + + ++ ++ 
++ +.,. ++ .,. + + 
+ + .,. + + + 

+ + -+ h:igh dcn1'r)· + + medium demiry .,. law dculiry • ab!lel'lt See 1ill o! abbre\;MlOm .fer abbmi.at iom u.!led in '1e txic. 
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3.3. UJNUL«y , 1 ~ ,d:!Jed cll,i,111"' i• Kl-67 <Utd DCX lm.'l!JlJ1 ~ck'tll, i!y 

VI Lh~ li"1.B/t mowe lra.r, 

O !!>e " y :.uilyg of , a,ts r;oe tANO VAJ re1e led s lgn llca,11 d i/Te., ­
enc"' h, the 1rwri bo,1 of Kl "67-li ti!ll< a1 lffe, e.m llfe-1:J IOI)' u '°' h 
1.he VIAUl1S (F = 137.7; P < 0.0001. 11$. 7A}. 1-!L•RM:S {F- 153. 9; 
P < 0.0001, Fig. 7C}, Olk RMS (F- l!17.0: P < 0. 0001, Fl • 71:.'). 
/Nb. (f" = 135.2; P < aooo1. Fli;, ' ) 300 :SGZ o: = 1.19.6; 
P < 0.0001, ~-ii;. l:C). Ber .. e.e,1 Ju•ei1lle a.lei &ub sd11h llft!--hii101y 
,u, •d , Bonfer ,o,,l p1u1 II ,inlllysls , eve.11sl Ul.'II th• 1u1rnbe of Kl-67•lr 
cells lgnl/k&1Ll1 decU,i..d by ~ppr-oidrt1J1 ~ y Dt I.he VL-tu.1S 

(P < 0.0001). HlrRMS CP < 0.0001) & !>VZI! ( P < 0.0001) snd ai> • 
1>io 1d1t131ely 25% DI 1be Olk-RJ.: ' {P "' 11 0001) & SGZ (P < 0 .0001) . 
Si ,a lb , ly, Lill! 11w1:1be1S of Kl-o7 i-k. 11,ecells<led,,..d by sp11n>xitt1.V<! ly 
2:, . 11 Lloe s Zs {P < 0.0001 J & SGZ l P < 0.0001), pp1oxlmJ11.e ly 
3!1li> In 1be Vi,RMS ( P .: 0.0001) aod 4J}fl1o>d 1:, 1ely 35% In the 1-!L­
Rt.1S {P < 0. 0001) & Ollc•lu.1. {P < Q<XJO I) be!l\ea , Ll1e sub 11 1! 
Md ackh life~; l11 , y a.:1ge1. 

'Using ANOVA, 11g,11fia1tl di/Tenw,c.s ,_e,-e fo In I.he 1111 t.'1be.i of 
OC:X-h cdb al d jff.,, en 1 lif.,.Ji.i,u,ry ugei i • I.be VL R"1S (F ~ 13'1.5; 
P < 0.0001, Fl~ . 70). 1-11.·R.lttS IF - 139.6; P < 0..0001, Fl~. 70), Olk· 
RMS(F e HS.3; P <" 0.0001. 1'1£ 7 F), SVZ3(F - Hl.3.: P < QOOOI, 
rt,, . !-..Bl ,,ndSGZ {f' - 153..5: P < 0.0001, n: W). Bonfen o tll p<¥tlwc 
snlllysls re.es led U!311Jie 11wube1 of OC:X-h cd ls s ,nJnaul1y declln.d 
by 31,p1o~lma1ely )(Jli, In Ul>o? VL·RMS IP < 0.0001), HL•R.MS 

(P < 0..0001). Ollc-Rll!S (P < 0.0001), SV-lo (P < 0.0001) .1111d scz 

<O 

F11- 2. l'hocorr..ic:m8"'1'hH hawi~ di'l1riln1Jm u ( Kl 67 ir oelb In 
the d:nssl R • & C<rJ'I• a Damm (,\), neoca na ), om;bf'J lum 
(C) • nd inion« m Diculz (DJ d !le 11.Al..ll 'c ,,.,:oae lm,in. The 
int:rU in tht!' upper rip:, mmer of wn.1.&~s n, C an.I D ~reen, 
higlw!r m.ap ifiialktn ph um-Jaq;r.-~ d 4h:e 1~eah 'f' ,~pcm 
10 demca~e celhal.v u-..arplmb ;:i.·. In aJ1 irr~c:sda r.ul i~ to the 
lop and ra,.-.J w:i 1hc lcll. Sq c<ia 11r.age, B.C and D"'l'n•••m 
.an!llll wb~ m p."!S in an.wrti w~ obr~illl!'d 1ftom.. nbct. arrows 
s llowf,,.i 61 i:r cdh in •edlt.\6 andwhiteamrM ,.aw Kl67•ir 
cells n-JEDtini flrtn~h the carp-us albnm.. Scale b.ar in 
A = 20 n-~ in B = IOO~ in C•td 0 = 2 ~m.Sca1e 1m in 
iMells Jl., C -1 D= 20pm. Se., ti"1 al alim,,i atiom fm .ab 
bl'l!\'btia u w ed on t~ fi D1!. 

