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ABSTRACT

This study investigated a wild and a captive-bred wild animal models to provide evidence that
adult neurogenesis occurs in the brain of the four-striped mouse (FSM) (Rhabdomys pumilio)
and common mole-rat (CMR) (Cryptomys hottentotus) and also estimate the total granule cell
number in the dentate gyrus (DG) of the hippocampus as a baseline for comparing cell
proliferation and cell death in the two species. Adult male four-striped mouse (n=6) and
common mole-rat (n=7) were used to investigate for cell proliferation, cell death and
immature neurons. The animals were anaesthetized and transcardially perfused with saline
followed by paraformaldehyde fixative (4% paraformaldehyde in 0.1 M phosphate buffer),
pH 7.4. Brains were removed and post fixed in the same fixative overnight. Following
equilibration in 30% sucrose in PB, the left hemisphere was cut at 50 um thickness, frozen
serial sagittal sections. Ki-67 immunohistochemistry was carried out to identify proliferative
cells and Doublecortin (DCX) staining for immature neurons. The right hemispheres of the
brains were plastic embedded and sections cut at 20 um, were subjected to Giemsa staining
for the estimation of total granule and pyknotic cell numbers in the dentate gyrus. Ki-67
immunostaining confirmed adult cell proliferation in the dentate gyrus (DG) of the
hippocampus of the four-striped mouse and common mole-rat. DCX immunopositive cells
confirmed presence of immature neurons in the DG of the hippocampus of four-striped mouse
and common mole-rat. There was no difference in the category of DCX positive cells
observed in the DG of four-striped mouse and common mole-rat as both were predominantly
in the postmitotic stage. The mean Ki-67 immunopositive cell number, an indication of cell
proliferation was 993.33 + 683.4 in the four-striped mouse and 190.83 + 209.51 in the
common mole-rat. The mean pyknotic cell number, an indication of cell death was 199.17 +
92.8 in the four-striped mouse and 227.5 + 108.77 in the common mole-rat. The estimated

total granule cell number in the dentate gyrus was between 1.3 x 10°and 2.0 x 10° in the four-



striped mouse and 0.6 x 10° and 1.1 x 10°in the common mole-rat. The Gundersen coefficient
of error was between 0.05 - 0.06 in the four-striped mouse and 0.05 and 0.078 in the common
mole-rat. The estimated total granule cell number in the four-striped mouse and common
mole-rat represents over a 50 times increase compared to the values reported from laboratory
rodents. Despite the larger brain size and body weight in the common mole-rat, the four-
striped mouse had about five times the number of cell proliferation rate. A statistically
significant higher cell proliferation rates and granule cell numbers were seen in the four-
striped mouse compared to common mole-rat (p < 0.03 and 0.00). There was no significant
difference in the immature neuron and pyknotic cell (p=0.43 and 0.70) respectively. The rate
of immature neurons and cell death was higher in the common mole-rat than in the four-
striped mouse. There was no significant correlation between cell proliferation, cell death and
Total granule cell number in both animals. Regression analysis did not yield any significant
relationship between these variables except between cell proliferation and cell death in

common mole-rat.

In conclusion, despite the complex burrowing system in the common mole-rat with associated
higher cognitive, learning and memory function, similar adult neurogenesis was found in both
four-striped mouse and common mole-rat. The cell proliferation and cell death does not have

any effect on the total granule cell number in the four-striped mouse and common mole-rat.
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1. CHAPTER ONE

1.0. INTRODUCTION

We have believed for generations that the adult brain does not create new brain cells but
that “a neuron lost is lost forever”. However, new neurons are continuously added
throughout life (Akers et al., 2014). Researches over the last four decades have produced
growing evidence that the adult human brain creates new neurons, a process known as
neurogenesis. Neurogenesis has been defined as the ability of brain cells to regenerate
themselves. Majority of these neurons tend to survive and incorporates into the working
brain, which suggests the potentiality for a self-healing brain. Brain cells that possess
regenerative abilities are called neural stem cells (Okano, 2002); these being self-renewing,
multipotent cells that normally generate the main phenotypic cells of the nervous system

namely neurons, astrocytes and oligodendrocytes (Taupin, 2006).

Through years of experimentation and observation, researchers have learned and described
how the diverse cells of the brain are produced. It is now well established that the adult
mammalian brain has the capacity to produce new neurons. Adult neurogenesis occurs
predominantly in two regions of the brain, the rostral subventricular zone (SVZ) of the
lateral ventricle and the sub-granular zone of the dentate gyrus (DG) of the hippocampus
(Kaplan and Hinds, 1977; Kaplan and Bell, 1984; Kempermann et al., 1997; Schauwecker,
2006). The new neurons produced in the SVZ migrate to the olfactory bulb (OB) via the
rostral migratory stream (Ming and Song, 2011; Bergmann et al., 2015). However, there is
a continuous addition of the new neurons in the striatum of humans but these new neurons
are not evident in humans’ OB compared to other mammals (Bergmann et al., 2015).
These cells are believed to participate in odorant identification, memory formation and
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social interactions (Ming and Song, 2011; Bergmann et al., 2015). In contrast to other
mammals, adult neurogenesis in the OB is absent in humans (Rochefort et al., 2002;
Bergmann et al., 2015). The new neuronal cells in the hippocampus are usually produced
in the subgranular region and gets incorporated in the granular layer (Kempermann et al.,
2002; Bergmann et al., 2015). These new cells are believed to be very important for brain

function and disease (Spalding et al., 2013; Bergmann et al., 2015).

The concept of adult neurogenesis began as early as 1912 when scientists discovered that
mitotically active cells reside in the mammalian central nervous system throughout life
(Watts et al., 2005). In the 1930s and 1940s, cytological investigations revealed the
presence of these cells in the postnatal and adult rodent brain (Alvarez-Buylla and Garcia-
Verdugo, 2002; Lennington et al., 2003). In 1965, Joseph Altman and colleague reported
that adult neurogenesis occurs in discrete areas such as the dentate gyrus (DG) of the
hippocampus and lateral wall of the subventricular zone (SVZ) of the adult brain in rodents
(Watts et al., 2005). These discrete areas, DG and SVZ, were referred to as the potential
sites (Ihunwo and Pillay, 2007). Other neurogenic or non-neurogenic regions with
neurogenic potentials are striatum (Bergmann et al., 2015), substantia nigra (Zhao et al.,
2003), third ventricle (Xu et al., 2005), spinal cord (Temple and Alvarez-Buylla, 1999),
amygdala (Bernier et al., 2002), cerebral cortex (Takemura, 2005; Olaleye, 2011),
olfactory bulb (Gritti et al., 2002; Bergmann et al., 2015) and dorsal vagal complex
(Moyse et al., 2006). With the advent of new methods for labelling and identifying
dividing cells, (e.g. Bromodeoxyuridine (BrdU) labelling, retroviral labelling and confocal
microscopy), investigators have since confirmed the findings of Joseph Altman and the
fact that adult neurogenesis also occurs in all primates, including humans (Watts et al.,
2005). Several studies have shed light on adult neurogenesis in both laboratory and wild

animals (Amrein et al., 2011). The concept of adult neurogenesis is now widely accepted
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by the scientific community (Kaplan and Hinds, 1977; Kaplan and Bell, 1984,
Kempermann et al., 1997; Alvarez-Buylla and Garcia-Verdugo, 2002; Lennington et al.,
2003; Zhao et al., 2003; Takemura, 2005; Watts et al., 2005; Luzzati et al., 2006;
Schauwecker, 2006). Amrein et al., (2004a) compared the rate of adult cell proliferation in
the DG of different species of wild and laboratory rodents and reported a high level of
proliferation rate in wild animals than laboratory animals. Hence, adult cell proliferation is
believed to play a major role in spatial memory and learning (Amrein et al., 2007). Hence,
the need for the study of adult hippocampal neurogenesis in both captive bred four-striped
mouse and wild caught common mole-rat. This is necessary to have a broad understanding
of the newly proliferated cells in the dentate gyrus (DG) in proportion to cell death using
total granular cell number of the DG as a reference point to enable the understanding of

correlative assessment of cell survival in relation to cell death.

1.1.  Objectives of the study

1.1.1. Main objective

To compare cell proliferation, cell death and total granule cell number in the dentate gyrus
in the hippocampus of the four-striped mouse (Rhabdomys pumilio) and common mole-rat

(Cryptomys hottentotus).

1.1.2. Specific objectives

l. To estimate the number of Ki-67 positive cells in the dentate gyrus of the
hippocampus in the four-striped mouse and common mole-rat.
Il. To estimate the pyknotic cell number in the dentate gyrus of the hippocampus

in the four-striped mouse and common mole-rat.



VI.

1.2.

To categorise the DCX positive neurons in the DG of the hippocampus in the
four-striped mouse and common mole-rat.

To estimate the total granule cell numbers in the dentate gyrus of the
hippocampus in four-striped mouse and common mole-rat using stereological
principle of the optical fractionator.

To correlate cell proliferation with cell death and the estimate of total granule
cell number using Ki-67 positive cell and pyknotic cell numbers.

Compare the results between four-striped mouse and common mole-rat with

reports in other laboratory and wild rodents.

Limitation of the study

Plastic embedding technique was quite tenacious hence reduced the sample size by
cracking upon sectioning on the microtome.

The number of four-striped mouse and common mole-rat (n+6) was a limiting
factor in the analysis of the stereological values of estimated total granule cell and

statistical numbers obtained for cell proliferation and cell death.



1.3.  Literature review

Adult neurogenesis is a complex process involving four stages; proliferation, survival,
differentiation and functional integration of new cells into the hippocampus (Plumpe et al.,
2006; Bordiuk et al., 2014). Neurogenesis has been reported in the mammalian brain of
rats (Merrill et al., 2003; Amrein et al., 2004b), mice (Amrein et al., 2004a; Hauser et al.,
2009; Olaleye, 2011; Olaleye and Ihunwo, 2014), tree shrews (Gould et al., 1997), guinea
pigs (Altman and Das, 1967), rabbits (Gueneau et al.,, 1982), cats (Wyss and
Sripanidkulchai, 1985), monkeys (Rakic and Nowakowski, 1981; E. Gould et al., 1999a;
Kornack and Rakic, 1999; Rakic, 2002) and humans (Eriksson et al., 1998; Spalding et al.,
2013; Bergmann et al., 2015). It is low or absent in bats (Amrein et al., 2007).

The cellular and molecular mechanisms that regulate adult neurogenesis remain unclear
(Schauwecker, 2006). However, the process is believed to be modulated by a variety of
factors (Grote and Hannan, 2007) including glutamate receptor activation (Cameron et al.,
1995; Gould et al., 1997; Cameron et al., 1998; Bernabeu and Sharp, 2000), dietary
restriction (Lee et al., 2000; Lee et al., 2002a; 2002b), growth factors (Palmer et al., 1995;
Scharfman et al., 2005), stress (Brunson et al., 2005; Nichols et al., 2005) and neuronal
injury (Parent, 2003; Cooper-Kuhn et al., 2004). Enriched environments (Kempermann et
al., 1997), running wheel exercise (van Praag et al., 1999), hippocampal-dependent
learning (Gould et al., 1999a), and dietary restriction (Lee et al., 2002b), all increase
neurogenesis in the adult hippocampus, while Stress (Gould et al., 1997, 1998) and social
isolation (Lu et al., 2003; Lievajova et al., 2011) reduces neurogenesis. Albeit, Hauser et
al., (2009) reported that running does not have an effect on adult hippocampal cell
proliferation. Even though estradiol alter hippocampal neurogenesis in the adult female
rodents, a decrease in hippocampal neurogenesis do not always correlate with the

development of learned helplessness in male rats (Vollmayr et al., 2003; Pawluski and



Galea, 2006). Learned helplessness which is the maladaptive refraining displayed by
animals and people resulting from skill with irrepressible actions (Seligman and Peterson,

2001).

Likewise adult neurogenesis occur in primates (Gould et al., 1999b; Bernier et al., 2002;
Rakic, 2002) and humans (Eriksson et al., 1998; Spalding et al., 2013; Bergmann et al.,
2015). The concept of adult neurogenesis is now widely accepted in the scientific
community (Kaplan and Hinds, 1977; Kaplan and Bell, 1984; Alvarez-Buylla and Garcia-
Verdugo, 2002; Lennington et al., 2003; Zhao et al., 2003; Takemura, 2005; Watts et al.,
2005; Luzzati et al., 2006). Recently the presence of adult hippocampal neurogenesis has
been reported in over seventy mammalian species from thirteen different taxonomy
(Patzke et al., 2015). Table 1 below shows a list of some strains of rats and mice
investigated to date. All species differ significantly in the rate at which new cells are

continuously added to the DG (Amrein et al., 2004b).



Table 1.1: List of some strains of rats and mice investigated to date.

Rodent

Rats

Sprague- Dawley
Wistar

Fisher 344
Mice
CD1

C57BL/6

Al

BALB/ c

C3H/ H3J

DBA/ 2]

129/ SVJ

Albino

FVB/NJ

Wood mouse
Four-striped mouse

Common mole-rat

Site

11 VEN, SN
DG, CTX

SEP/STR

DG, SC

SN, DG, SGZ

SGZ

SGZ

SGZ

SGZ

DG

OB

DG

DG

DG, SVZ, OB, SN

DG, SVZ, OB, CTX, SN

Reference

Frielingsdorf et al., 2004; Xu et al., 2005
Seaberg and van der Kooy, 2002;
Takemura, 2005

Palmer et al., 1995

Weiss et al., 1996; Kempermann et al.,
1997; Seaberg and van der Kooy, 2002
Kempermann et al., 1997; Zhao et al.,
2003; Schauwecker, 2006

Kempermann and Gage, 2002
Kempermann et al., 1997

Kempermann et al., 1997

Kempermann et al., 1997

Kempermann et al., 1997

Gritti et al., 2002

Schauwecker, 2006

Hauser et al., 2009

Olaleye, 2011; Olaleye and Ihunwo, 2014
Olaleye, 2011

Key: OB, olfactory bulb; DG, Dentate gyrus; SN, Substantia nigra; SC, Spinal cord;
SEP\STR, Septum and Striatum; CTX, Cerebral Cortex; Il VEN, Third ventricle; SGZ,

Subgranular zone.