IP < {HJOOI ) be.n-een lhe J~•eitUe 300 <llb adi.:ll life-lililo,y a a . 
Sbullil ly, 11w, nui,1be. is o f OGX·■ ce lk de.d~,ed by ~ppro<11l1 1ely 200. 
In l hc VL-R.MS (P < D.n001), li L-llt.1S ( P < U.0001), Clll~ IU1S 

(P < 0.0001), SV-lo I P "' 0.0001) e,;dSGZ (P c 0.0001) bd\\eei1 b 
duh and aduh Ure-hi.um y g,s. 

4. lllicu.tSloo 

In LI"' runeu m idy. Kl-67 a,><l DOC lm,n imoh is1oche:il.!lf}' " s 
a:l 1.0 lderuJfy pn>llfe.at g cells 300 l,:un.11w-e aewo,~ r.specLl,ely 

h11.be BAI..B,lc: mouse b,!tliL Kl-67, lu ,u>i:la, J>1ot.,h11.b I il s.uoda lal 
..1 th 1lbruo111al 1Jart.SC1 1r,1J and ls fowid In !he 1,ucle.11:1 de.ring la · 

pl s.! (BuO,,hJ.d £1 Bl, - Xlb). l-!O\\e\et, dudJI c,bw Kl 67 be-Oo.mes 
t,dau J ..,J1h she ,w t ._ o f c: luon10<0111a ([l1hl -• 1 ,c. Ball , 

:.>ot ◄ ). Kl-f>7 I. Uj)l e.s "'I II acrJ. e pJ..,.se; 6f1J1e ee ll cycle (Gt , 
S , C2 a ,111 11llfil:I ) but i< al:.,;e1.1 in cell< !has a , c 11<>1 q,di11~ (Scl ,l~i'l1 
;,xl Gto :lo. ~ ). 1-!o\\ a ei·, Kl 67 bbe.Dir;g I ,e l.'lle.d m IJ<)!.11 Be w<>­
""":!li alll ll-lJose.""'11 DCX b a n1lcr-a.ubule -"'ocl.lted p lOli! IJl 111.11 

corurnb pol),meti:til.loo of the le,dn ,,, ooess nd m,bal 11011 of 11,e 
toetlrt)bl~ <:y1e.s kel<!1 0 1 d ull , r.:ilg1allo11 (lfo,.., h t:1 a l, 19Y9}. oa, 
!here/ore, 1>lay a c, btcaJ ,o le ln Ll, e migraiion of lr,mun,ie new o,,s 
fr<ll Ll1e bh !.11 ke 10 fl,u l p lloi>lng <11 1111! , ec ntlune,11 sbc. 
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4.1. DhJ.Oil,ILl 1 "' KJ-67 11, td ocx lm;rWJ&a'eodlV~ <ill l!I L~~ MLil/c 
m,,uul:t<ln 

Pto llfer.Hl a, D, a11d b,110,ai.w,, 1>e11ru1 " e n! ob.,,!n ed a t al l JJli!l 
n Lhe '11b H•urlcul , ,.or.,e o f the la ter al "'-'•IJ le.(, n,; tral mlgra tOr)I 

stre&n , o lfr,ctory bulb oo s ub gr.1 0:ul.u ~Orie of the blp1>11tamp:1I de,,-

11r1 egyru<. Eip, e.11011 o f bo1h Kl-67af\d oa: co nfl tm 1.1'9 t l.llU<! bcMn 

=--~"'""""'-1'~ •- 72 (201?) )6-47 

Fig. !t. l'haoamiaognopu slnwing di.stribu1ion a ! [JO( i, a,JI, in 
the "''"""'J'lulon ""d alb:,<11)• hu h cl ti ll.,\J 11/ c n:auie br.lin 
( A) 00.. ir « Os in fl t' sub ,1e1trioib r xme 1/1 ) lln1 1bt- roSiT.11 
mi6,-nny ' " '""""' (d~~ & .-10~), / Ill 00: iT a- n. in dt • to,m 

in.al panXln c, ftherann l mt£1"111~' s#eatt. fl• ?'ojea~ inl.o the 
a lfaaaoy bulb Ollc It~ {C) 00. "con. in fir al!.111211)' bulb 
( 0 , (DI DCl<ir aells in dt.e dontote gynt.1 cl the hipp<iamJ>Ut 
( DG) and 00. ir cdlsinthe ncoccrtex C). 1'be iluens in the 

upper rigbl "''""'' of acl1 im.1&""' rep,....,. h~er m.agn i6ation 
ph.atam.icmgr.,plr. d exh rt'iion 10 dezr.an..wcrtc a:llWar DlQT• 