1.4. Stem Cells and their characteristics

Stem cells are cells that can divide to give rise to a new copy of itself and at least on other
specialized cell type (Mummery et al., 2011). Stem cells can self-renew and differentiate
or specialize (Ihunwo and Pillay, 2007; Mummery et al., 2011). Stem cell characteristics
such as undifferentiating, proliferation, self-maintenance and differentiation vary in
different physiological systems and it is still debated as to whether stem cells in the CNS
adhere to all these criteria (Ihunwo and Pillay, 2007). A stem cell differs from progenitor
cells in two essential ways: they are multipotent and self- renewing. There are embryonic,
foetal, and adult types of stem cells that can also be grouped into three categories:
totipotent, pluripotent, and multipotent cells (Hou and Hong, 2008). The totipotent cells are
stem cells that have the ability to give rise to a whole organism, pluripotent stem cells can
give rise to all body cell types (e.g. embryonic stem cells) and multipotent stem cells give

rise to only some specialized cells (e.g. adult neural stem cells).

1.5.  Adult neural stem cells

Adult neural stem cells are found in the adult mammalian brain including humans. They
are predominantly found in the rostral subventricular zone lining the lateral ventricle and
part of the dentate gyrus of the hippocampus called the sub-granular zone (Lennington et
al., 2003; Taupin, 2006). New neurons are continually born in these two places throughout
adulthood (Lennington et al., 2003); but adult neurogenesis also occurs in other areas of
the brain such as the septum and striatum, walls of the third ventricle, spinal cord,
amygdala, cerebral cortex, olfactory bulb and the subcortical white matter (Reynolds and
Weiss, 1992; Zhao et al., 2003; Luzzati et al., 2006). The discovery of neurogenesis and
neuronal replacement in the adult brain is likely to affect the ways in which we think about

neurological diseases such as Parkinson’s and Huntington’s diseases and neuronal repairs
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(Schauwecker, 2006; Abdipranoto et al., 2008; Bordiuk et al., 2014; Bergmann et al.,
2015). The discovery of adult neuronal stem cells strengthens the hope that there will be
therapeutic benefits (Jun et al., 2012; Latchney and Eisch, 2012). Glutamate receptor
activation (Cameron et al., 1995; Gould et al., 1997; Cameron et al., 1998; Bernabeu and
Sharp, 2000), dietary restriction (Lee et al., 2000; Lee et al., 2002a & 2002b), growth
factors (Palmer et al., 1995; Kempermann et al., 1997; Scharfman et al., 2005), stress
(Brunson et al., 2005; Nichols et al., 2005) and neuronal injury (Parent, 2003; Cooper-
Kuhn et al., 2004) are believed to modify adult neurogenesis. However, the cellular and
molecular mechanisms that control adult neurogenesis remain uncertain (Schauwecker,

2006).

1.6.  Established neurogenic sites

The subventricular zone (SVZ) (Fig 1) is considered the largest active neurogenic site in
the brain (Schauwecker, 2006). Studies have shown the SVZ to be a source for cortical and
subcortical neurons (Alvarez-Buylla and Garcia-Verdugo, 2002; Watts et al., 2005). The
SVZ has two precise layers of cells: the first is a monolayer of multiciliated cells lining the
lateral ventricle called the ependymal layer; and the second layer is a 2-3 cell layer thick
area adjacent to the ependymal layer called the subependymal layer. The SVZ neuroblast
cells migrate a long distance to the olfactory bulb through a network of interconnecting
pathways that become confluent at the rostral margin of the lateral ventricular wall to form

the rostral migratory stream (RMS) (Watts et al., 2005).

Neurogenesis persists in the adult subgranular zone in the dentate gyrus (DG) of the
hippocampus, which generates neural precursor cells that exhibit stem cell properties
(Eriksson et al., 1998; Taupin, 2006; Bordiuk et al., 2014; Bergmann et al., 2015). In the

rodent DG, as many as 9000 neuronal cells are produced everyday, contributing 0.01% of
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the granule cell population per day (Cameron and Mckay, 2001). Most of these cells
undergo apoptosis with only a restricted number of cells that go on to mature (Biebl et al.,
2000). The matured cells can survive for an extended amount of time, and this may lead to
a permanent replacement of cells (Taupin, 2006). Hippocampal neurogenesis occurs over
the lifetime of a mammal and it appears to maintain normal hippocampal function of brain
tissues (Eriksson et al., 1998; Cameron and Mckay, 2001). There is now evidence of adult
neurogenesis in the subventricular zone and dentate gyrus of the four-striped mouse (FSM)

and common mole-rat (CMR) (Olaleye, 2011; Olaleye and Ihunwo, 2014).
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Figure 1.1 A sagittal section of an adult rodent brain showing the different regions of the brain.
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A schematic diagram of the saggital section of the rat brain showing the different regions of the brain. Drawing modified from Paxinos and
Watsons, (2006) 5" ed. DG- dentate gyrus, SVZ-subventricular zone, SN-substantia nigra, Hipp- hippocampus, OB- olfactory bulb.
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1.7.  Other Adult Neurogenic Sites

Adult neurogenesis does not only occur in the SVZ and the DG of the brain but also in
other areas of the mammalian central nervous system (Reynolds and Weiss, 1992; Ihunwo
and Pillay, 2007; Olaleye, 2011; Olaleye and lhunwo, 2014). Fibroblast growth factor
(FGF) was reported to stimulate proliferation of neuronal progenitors in the septum and
striatum in rodents (Palmer et al., 1995). The hippocampus and SVZ vyield more
established colonies and a larger number of progenitors than the septum and striatum. The
substantia nigra pars compacta (SNPC) is another region where adult neurogenesis is said
to be present as evidenced by the slow turnover of dopaminergic projection neurons in the
adult rodent brain (Zhao et al., 2003). However, no new dopaminergic neurons in the adult

mammalian SNPC was found (Frielingsdorf et al., 2004).

Evidence provided by (Bernier et al., 2002) indicates that neurogenesis is present in the
amygdala and surrounding cortex of adult monkeys with the occurrence of a temporal
migratory stream (TMS), in addition to the RMS. From reports of multipotent stem cells in
more caudal regions of the neuroaxis such as the spinal cord (SC), it has become clear that
stem cells are present in all parts of the central nervous system (CNS) (Weiss et al., 1996;

Temple and Alvarez-Buylla, 1999).

1.8.  Non- Neurogenic Regions with Neurogenic Potential

Adult neural stem cells reside in regions considered to be non-neurogenic, such as the
cerebral cortex (Pagano et al., 2000; Gritti et al., 2002). Takemura, (2005) provided
evidence that active neurogenesis persists within the white matter beneath the temporal
neocortex (a previously overlooked neurogenic region) in the adult rat brain and detected

the evidence of neuron production within the subcortical white matter. Olaleye, (2010) also
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confirm the presence of immature neurons in the cortical regions of the common mole-rat.
From these results, cell genesis, death, and migration persist in a restricted sub-region of
the adult white matter. Arsenijevic et al.(2001), showed that multipotent precursor cells
exist in the adult human cerebral cortex and Moyse et al. (2006) confirmed neurogenesis in
the dorsal vagal complex of the brain stem of rat (a major center for autonomic reflexes).
Ihunwo and Pillay (2007) provided a detail review of active and potential neurogenic sites

in the adult mammalian brain (Table 1).