phalqgy. In Alli~~ d<S'9J U m thetop~d 1r<ICl13110 the ld t. 
S- ,n phaoaorjcn,g~ A. 11, C. D ond ll rep=t ..,_ 
wht:re in: .-a in i:nJem ~ obt..3.in.cd from. Scale: bar in A an.d 
II = 3!l<lpm.. in C and D = I ..,-_ blo b.u in .aD 
in,em = 3J pl'- See trot d ah br~'D ti an.:11 br ali,rr\; &ia.m u.!letl 
on tho ligu"'-

llft! Indeed t>eu roge1 I L.s aod 1.1..s<! Orw:Jng., 1'> tcrid <!3 rlle 
1101 rtulde b) pn?el • t.,..,. n:bett In fiUl!J ru.-1 t hJJ rl 31_ 

l9bS, C...vi.~u? d ~L. _ ·1; ) oudo d :J., 201'), N · d JI., _'Qltl; 
t.r u~ c i'f aJ., 101 t; Jlt:J ,. :."'Jl 1; ~HIJ>t:J m1111), -011 . !.tobl~y c l .s l .. 

2!JH;Oul,)eancl lhw,\\o, :.~14; f~i.,de <I a L, ~'lll4, Ferrw,1&,_ l lorti 
d ..i., 2018). 

Nm rl<! uro ,ts p,odu,e.,d In 1.1w, s11b ,..,11 kular Mrl<! mlgr.11e a long 
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ea, 
70 

::!!60 
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0 
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Age (Wleks) 

0 1 2 3 4 S 6 7 a t 10 111•2 

Age(Weeks) 

80 

70 
!! IO 

~ so 
.!l 
:J-40 
~ 30 
Q 20 

to 
0 

0 1 2 3 4 5 I 7 8 9 10 1112 
Age(Wteks) 

0 1 2 3 4 5 6 7 8 9 10~ 12 

Age (Weeks) 
Fig. -C . Rio~ndc:rol!"'plu aid gr¢ show in• ~enbtod dunges in nu,r.hors af IJ o? ii (A & C) ~d DO. ir ( ll & fl) aeDs in the differeit I""" al ,he m>1nl 
:r.i.,m<iry otn:mi al the IW. ll,·c m<nfi<: b,ain. The munber al l.i Cl ii ceDs sh"'l'lY d"°",ned ,.;e, .... ..., in tlJe \' R! ) ,ad ln,R.V.iS (C). Simibrl)•. OCX i, a:lb 
decre.>..d v.ith .... ..., in 1he Y R.V.iS (II) ,ad 111,R.\!:S {D). In each 6p~ ,he phataniaqg?llJIIII "'I'""'"'" the,.,,,., bain n,;;im in tlJe yomge,1 (I .....ic o ld) and 1he 
al<b1{12 ,..,ebold) "'lin..>lsu_,ed in 1hi,:itudy. Salelar in D = ZOpm,ud ..,plies 1uallphJ,omia<>gr¢. F.rrur borsanc,pand 10 1heotudmd crror o fd,emean 

ll;e ta1~c11 wiill of the b t<!!s l ,.,,u, lde1 t:.d lluou I the Rl!Sll:11 r.11-
, •citory Ire.om gul b) the uocytlc sci ff .!I 10 n,ach u,e o lfac­
LOI) bu 0, "lt""e tlliit'I d iffc.n!1111.&1e 11110 g,a11111.! od pe, t i "e~, 
lt<1i!eUJ0111 (Mol•ley d •L. -'01-\ j. AS lbt! 1W!l1 1ubluis migcue lluou h 
(It~ ,o6JrjJ mll)latm'.)' st reMr, they n!Wn Ille~ :ibllll} 10 pr olif~rate 
CMubl<=) <!I Jl, _1)1 ◄ J aod pM,lbly expl ,:;; thebp,-iD11 of Kl-{.7 n 
IU.tS obse l';.d bl ll.e C1!J n!lll Sllody. 

h> llie 0Hatl01~ bulb, mlu~ I a!MS 1ufl t:ds a,e born cf111 In& en, 
bryo11lc de,dOJ)IUeJlL tto .. e.e ,. grsnule QJ,d J>erlglom,rubr Joie, 

n;,u,o, &e 1t1!1l111), born po;! 1'313lly thlu Id, d "1. _ 1:?). In [act, ouly 
abo,11 25% of ll,e bulbs , 11'.ta ~won.< 9 , e bo11, ,, , ei1~lly {lil}d , 

I %J) . Tlie bulk of bulba , huen,a.<11>1 are boni loa ll} "~ hln ll,e ol• 
fac10,y bulb berm~ ,,osi,t!IUI c!,y 7 . In tlo,1, prullfaatloo 11 the 

01fJ1tl01y bulb af1e, 1he O,.i posu~~J "eek Is" 1 lilely ,i!l .1u;d 10 
p,odoct lon of gllal oells as !lie !NZ a11d RMS boeome ilie major ,ou,tt5 

Q 

of"'" bi;.lba1 l,ue, 11eW 0 11>~i,1.1•.~,,. «1 al. 21V)5 ~ Theiefrue, !hi! Kl67 

e>.J)l't'SSl011 lntheolf C101y bl!lb "" o""""'edln 11,1. uld_y I 1:10.1 llldy 
related 10 f011ru111 of 11ewogll!. 

Wlll1l.111he hlJ>J)OC.'l 111p,,s, Ki-67 a11d DCX h cel l,; w;,,e slsoobsei'\al 
In 1hie 9Ubg_,~ub, 2JO e d the deiu.11e gyrt!j I O llgEs b11e.<1lgs1ed 
oonllri J . Ille J)IUe.~ of 1><!1'103'-ttoesls In 1hl, •~1011. In u,ls •~IOA. 
n,ew11ewo115a,e bo111 i i tJ,e 1tb r;;nular 'l.01M', 1:i li;ratea >011 d i,~,oce 
afid lnll!g1ate loto 11,~ gr.mule cd l laier. 

hi Ille lli!OC Lex. few ce ll! eJJ)IW l\ll KH,7 and DCX we,e also 
ob,,,ned. h1 addl 1lo,1, "e ob6e, ,..i KJ-f>7 a, lb rnl};lalli, " from Ille 
do, ~a1 RMS ll1r0trgb 1be ca1;us; t:a l lo,;w~ LO 1e!!cll the 1lol!OOMU 

{fl •. ~huggetl.ttg th31 ll1e r,1oliferJtl11!i ceh and lmm:11we newo,1.1 
obs<!l .ed 11 ll,e co, La could ha, e rt1 lg1.'il <!Ii fronl ll>e do,sal ru.15. Tb.<.e 
Ob6d\1Stlot1.1 conllnt1 tlui1 llie 11,eoco,1ex t:onllnue. to recrult ,_. 

11ewo11s 81 aD "II"" studied. Ow o bs<!! v,ilJom ate •• ag,eeuau .. 1111 ll,e 
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Fig. S. Phatonuaogn,ph• ""d S"'l'h< ,how.,s ,age,,- ge in I 

rumbttdl(i ,6,1,ir(A) a11d ◄r (B)cellsin "1e ce:mu lp\:llticm dtherasm.l 
mjgr:11ary st""'m ,h., ex1end, i:,to • • mn, al chealfoail')' lb(OlloR."S) of 
cho D .B/ c mou:e. The rumba of " 6,1,ir cdls • pl)' ""°9..d with cin 
c Ollc 11.Wl (Al Sim:allliy, DCX, ir c..01 deamood wi1h ~ in • • ODc II.MS 

(11).ln och/igll'<..I pha<anucrog"'l'lz ""'""""' cu lnin regicm., c 
)'OUli<S (I wedt ald l ard che ald,s_t (12 wed, aid) anim>h ,ed Cl 
Scale b;or in D = 3:) jZTl ond "!'Pies a, oll fi,a<onuao 
"i''"'d o u,e s rd=! error al the tr.Nn (Sm 

f111dl so/ otl1 .. authots " hs e ..iporl<ld p;e!ii!,JCe o/ ne 
lntbe:mnul I nneoc: 1.e>: ( lhu1h~o.uldPillsy_ o,Cl1.:J"-'.'t1 ~,~1. 
_Jl3; Olude e t JI, - 14). In rom, I to Olu (b1dl • OJJl~)e ~nd 
lhw",o (20 H ) d,gen,ed oruy DCX but M l Kl-67 iJ!'llllWIOn!8CllM ty In 
!lie {01Jt S1J lped mo1lie ,1ex. 1111! ana1 11 could J)Msibly rreflec1 

0 

tr- J""""'1 Cf~-"""""'""" n 0019J :,r, 1 

es (fow strlped mou.se ,s BAI.B/c 11 ""el '""d ,._. U:91 (,, lid v. 
at6iy brad) 51,edflc diffe,e"°"' . 