Table 1.2: A summary of sites of neurogenesis in adult mammalian brains (from Ihunwo
and Pillay, 2007).

Site Svz DG SEP\ SN I SC AMG CTX OB\ DVC
STR VEN RE

Rats * * * * * * *

|V|IC€ * * * * * *

Rabbits * * *

Human * * * *

Squirrel * * *

Monkeys

Macaque * * * *

monkey

Key: SVZ, subventricular zone; DG, Dentate gyrus; SEP/ STR, Septum and Striatum; SN,
Substantia nigra; 111 VEN, Third Ventricle; SC, Spinal Cord; AMG, Amygdala; CTX,
Cerebral cortex; OB/ RE, Olfactory bulb, DVC, Dorsal VVagal Complex.
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1.9. Correlation of cell proliferation, cell death and total granule cell number in

the dentate gyrus of hippocampus

Kempermann et al. (1997) investigated four different strains of laboratory mice (Table 1.2)
and concluded that adult hippocampal neurogenesis is differentially influenced by the
genetic background of the species. Amongst these species, proliferation was highest in
C57BL/6 and survival rate of newborn cells was highest in CD1. However, no significant
differences in the relative ratio of neurogenesis and gliogenesis were observed in the
dentate gyrus of the FVB/ NJ and C57L/ 6J strains of mice (Schauwecker, 2006). Olaleye
(2010), provided evidence that in the four-striped mouse the other potential sites observed
were striatum, substantia nigra, olfactory bulb and in the common mole-rat, striatum,
substantia nigra, olfactory bulb cerebral cortex depending on the cell proliferation markers
that were used. However, the correlation of the rate of cell proliferation, cell death and
total granule cell number is the focus of this study. The same correlation was applied to

common mole-rat.

Adult cell proliferation is believed to be balanced by cell death to maintain a constant
number of cells within the dentate gyrus (Amrein et al., 2004a; Bordiuk et al., 2014),
though it was reported that granule cell numbers does not increase under a laboratory
setting (Rapp and Gallagher, 1996; Rasmussen et al., 1996; Merrill et al., 2003). It was
reported that there is a down regulation of cell proliferation in different strains of
laboratory rodents (Kuhn et al., 1996; Gould et al., 1999a &1999b; Lichtenwalner et al.,
2001), primates (Gould et al., 1999b) and bats (Amrein et al., 2007) providing the need to
quantify the number of pyknotic cells (Amrein et al., 2004a). Accordingly, there is need to
quantify granule cell in the adult mammalian hippocampus (Amrein et al., 2004a & 2004b;

Hauser et al., 2009). It is believed that granule cell quantity does not increase with age
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(Rapp and Gallagher, 1996; Rasmussen et al., 1996; Merrill et al., 2003) which causes
adult cell proliferation to be regulated by cell death (Amrein et al., 2004a). Conclusively,
there is down-regulation of cell proliferation and cell death in laboratory rats (Kuhn et al.,
1996; Gould et al., 1999b; Lichtenwalner et al., 2001) and bats (Amrein et al., 2007)
concurrently. Arguably, cell proliferation can lead to an increase in granule cell number
(Amrein et al., 2004a; Bordiuk et al., 2014; Bergmann et al., 2015) which is species and

age specific (Kempermann et al., 1997).

Presently, there is no correlation between cell proliferation, cell death and total granule cell
number in the four-striped mouse (Rhabdomys pumilio) and the common mole-rat
(Cryptomys hottentotus). The granule cell layer is the final destination of the surviving
proliferating cells (Ki-67) from the subgranular layer. In the process of migration and
maturation, some cells undergo cell death (pyknotic cells). Therefore, the estimated
granule cell number becomes a baseline to compare the relationship between cell
proliferation and cell death in the four-striped mouse and common mole-rat. Herein lies the
significance of this study with confirmation of presence of adult hippocampal neurogenesis
in the four-striped mouse already established (Olaleye and Ihunwo, 2014) and in the

common mole-rat (Olaleye, 2011).
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2. CHAPTER TWO

2.0.  Materials and Methodologies

2.1.  Experimental Animals

Six adult four-striped mouse and seven male adult common mole-rat were used for the
study. The animals were treated and used according to the University of the Witwatersrand
Animal Ethics and Screening Committee (AESC Clearance No: 2007/45/03) guidelines.
The four-striped mice were captive reared at the Central Animal Service (CAS) Unit of the
University of the Witwatersrand, Johannesburg, South Africa but had wild caught
ancestors. The common mole-rats were wild caught from a golf course in Pretoria, South
Africa and transported to the CAS at the medical school of the University of the
Witwatersrand. All animals used were classified as adults based on their body weight,
dentition and sexual maturity. They were kept under standard laboratory conditions with a
14:10 hourly light-dark cycle with lights on at 6 am in the morning for the four-striped
mouse and 12 hourly light and dark for the common mole-rat. Room temperature was
between 20-24 °C and 30 %- 60 % relative humidity. A 40 X 12 X 25 cm (length, height
and width) Labotec cages (Labotec, Halfway House, South Africa) with saw dust or wood
waste shavings as litter and hay as nesting material was used to house these animals.
Experimental animals were maintained under standard laboratory conditions and fed
laboratory pellets/ chow and water ad libitum. The animals were allowed to acclimatize for

three weeks before they were sacrificed.
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2.1.1. Four-striped mouse (Rhabdomys pumilio)

The four-striped mouse belongs to the kingdom Animalia; phylum is Chordata in the class
of Mammalia and in the order of the Rodentia. Its family is Muridae and genus is
Rhabdomys. They are widely distributed in Southern Africa, occurring in different
habitats, such as grassland, marsh, forests, semi- deserts and deserts (Schradin and Pillay,
2004). The four-striped mice, Rhabdomys pumilio, are small diurnal murid rodent that are
usually found in colonies. It is easily identified by the four distinct dark longitudinal stripes

running the length of the back (Figure 2.1).

Figure 2.1 Photograph of the four-striped mouse (Rhabdomys pumilio) by Selvakumar.

Internet accessed 12 June 2010.

Unlike most rodents, the four-striped mouse displays a diurnal bimodal activity pattern
with its activities mainly in the mornings and evenings. It has a reduced activity in the
afternoon or midday period. It is an omnivorous animal and has the ability to survive
without water provided its diet contains a minimum of 15% water in it (Willan and

Meester, 1989). It has an extreme plasticity in habitat preference which gives the reason for
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it widespread distribution throughout Southern Africa (Rambau et al., 2003). Colour of the
stripe varies from dark brown to grey-white. The four-striped mouse have a body mass
ranging from 40-80 g (Maini, 2003; Schradin and Pillay, 2004) and a small brain with an

average mass of about 0.64 g (Schradin and Pillay, 2004).