Kl 67 but IIOI DOC lnlJWJlOn? 1h lry ~as obs .. ed 111 tl1c lcCIWtl 

nd otn!bellw,; . n1c fl<OL/., elJ o ned l,1 d,,se b,a "' " I. 
p,-e; 1..bly "' ted 10 p,odUCl o/ 11"!11 l 1 c~l• d 11ot 11eu:r00.<1 
s oe no litut131 neuroJtJ 

4.2. A ottdllft-/USlf},y,10 rdluxldim~•• Kk,701,&DCXexp Ion 

., Ille MIB/~ "''""" bro., 

111 this srud , tlli! 11J11bi!, of p,oJlf,.atbll\ re1l and llllJ!'l.!d1t1e neu-
1ru1S die SVZ a,1d RMS ',llJflcantly deCn?a!ii!d .-1111 . tJ t3l a e 
Hlehls1o.-yperlods(J.ehlghei d,; Juven.Deg,eiiodu,td ~e, dwiJ 
adul thood) of the BALB/c ,r u,ie br:sllL O1u re111hs {w ll!£o 1ev.-J1lt!d th.at 
tli,,n! .-as no period dw · 111'! llis1 12 p()d1Aa18l "~"" .-1,ese nemo­
e;i,,s 'l'>3S sable 0\el <:>.tertda:I pe, lods deflnJ I f.,. ,J,iruy S1'1 el 

ro1n?!p di u,juve,I!le, adultandadlll LAge•e ted di!oea!it!s ht 
ne eaesls In the S\/Z and RMS have bees1 n!po,,i!d II"' 1~1y 
13boiatory mice ( En\\en! "' al, 2004; Luo .i .il .. 2( ·16; sl, '" "'' • I, 
2012: Mo~l~y d a l, 201 4}, laboni1ruy rat.s(C l►...11 ct JI.:., J}, the lan t 
Ai, ~ !81 (Olude d ,l, ~\114) aoo lOn! n!Oilnlly (lo,gs 
( I· d.-.L.J'Jo,.,"' .,l, 1l 1~1. lhe14! c•n!l31ed deae,ge~ J11 ,ieuro-

a-icsls In the SVZ a,td ltMS •e abobe .. 1 p,q> di<> be fw,ctl ,i!!lly 
hnlii!d to !lie ollactOiy dysfw1cll0i1 tl1a1 Is obsesva:I dud, agl 
(L ,,,.,~ e t al .. 2004 i The decrfftses l,1 newo.gene\ils 111 11,e SVZ aild 
ll."15 ~ hh a e an? tho Ju to be a a conseque,a of ebhe, u 
In II! l'leUJOl\ al Siem a!ll p,ollfes8!lon ( Kwu, .i .1, I , T ~I>" d I, 
1 -I?, L""'"' e t al. a. ~. 1 u,l .. , JI .• 2()0f>)OJ le 11 ... ru al' the a,]] 

~•cle ( Tu,1,q,e d J l , I ~n; \t,,,,_, "' ~I.. 20:. 4). lite decline In edl 
p,oli!era tlOJ1 obs .. ved lit dte SV'l and RMS h been reponed 10 be 
fel&ed lit pa,, 10 a n!d11t:1 ' In epld&mi!!l ,o ... 1h ( 10, ,.cepto. 

·GJ-11) s ignal I, , ill,,ob13SI ,owl!, facto, 2 ()'GF 2) a1td tm,L'lfwmJ 
,oi.,!t !oo a- (TGI'), sll o! ~It ' hha,e beeu s'ho ... n 10 d<!cl ,e .. 111, •e 

(J11· e l a l0 21>0J; Em,e,~ ~I ol, 20CH; Si,n e t ~I • .2( .: ). 'lltlr.9oe.nelm91 

Inf s of ~·Gr 2 OJ lie In blndl EGF In Ed ,od.ous w Jep<llrled 
10 ,e1101e s,n Md RMS new nuls 10 levels found In y roden~ 
O iu ~• , I., ZOOJ). hi addl!Jon, dtls ablU1y 10 ,es1,o,ld 10 e 
faoio, ell.S tl1a1 newo.ul szen oell:! 111 the S\'Z and R.MS e 
qule1oe,11 with a-gj, but rd3IJ1 !heh capoohy 10 t n ew 11em01t1 

.-lw,11app,op,fa1ely sllmul:m,d. l'wthern1on!, a e dle-jw,nde i,ethlfilOJ 
ll\ 1el01u .. aie actJvby Iha e also been Implicated hi e-,eJ31ed c!m.11 
,egulsilon of neu, ,ies:ts L1 die SV'l . wpu.J~• cl l .! 1 r,; ,icd 
1!131 lhe yow rod;,11 S\'Z aw, tal,l< hi lie, 1elo,t,;, ,a e aClllvlty 00,n 

pated tolhe ;adu.hs. b1i..esl.Jn ly, telometase acllvhy • ,s to lrlOJ 

p,olifer.ulon li!II~ 111 Ilic 'l (< -'t '" , .i a l , .iJ. :) . 