It breeds seasonally usually from spring to autumn (Schradin and Pillay, 2003). Their
gestation period is 22-23 days. Their females, that are free-living, give birth to
approximately five pups: captive females have slightly larger litter 6-7 (Pillay, 2000). Their
pups begin to consume solid food at ten days after birth and leaving their nest from twelfth
day after gestation. Weaning starts at around the sixteenth day after birth. Sexual maturity
is reached at around fifth to sixth week of life (Schradin and Pillay, 2004; Brooks, 2009)
which depends on environmental and social factors as well as its development status

(Pillay, 2000).

The four-striped mouse has a flexible social organization and mating system which is
controlled mainly by resource availability and population density. In the arid habitat, they
can be described as territorial, group-living and solitary foragers that display bi-parental
care (Schradin and Pillay, 2005). In mesic, grassland habitats and semi-succulent thorny
scrub, four-striped mouse are solitary, with their females raring their offspring on their
own. Both sexes maintain their territory which overlaps their opponent’s (Schradin and
Pillay, 2005). In captivity, males from both mesic and xeric populations display parental
care. Four-striped mouse from the southwestern regions of southern Africa are slightly

larger than the northern regions.
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2.1.2. Common mole-rat (Cryptomys hottentotus)

The common mole-rat belongs to the kingdom Animalia; phylum is Chordata in the class
of Mammalia and in the order of the Rodentia. Its family is Bathyergidae and genus is
Cryptomys. The common mole-rat, Cryptomys hottentotus, (Figure 2.2) is a burrowing
rodent that is found in Africa, mainly in southwest Cape Province in South Africa. Also
found in other parts of Africa like Lesotho, Malawi, Mozambique, Swaziland, Tanzania,
Zambia and Zimbabwe. They have a reduced visual function. They have an average body
length of 10.5-16.5 cm with tail length of 1.2-3.8 cm. It has a thick fur with many different
colours. Their body shape is cylindrical with short limbs. They have a chisel-like incisor
that is used for digging (Bennett and Faulkes, 2000; Bruening and Bruening, 2001). They
have an average body mass of 120.5 g, and a brain mass on average of 1.26 g (Sims et al.,
1980). They have a unique characteristic of having one reproductive pair, consisting of the
largest female and male in one group. Mating occurs between the months of September
and October They breed seasonally (October—January), the gestation period is about 81
days with 2-5 litters. They dwell in small colonies (up to 14 individuals) that are comprised
of breeding female, her consorts, and their non-breeding offspring (the workers). Common
mole-rat reaches sexuality at about 450 days. Females maintain reproductive function

during non-reproductive months.

Common mole-rats are fossorial mammals that can live in wide range of substrates. They
are herbivorous. They are wide spread and they show a sign of localization due to soil
requirements. Their pattern of borrowing optimizes their access to food whereas it has a
negative economic impact to man in that it damages properties but also improves soil

drainage and turnover as a positive view.
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Common mole-rats have the ability to generate their own heat and keep their body
temperature above ambient temperature, which gives them an added advantage to survive
any weather. They have lower individual body masses in arid environment that helps with
energy conservation. They also have long sensory hairs, vibrissae, which stand out from
their fur covering their body. Common mole-rats are social creatures that live in family
units of up to 14 per group. They exhibit specialized behaviour and cooperative care of the
young. The younger ones are like to-be workers and older ones may be casual workers. As

casual workers, they burrow and store forages most of the time. The oldest are breeders.

Even though the exact age of the four-striped mouse is known, nothing about the age of
common mole-rat was known because they were caught from the wild. Weight and wear in

the dentition of the common mole-rat are criteria used to classify it as an adult.
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Figure 2.2 Photograph of the common mole-rat (CMR) Klaus Rudloff (2011). Internet

accessed on 19tth of June, 2014.
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2.2.  Markers for cell Proliferation

There are two main classes of markers used to label proliferating cells: exogenous and
endogenous markers. Endogenous markers are molecules that the cell expresses during the
progression of the cell cycle, which correlates with the duplication of its DNA or with the
mitotic division while exogenous markers were injected, they bind to DNA in vivo and
may produce DNA mutations. These types of marker have been widely used in the study of

adult neurogenesis. One of the endogenous markers used in this study is Ki-67.

Doublecortin (DCX) is a protein that is linked with neuronal differentiation that
functionally has been associated with immature cell relocation which includes
synaptogenesis. DCX is a microtubule that is associated protein expressed by neuronal
precursor cells and immature neurons in embryonic and adult cortical structures (Plumpe et
al., 2006). DCX is used as a confirmatory staining for new neurons in the dentate gyrus of

the hippocampus in this study.

2.2.1. Ki-67 marker

Ki-67 is an endogenous proliferation marker, which reacts with a nuclear antigen. Ki-67 is
expressed in all proliferating cells in all the phases of the cell cycle except in the resting
phase (Go) (Gil-Perotin et al., 2009). In Gi, Ki-67 is predominantly localized in the
perinucleolar region and also found in nuclear matrix in the later phases (Gerdes, 1990).
Ki-67 is thought to be involved in the maintenance of cell proliferation however its exact
mechanism for function is unknown. Due to these facts, it is considered an important
marker for evaluation of tumour diagnosis and prognosis. Ki-67 labels the nuclei of

proliferating cells.
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2.2.2. Doublecortin (DCX) marker

Doublecortin (DCX) is expressed in migrating neurons throughout the central and
peripheral nervous system during embryonic and postnatal development (Gleeson et al.,
1999). DCX co-assembles with brain microtubules, and recombinant DCX stimulates the
polymerization of purified tubulin. Over expression of DCX in heterologous cells leads to
a dramatic microtubule phenotype that is resistant to depolymerization. Therefore, DCX,
likely directs neuronal migration by regulating the organization and stability of
microtubules (Gleeson et al., 1999). Doublecortin is a phenotypic marker which stains the

cytoplasm and processes of immature neuronal cells (Lu et al., 2003).

2.3.  Tissue processing

Animals were euthanased with sodium pentobarbital (Euthanaze, i.p. 80 mg/kg) and
transcardially perfused with 0.9 % cold saline (4 °C) followed by 4 % paraformaldehyde in
0.1 M Phosphate buffer (PB). Brains were then carefully removed from the skull, weighed
and post-fixed in 4 % paraformaldehyde in 0.1 M PB, then allowed to equilibrate in 30 %
sucrose in 0.1 M PBS. The left hemisphere of the brains were then kept frozen in dry ice
and sectioned frozen using a sliding microtome in the sagittal plane at 50 pum section
thickness covering the complete brain. Subsequently, sections were placed in vials
containing cryoprotectant solution (CPS). A one in five series of sections were stained for

Ki-67 (Proliferating) and DCX (Immature neurons).

2.3.1. Ki-67 immunohistochemical staining

Sections were washed 2 times for 10 minutes in PBS and then rinsed with tris-buffer saline
triton-X (TBST) once for 5 minutes under gentle shaking at room temperature. The

sections were then treated for 40 minutes at 94 °C (in water bath) in citrate buffer pH 6.1
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diluted with distilled water (1:10) for anti-gene retrieval. Sections were then allowed to

cool down on the bench to room temperature for 20 minutes.