1,1 ll,e SGZ o/ !lie de,ume yros, a shl1ll31 ,eJ31loos 11• be!-.een age 
Oi Wle-llls .ory Sl.!lge aild ll1c 11w11bes of pm~ferarJ a,lls or lrumaicn! 
lli!WMI alJO obeen,ecl Slinlla, a e-,el edd1a ei h1h\;p p.91 
IIOl e,1e1ls were pn!\o!C)UjJy 1c,i>011..S In seven11l m nm l< 1clool 
l.9bo,ra10,y mloe (K,o,ie,J,.,,~ t'I JI ., 2006; N3d3 <'I 31. _)J , .. .. 11& Ice 
(A1<vd11 <! t a l, 2004), labo3to,y r31S (D13J)e.:lU "' a l, JJ .. •. _ ,i:.,, "' 

d JI,:!! '9 ) Afdcan 3JU r.m (Olude ~, ~I, :!llHI, mole ,au ( Am,~b 

et .JI, 2014) and Hllftl811S (J!, , cl J l , 20W). T e o, • Ned e• 
telfill!d fi!ducilOilS Jn neUJ e1esb In l),e destt;tle )'J1li could be fu:ite• 

UOi'-' DY ,data:! lo Ille !plllllal Jtli!Ul6iy de/lda o'lll1awd I\ 'ed an.l1t1.1Js 

( i,ul111 ~• al.. 19%; o,,.J ,..,1 t ~l. 200:1). 
Althau lhe a I ed\aJl.lsms · nd.!flyl •e·.n! ' led 1EdlldJo,u 

mj)31 ,.eUJ e I e,e l)OOI IJ ild'e,s1ood, 1 tew p, !ii!S 
ve bi!en 1 led 001. n,ese loclude a redootlo,1 ln clle ru;u,o,-,,,J !llem 

oeD pool, .edooed p,o]H..-mlon of newOIIO!I I Sl,io~ ~1. OJ pr rulOcr.I , 
,ed ed !ILINlval of neuronal Sli!J!'l oeD o r p, fol.ltru aJU! ,Erl 
,,ewo,1 ~,ieage c01t1u1l1Jt1e1,1 ( Lnc:u , ~, Jl, _ ii I). I. .,, cl JI. 
201 I) n,po,,lld dMslo1 CX>Upled co,1w1slonof 10113l Sl.,tl cells In.to 

Ill Ute tJocyles In Ille hJJ)J)O<:altlj>ltl of aged rode,u. 
Sever.11 faCllOJ~!l.llve beeu lropllcsted Ina ,..,el 1eddo-..rtri\lllil 

o/llJppoc 11pal natt eiesls an 1hco,1 glb000011JMI~ ,IMI Ill, 
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r.N 

80 
7D 

Jeo 
ii 511 
i«> 
:;;30 
iji:20 

10 
(I 

qi tt "-

~ 

Fial . 6 . 141atur..icro"3Ph• .ond gr,qiu slowi,.; 
eft.l:11ed ch.,m~ in th.e ntmber o f Ki b? If 
,_ C)ond DO. ir (ll & 0 ) <~J~ in tho ,n..-iar 

p cl fie SDb ,..,,ricul;a1 (SVZ..) ""d sub 

if"""-I" (SC.21 "'""" of the ll.Al.nJc mo111e 
brain. The n,mbe af lJ 67 ir Ctils ,!,ilJ!ly 
d.........i •-ilb •I" in the S\'2.a ) and SC.2. 
(C). S ilr..ibr ~•. DCX It a:lb d..,.,.,..d willt "i" 
1a theSVl" {B)andSG7 (I>). In e:di!igu,e.the 
pmtamia ,..,-•pa "'l'""""I lite Sll1!<! IJrain 
fT1ioD in the }"OU ... "" ( I - aid) and the 
a ldet (ll -i., aid) mrJI< med in 1h ~ 
1tdy.Salebo r in O = 20µn;aad 41J>ple to all 
pm tair..iaQGrJqia. Emir Im, carre,pand to 
1huarwml emir cllhe me.1111 (S1"'l ~ 

o 1 2 3 , s a 7 a • to 11 1•2 
Age (Weeks) 

I 1 2 3 4 5 8 7 8 9 10 11 12 

-'ge (Weeks) 

10 

70 
IO 

,! so 
!40 
~ 30 
11:21) 

10 
0 

60 ; 
30 ; 

0 

0 1 2 3 4 5 6 7 8 9 10 11 12 

Age(Weeks) 
0 1 2 3 4 5 II 7 8 9 10 11 12 

Age('Neek5) 

facU>is wd> a. 111 .. ulbt li h<! g,oMh ractot•I (l<'"d' 1i ~"Gl'-2 and •a.cula , 
..,,d" bellal g,owth racU>, (\rl::G H 