Sections were then washed in TBST 2 times for 5 minutes under gentle shaking and
transferred into blocking solution, 5 % normal goat serum (NGS) in TBST for 30 minutes.
Tissues were then transferred into primary antibody, NCL-Ki-67 (Novocastra, Wetzlar,
Germany; 1:5000) in TBST supplemented with 2 % bovine serum albumin (BSA) and 2 %

NGS overnight under gentle shaking at 4° C.

On the following day, tissues were brought out and left on the bench for 30 minutes to
equilibrate to room temperature under gentle shaking. The tissues were then washed 3
times for 10 minutes in TBST under gentle shaking at room temperature. Secondary
antibody was then applied, biotinylated goat- anti- rabbit (Vector lab, CA, USA; 1:250) in
TBST supplemented with 2 % NGS for 60 minutes at room temperature. Tissues were then
washed 3 times for 10 minutes in TBST. AB Complex (ABC) reagent (Vector lab, CA,
USA; 1:100, A and B) was then applied for 40 minutes at room temperature under gentle
shaking. After that, sections were then washed in TBS 2 times for 15 minutes under gentle
shaking at room temperature. Tissues were then washed in TB pH 7.6 two times for 10
minutes under gentle shaking at room temperature. They were then pre-incubated in the
dark for 30 minutes with 3, 3’-diaminobenzidine (DAB) solution, 0.5 mg/ml, in TB 7.6
under gentle shaking at room temperature using 2 ml per vial. 35 pl of 0.5 % H,0, was
then added to each vial and mixed very well to develop under visual guidance until a
strong nuclear staining was observed. Reaction was then stopped by washing sections in
TB pH 7.6 3 times for 10 minutes under gentle shaking at room temperature. Tissues were

then washed in PB and mounted onto 0.5 % gelatinized slides and air-dried overnight.
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They were then dehydrated in a graded series of alcohols, cleared in xylene, and

coverslipped with Entelan.

2.3.2. Doublecortin (DCX) immunohistochemical staining

Sections were washed 2 times for 10 minutes in PBS and then rinsed with TBST once for 5
minutes under gentle shaking at room temperature. Sections were then treated with

blocking solution, 5 % normal rabbit serum (NRbS) in TBST for 30 minutes.

Tissues were then transferred into primary antibody DCX (Santa Cruz biotech, CA, USA;
1:400) in TBST supplemented with 2 % BSA and 2%NRbS overnight at 4 °C under gentle

shaking.

On the following day, tissues were brought out and left on the shaker to equilibrate at room
temperature followed by a 3 times 10 minutes wash in TBST under gentle shaking at room
temperature. Secondary antibody, biotinylated rabbit-anti-goat (Vector lab, CA, USA;
1:250) in TBS supplemented with 2% NRDS for 60 minutes at room temperature under
gentle shaking was then applied. After that, sections were washed 3 times for 10 minutes
each under gentle shaking at room temperature. Thirty minutes prior to the time of use,
ABC reagent in TBS (1:100, A plus B) was applied to the tissues for 40 minutes at room
temperature under gentle shaking. Sections were then washed in TBS twice at 15 minutes
each under gentle shaking at room temperature followed by washing in TB (pH 7.6) two

times for 10 minutes each.

Section were then pre-incubated in DAB solution, 0.5 mg/ml in TB (pH 7.6) by using 2 ml
per vial for 30 minutes in the dark under gentle shaking at room temperature. 35 pl of 0.5
% H,0, was added to each vial and mixed very well and allowed to develop under visual

guidance until strong nuclear staining appears within the rostral migratory stream. The
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reaction was stopped by washing sections in TB pH 7.6, 3 times for 10 minutes each under
gentle shaking at room temperature. Tissues were then washed in PB and mounted onto
0.5% gelatinized slides and air dried overnight. They were then dehydrated in a graded

series of alcohols, cleared in xylene and cover slipped with Entelan.

2.3.3. Plastic Embedding Technique

The right hemisphere of the brains of the four-striped mouse (Rhabdomys pumilio) and
common mole-rat (Cryptomys hottentotus) was embedded in glycolmethacrylate
(Technovit 7100, Kulzer GmbH & Co, Wertheim, Germany) in accordance with the

manufacturer instruction and as described (Ajao et al., 2010; Ihunwo and Schliebs, 2010).

1. Fixation of the brain in 4% paraformaldehyde

2. The brain was then washed in PBS 4 times for 10 minutes.

3. Serial dehydrations in graded alcohol as described below were followed:
a. Ethanol 70% 4 hours
b. Ethanol 96% 4 hours

c. Ethanol 100% 26 hours

The long-time duration of dehydration was employed because of the size of the brains

(NB: This can vary depending on the size of the brain).

4. Brains were pre-infiltrated in Technovit base solution (100 ml Technovit 7100 + 1g
hardener 1) in 100 ml of 100% ethanol for 2 hours (the mixture ratio 1:1).

5. Brains were infiltrated in Technovit base solution (100 ml Technovit 7100 + 1g
hardener 1) for 48 hours

6. Brains were then embedded in Technovit base solution + 1g hardener 1l (15 ml

Technovit base solution + 1 ml hardener 11). Only a small portion of the solution
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was made up at a time as polymerization goes rather fast and shaking the solution
gently for 1 minute, followed by these processes:

i. A quarter of the embedding solution was poured into the mould forms, with
the bottom filled up 1 — 2 mm. The form was protected from light while
waiting for the solution to get sticky.

ii.  The tissue was put in the form in the desired orientation for cutting (medial
surface to face the predetermined cutting surface) and was not allowed to
sink to the bottom with enough space around the tissue.

iii.  The form was filled up with the embedding solution, covered and incubated
for 1 hour at 37°C and allowed to harden at room temperature overnight.

iv.  Labels were stuck to the plastic blocks for identification. The forms were
subsequently removed and the blocks allowed to dry at room temperature
over a couple of days (minimum of three days).

2.3.4. Sectioning
The embedded block were mounted on the microtome and sectioned at 20 um. A one in
five serial section was obtained and mounted on frosted non-gelatinized slides. The

mounted sections were placed in the incubator overnight at 80 °C.

2.3.5. Giemsa staining

The sections were stained according to Iniguez et al., (1985). Incubation in Giemsa
staining solution (Giemsa stock solution, Merck, Darmastadt, Germany) diluted in buffer
(67 mmol Potassium dihydrogenophosphate, K;HPQO,) at room temperature for 40 minutes.
Sections were rinsed in 1 % acetic acid for 10 seconds and differentiated in 99 % alcohol

three times for 10 minutes. Sections were then cleared in Xylene and cover-slipped with
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dippex. The neurons appeared blue, and the white matter appeared red-violet under the

microscope.

2.4.  Light microscope analysis

Sections of the brains were analysed with a light microscope using the Zeiss Axioskop 2
plus microscope, Germany. The immunostained sections were compared with previous
report studies (Lu et al., 2003; Amrein et al., 2004a & 2004b; Plumpe et al., 2006; Hauser
et al., 2009; Lagace et al., 2010). Photomicrographs were taken at different magnification

with the aid of the Zeiss Axioskop 2 plus microscope with a fitted Axiocam HRc camera.

2.5. Camera Lucida Drawing

The sections of the Ki-67 immunohistochemistry staining were examined under a
stereomicroscope (Leica MZ 75) and the architectural borders were traced using a Camera
Lucida. After completing the tracing, the sites where adult neurogenesis was observed
were marked on the drawings. Drawings were scaled down and redrawn using the Canvas

drawing program.

2.6.  Proliferating cell count

The proliferating cells were counted exhaustively in every fifth section on an axiovision
light microscope using 100X oil-immersion lens and multiplied by the section sampling
fraction (ssf) to obtain the estimated total proliferating cell number (Etgcn) in this study.
Cells in the top focal plane of the section were not counted. All the Ki-67 positive cells in
the subgranular layer (SGL) and granule cell layer (GCL) of the selected hemisphere were

counted (Ajao et al., 2010).

-27 -



2.7.  Pyknotic cell count

The pyknotic cells were identified in Giemsa stained sections by their intensely stained
nuclei with condensed chromatin peripherally into a C or doughnut shape, solid and
sometimes with numerous cell bodies. The counting method used was same as for the

proliferating cell count above (Ajao et al., 2010).

2.8. DCX cell count

The DCX cells were identified in DCX immunopositive stained sections by their strongly
stained nuclei along with their processes. Using the optical fractionator of the Stereo
investigator (MicroBrightField, Inc., Williston, USA) (West et al., 1991). Briefly, the
outlines of granule cell layer of each section of the series were drawn using a 5X objective
lens of the Zeiss Axioskop Imager M2. A one in five serial section was used (section
sampling fraction (ssf) = 0.2) giving rise to an average of 10 and 11 sections for DCX
immunohistochemical sections analysed in four-striped mouse and common mole-rat per
animal respectively. A uniform counting frame of 40 pum X 40 pm in a sampling grid size
of 130 um X 130 pum was used giving an area sampling fraction (asf) of 0.095. These
counting frame and grid sizes were used in order to achieve an acceptable co-efficient of
error (that is CE < 0.1). The optical dissector of 50 um in height was centrally placed in the
z-axis and the thickness of the tissue was measured by fine focus of the top of the tissue
and then the bottom of the tissue before counting. Counting was done using the 100X oil
immersion lens (NA = 1.4). The counting of DCX positive cells was based on the cell body
only. The mean weighted estimate of the total number of DCX positive cells in the
subgranular and granule cell layer of the DG of the hippocampus (N) was obtained using
the following algorithm which takes into account the ssf, asf and thickness sampling factor

(tsf- the fraction of the dissector height (h) to the mean measured thickness (t):
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1
N= ZQXh asf ssf

Where X Q is the total number of neurons actually counted (West et al., 1991).
asf = B/D?

Where B is the area of counting frame and D is the area of sampling grid (West et al.,

1991).

ssf = 1/serial section

2.9. Estimation of total granule cell numbers

The total granule cell numbers in the granule cell layer of the dentate gyrus were estimated
by applying unbiased stereology using the optical fractionator of the Stereo investigator
(MicroBrightField, Inc., Williston, USA) (West et al., 1991). Briefly, the outlines of
granule cell layer of each section of the series were drawn using a 5X objective lens of the
Zeiss Axioskop Imager M2. A one in five serial section was used (section sampling
fraction (ssf) = 0.2) giving rise to an average of 28 and 25 sections for plastic embedded
sections analysed in four-striped mouse and common mole-rat per animal respectively. A
uniform counting frame of 100 um X 100 pum in a sampling grid size of 110 pm X 110 pm
was used giving an area sampling fraction (asf) of 0.827. These counting frame and grid
sizes were used in order to achieve an acceptable co-efficient of error (that is CE < 0.1).
The optical dissector of 10 um in height was centrally placed in the z-axis and the
thickness of the tissue was measured by fine focus of the top of the tissue and then the

bottom of the tissue before counting. Counting was done using the 100X oil immersion
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lens (NA = 1.4). The mean weighted estimate of the total number of cells in the granule
cell layer of the DG of the hippocampus (N) was obtained using the following algorithm
which takes into account the ssf, asf and thickness sampling factor (tsf- the fraction of the

dissector height (h) to the mean measured thickness (t):

1
N= zQxh asf ssf

Where X' @ is the total number of neurons actually counted (West et al., 1991).
asf = B/D?

Where B is the area of counting frame and D is the area of sampling grid (West et al.,

1991).
ssf = 1/serial section

2.10. Statistical Analyses

All numerical analyses were performed using both STATA version 13 and IBM SPSS
statistics 22. Numerical values were expressed in means and standard deviations. Paired t
test was performed to determine the differences in the mean values obtained for cell
proliferation, cell death and total granule cell number in four-striped mouse and common
mole-rat. Also Independent student t test was done to compare the values of cell
proliferation from Ki-67, immature neuron from DCX positive cells, cell death from
pyknotic cells and total granule cell number between four-striped mouse and common
mole-rat. Sampling was considered optimal when the coefficient of error (CE) is half or
less than half of coefficient of variation (CV) (Gundersen and Osterby, 1981) especially in

the estimation of the total granule cell number of the dentate gyrus. Correlation analysis
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was performed to assess the relationship of cell proliferation, cell death and total granule
cell numbers in four-striped mouse and common mole-rat using Spearman Rho correlation
analysis. Since the data was not normally distributed and appeared to be non-linear, log
transformation of the values obtained for the variables was done. Regression analysis of
the log transformed values was done to obtain the coefficient of variability (R?).

Differences were considered statistically significant at p-value < 0.05.
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3. CHAPTER THREE

3.0. RESULTS

The main objective of this study was to provide quantitative data on cell proliferation, cell
death and total granule cell number in the four-striped-mouse (FSM) (Rhabdomys pumilio)
and common mole-rat (CMR) (Cryptomys hottentotus) and compare the possible
relationship that exists between cell proliferation and cell death in the dentate gyrus of
hippocampus of four-striped mouse and common mole-rat. This was achieved in each

species by comparing;

Ratio of proliferating cells to total granule cell counts

e Ratio of pyknotic cells to total granule cell counts

¢ Ratio of proliferation to pyknotic cell count

e Ratio of DCX positive cells to pyknotic cells

o Ratio of cell proliferation to pyknotic cell to total granule cell counts.

Ratio of body weight to brain weight

All these were investigated in the dentate gyrus of the hippocampus of the four-striped
mouse and common mole-rat. The distribution of the cell proliferative marker Ki-67 and
immature neuronal marker DCX were found to be different between the four-striped mouse
and the common mole-rat. Normal structures of the dentate gyrus and hippocampus proper

(CA regions) were observed in the two experimental animals.
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Ki-67, labelled the nuclei of the proliferating cells which appeared dark and in clusters in

the dentate gyrus of the hippocampus of the two experimental animals.