Cloc~ 0ttloold 1i!t:epto1sa re si 101 •lyex~• tl""tl,t u l< eelb 
or 1be hJJ>POC3 c1pus and In newrutal sie ,.J t d ls (G..,cJ• t i .J .. 2004 ). 
Ow htg 1be "3tly J)tltllt 1.11 p,!J lod, tode ms I ,., b.,,,,1 dw>"'u to c.Jhl>b 
~e, y low le-.eu or dcul.s tl ng gluoooo, lloold< ,.,c1 to bi! tebll,tly re­
s! U111 110 " "'~ ( S..1 •H) .. d 1.1 .... iey. 19SI\J. dli! ru.9 D . • lhls eai ly 
J)OSI r ta l pet loo I a ku aied "'ltb bljl,b le.e l;; o( hl~a pa l 
l!aJIOJ;d le:iti (B•yot, 1 'J.':; i ►'unhtt n•)l4'. p,e.iouJ SI e. h3ee sho" 
1h.t1g,h,cooo1llrold l•"'l.l na1w,i lly ,tse ,.•l11 loo"3.Su• J)t)tllJllil.3 l ~g•ln 
rodenis as !lie hyi,olltSJ,.,, -,,itullar)il I (HPA) a,d mature.s 
(.~•1<>U y, 1992; Dalm ,1 ~1- 2CXJ5) 1td 1ltl< ,Ju tnlncicl<S ,_i_h • ,.,_ 

di>C1l011 w 1.be mu,obl!t> of """ 'Y {C;u111'Jo1 .,J 
Gocl<l. 1994 , S.- IJ .11 -\t~I. 1995; ~:cl; d Ill . . 19%: C:.n"L" ••xi 
,!cKo) . 199'>).Tl"" HPA a.xb ,.,3lllti!<dwi •dol.smioe, lh.,n! l,y p,6-

v 11 • lrlrCfea9t!d le.tlsdglUCOC1>rtirolds"h ld!l "' 1leeffut.to11 
hl1,poa, mpal ,,e,1,ogenes · In aduh anlnM I (L>...p,~n e1 al .• ~ :H ). 
0>11 1>eJ~ ly, el l111lnotl011 or gli,roro1 !lrol~ ~ renitleaocty 11'>0"3.!l!S 
1,rollJet aLk)j\ ofneui0t I p,oget1 il0rt :111d fon 1111io1l d '"'" """'°'-is In 
the h.lppoc., 1opu.t ( 1;.1 c1 0 1u 1nd f.kK.1j' . 1999 : ~.t1,1J....Don d .a l ., 1999, 

i 
Gn>wlh rac10t OCH, FGF Zand VJ::Gr) l1>e1ea. e """101 l m,ru eel l 

p,1>llr•J>J llon h1 tl1e hl1>p~ampa l deJ, we gJ rus a,,d ti"' 00111:ei:IHILlon or 
llte9t! facto,s In set Wll or ex pre 1011 or ~It recep10,~ b1 ll,e bl ppc> 
c,, 1 bs~e u:p0t1•d lO be 1eduad In ad ults :nl :.i;ed nl ....,J 00tn• 
1>3 te_d lO ju\o!nlle a nlin als ( l..ll tt • l. ~'000: Jln .i • l . ~-X>3: 51'-<: 11} ~ • ~L 
.:-.,os;St.at El aL, a .J6J. h dduloll, ln113,et11rlcul& ltt!uslo11or lhecse 
101\ lh faaott ,.-e,-e ,.,po, 1 10 Ina ease 1,ewo •a>i!sls in tl,e o<luh o, 

Wppoca np (I.JI ..i .1.. _ ·u: J11> <I al .• ~Xb; w ei ~1. _ lb: 
IW c1 ,i l , ~'OU7). 

5. Conclusl_on 

Neu,og"""511 pe,t>l.,n 1.luou~,001 1.be ltfe-;hl310,~ I"" le s or 11,e 
BA IBfe ouowe Iii !lie :;ub ,au,lcub , "'°'"' or 1he b 1c."'I , a Hrlcle<, 
11>S1J-al ru fg.,.10,-y "1.1"10.1, o lfactory 'bulb, sub grouula, "°''" or ll>e 
der.iae Ill'*"-' a,,d tl;e ,,eo,,onu. ln • ddlI.lo1~ 1>e u:rog,,,.,. cecl b1e,; 
11>:lt-ply .. ttb ,,a1111,u.al age In tJw, 1,,.rl. RMS and SGZ or 1be IL\IB/ t 
IIIOUIS<! l>t~ln. Ahho1,g.h .,. 11 p,-olir, ,:, 11011 ,,..-slsts l11 11.e 1"c1wt1 ,.,d 

cere bellw,1 of tJ,e BAUl/t tto<>i.:s<!. 11 Is p,es w.,..bly rebied IO ll,e 
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$' ./ '9., 

<? 
Age group 

B 

80 
7D 

:Iii to 

''° f 40 

~30 
g 2D 

10 
D 

D 

F 

/n;xrr.mcn::IJ11111'r.l:l afDmri:pr.amlNo.am-ctai.a 7~ POl9J .10-4 7 

111..fll/S 

■ #',, /$ ,I' 
')4' '!i 

Age group 

HL-l~MS -· 
**fr 

,, .. * 

I -

■ 
l" /.t tl' 

')~ 

,., 
'!i 

Age group 

OBc-flJIIS 

*** 

*** 

Pig.7. Gr.ap,ial rqir~u .. ianof !ie li!e bisccry -• ed m,q;esinll,en erof ' ;(>I ir (A,C &I!) • DClC .- ( 11, D& P)0elbintherosDI~""'"'>' cf • 
lllll.B/ c mou .. lrrm. The rum rnf l(i 6? ir cells d,aea,,ed wi1h .t,·-,cing life ·,a«ys I>"" in ll1e\'l,R.\ (A) , tn. CO and Ollc RMS ). Srni ly. DOC ir 
cells ~ed wilh ad,-. ' qi; l l!• ·srary llt>=i in lhe\'L- ~!S ( , I (t)) Mid Olk ~!S ). l!mub.., """"'i'"'d c, ,lie mar, ( $ru, ... p c CL OJ. 

,od ucdoo of oe lla 

·n,ts WOJ "~ J)p t,,d y die SI\I - . 1h Af,Jc., ~lnl Relli! di 
PJ s,mie ( SSI\JRP} a,ld !lw! . IJ°""I Relli!ar-d1 Fe>Wld OA Ill'} 
,:in!! awar·ded 10 PJofes Mi I o Jhunwo. 

45 

cooruct of ln!uei,1 

Tbe s th & re no cooJl I of buee.1 

Aden owl~ IS 

we exp,ess (>UJ ltlOSI ee r.!!Ulude 10 M,s H . ldlll All , Dr Adli.11 
&it ,,.andJrt d P,ofe111<» P.9ul !&lger, of ll"" Scliool o{ A1131oot1I I 
ScleilCei, Ur\lvetslry of die Wb»me,srar,d fc,, !heir sl t.1uttt hh :an­
l~al p,rClli lons, eiaraCIJM of 1be bo-a!AS and lrnr!llioohl.r heanl,a,y. 
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Hg.&. GT.IJ!l1ic.al n;p""""'totion a l the lif•~i""")' so rd>ltd crumses in tho number of l(i6?i r c,,&C) ..,d DCX ir ( ll&D) oolb the S\'Z,und SGZ d 1 IIAJ.Jl/ c 
nt<XUebnin. 1'he nwrkr d lsi «J ira,Jbdecn-..,.,ed-..,~ha:h=cing life 'hi•arysr,ige mtheS\17.> (A) m SGZ (O . Sim.ihirly.00( ir cdh <m~ v.ith uh-:ucng 
.Iii:, hi<;i.a,y ""'Ii"' in ih• sv1 .. (11) aml SGZ (D). F..mw b""CO""'i'Ulld ti tl,e 11.o,ubrd enor d lhe ..-t ($EM).. n,p ~ O.OOO L 

We 11 lsoe,a;rndour O'jlll..oe to the U,u,e, ty ofWl1"'911!Mr-lllld0.>1131 

Ard ,11.1! S..1vlce lo, tli., ciue of the sol,.,als c!u,i, the e,pe, h n1<1 I 
pe, lod. 

111,fe:ltt>fu 

A.&.uollt:, J.A..LI . Y t.«-.S. \'t> ,.C1.,1.1e., ~L,&...0 ... 0c. 1:t \\: .. t.L..flL :xtl, R~&~ 
l,J,,:i !.J11a1o.;1c.t 1..:1~ .L' ,:..:i Jtr.n, i'u a u coi.u:li:i. rr1u..:.1 Rn· 9'.4,, 

A..'Z1Jdt1.. l _ ll«kl.A.S ... F.n;k.r,. >:1. H.l.Z"l \1.J W • .1.. -~W,WiU... L.Om:.iJJ.lt.A. 
\1: . 201,(_ Ad.!!: lf/t.Jl ·•~ ~ t'!'.I.:. J.a.l l:J L"i.LD.dila.J C ,r. • 1 ta' ~ !ul'"l/oXa.l'nj•..oi 

'llv'N- m.ll..:. ~i S: .de P.~. '".!CJ:~ a. 
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Jw.r1•~A- .Pr.A~,·. v. ::Yl~l BIi~ ua a&...°ioYl'I> .h1tJ\ 1..:1...!l: r.t..ll - bli.i,:u, 

e\ :,1.zh WU,.~ up J. :i lot ~ : "" -...-:~-.ta.1 .' .t ' . f-lf J. ~ L 3.!. 
..... (/7. 

l\n ~ l?UlH.:1t,wlJ• a.h:,tt1µr.~ • •"" · . ~lri ,;z.,:-,\!~ ""'. 
tt.1b. ~ '81.U.ti l\.."1. :,a, .1::)- ~ 

.8..'1f,. .. a, J.l'_CoaDludDejo :1,. ta l :. 1.."•-
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J!ol ilU• L'lJ,~ l:...J.Cdl -r-..i, ... J, i Y....,C&.-635. 
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