Doublecortin labelled the immature cells along with their processes. They appeared mostly

in clusters in the dentate gyrus. The DCX positive cells were categorized according to the

shape and presence of apical dendrites as described earlier by Plumpe et al., (2006) (Figure

3-1).

Category Aand B: DCX positive cells with very short or no processes
respectively. The processes were less than one nucleus wide in the DCX positive
cells of category B. These categories were described as being in the proliferative

stage.

Category Cand D:  DCX positive cells with processes of intermediate length and
immature morphology. The processes were longer in DCX positive cells in
category C compared to processes of DCX positive cells in category B whereby the
processes reached the granule cell layer but did not reach the molecular layer in the
dentate gyrus of the hippocampus. In DCX positive cells in category D, the
processes reached the molecular layer. These categories were described as being in

the intermediate stage.

CategoryEand F:  DCX positive cells with a more matured appearance. For
category E, they had a one thick dendrite that reached into the molecular layer and
displayed a comparatively sparse branching in the molecular layer. The DCX
positive cells of category F had a dendritic tree which showed delicate branching
and few major branches close to the soma or within the granule cell layer. These

categories were described as being in the postmitotic stage.
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The three stages the DCX positive cells were grouped was according to Plumpe et al.,

(2006) (Figure 3-1).

DCX positive cells were observed in the dentate gyrus of the hippocampus of the four-

striped mouse and common mole-rat in the above categories.

‘ No processes

stage

‘ ~Or Short, plump process
‘ @—_  Medium process

& . /Process reaching
molecular layer

One strong
dendrite
branching in the
molecular

layer

Delicate dendritic
tree branching in
the granule cell
layer

stage

m O O W »
Intermediate Proliferataive

m
Postmitotic stage

Figure 3.1 Categorization of dendritic morphology by Plumpe et al., (2006).

3.1.  Qualitative results in the four-striped mouse

This section presents the results of the immunostaining for Ki-67 and DCX for cell
proliferation and immature neurons in the dentate gyrus of the hippocampus of four-striped
mouse respectively. Furthermore, the classification of DCX positive cells into
proliferative, intermediate and postmitotic stages of immature neuron was also done. In

addition, the result of the Giemsa staining for pyknotic cells is presented.
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3.1.1. Immunohistochemical staining for Ki-67 positive cells in the four-striped

mouse

The Ki-67 immunostaining was used as a neuronal marker for the proliferating cells in the
subgranular and granule cell layers in dentate gyrus of the hippocampus. Ki-67 positive
cells were distributed along the length of the subgranular cell layer of the dentate gyrus of
the hippocampus (Figure 3.2). The nuclei of the Ki-67 positive cells were centrally located,
darkly stained and distributed specifically in the subgranular layer of dentate gyrus of the
hippocampus (Figure 3.2B). This was further illustrated on the architectonic border tracing
that was done using the Ki-67 immunohistochemical slides to illustrate the location of the
proliferative cells and the different layers in the dentate gyrus (Figure 3-3 A&B). The
different layers observed were the molecular, granule cell and the polymorphic layers. In
describing the feature of the dentate gyrus, it is easier to refer to a particular transverse
portion of the “V”- or “U”- shaped structure. The portion of granule cell that is located
between the CA3 and the CAL regions is call the suprapyramidal region and the portion
opposite to this is called the infrapyramidal region (Amral et al., 2007). The region
connecting the suprapyramidal and infrapyramidal is called the crest. Majority of the Ki-67
positive cells were located in the suprapyramidal region of the DG while relative amounts
were evenly distributed in the crest and infrapyramidal regions (Figure 3.2B). The
suprapyramidal and infrapyramidal layers were all located in the granule cell layer of the
dentate gyrus. The Ki-67 positive cells were identified by their labelled nuclei and irregular

shaped cluster. The cells appear in clusters of 2-5 cells (Figure 3.2B)
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Figure 3.2 Representative photomicrograph showing Ki-67 positive cells in the dentate

gyrus of the hippocampus in the four-striped mouse.

Majority of the cells are located in the subgranular layer (arrows) in the suprapyramidal
region of the DG. Marked area in A (insert) is shown in B, Ki-67 positive cells appear
darkly stained and in clusters. GCL-granule cell layer, ml- molecular layer, pl-

polymorphic layer and SGL-subgranular layer. Scale bar; A =10 um, B=1 um.
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3.2.  Architectonic border tracing of the dentate gyrus in the four-striped mouse

The comparative neuroanatomy of the dentate gyrus in the four-striped mouse is similar to
the brain of other rodents. The trilaminar structure of the dentate gyrus was observed in the
four-striped mouse (Figure 3.3). The granule cell layer of the dentate gyrus consisted of
granule cells that were compactly arranged in 3-4 layers. The subgranular layer of the
granule cell layer consisted of single cell layer which was closest to the polymorphic cell
layer. The polymorphic cell layer was in the region of the overlap of CA3 region of the
hippocampus by the two limbs of the dentate gyrus. The molecular layer contained
sparsely arranged cell bodies and dendritic fibres from granule cell. The CAS3 field inserts
into the dentate gyrus between the suprapyramidal and infrapyramidal limbs of the dentate
gyrus to share a common boundary and adjoin with the cells of the polymorphic region of

the dentate gyrus in the four-striped mouse (Figure 3.3).
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Figure 3.3 Photomicrograph (A-C) and diagrammatic reconstruction (D-E) of a sagittal
section through the brain of four-striped mouse (Rhabdomys pumilio) illustrating the

location of Ki-67 positive cells in the DG of the hippocampus.
A-C  The photomicrograph represents most medial (A), approximately middle area of the
hemisphere (B) and most lateral (C) regions of the DG showing the different layers in four-

striped mouse. Scale bar; A =50 um, B=50 um and C =40 pum.

D-E  The drawing represents the illustration of the location of Ki-67 positive cells in the
DG of the hippocampus showing most medial (D), approximately middle area of the
hemisphere (E) and most lateral (F) regions of the DG showing the different layers in four-

striped mouse.

ml- molecular layer; gcl- granule cell layer; pl- polymorphic layer.
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3.2.1. Doublecortin (DCX) positive cells in the four-striped mouse

DCX positive cells were observed in the dentate gyrus of the hippocampus as immature
neurons along with their processes (Figure 3.4). The cell bodies lined the subgranular layer
of the dentate gyrus of the hippocampus (Figure 3.4B). Majority of the DCX positive cells
in the four-striped mouse were observed to be in their post-mitotic stage of development.
Hence, the cells are bipolar with an ovoid soma and fall under categories E and F. In
category E, a singular thick dendrite extends into the molecular layer and then displays a
comparatively sparse branching in this layer (Figure 3.4). In the category F, the dendritic
tree expresses a more complex branching with relatively few branching near the soma or
within the granule cell layer (Figure 3.4). Their processes extended into the granular and
molecular layers (Figure 3.4 B and C). No DCX positive cell was found in the
polymorphic layer. The DCX positive cells in the four-striped mouse represent immature
neurons in the dentate gyrus of the hippocampus in the postmitotic phase of cell
proliferation. However, the DCX positive cells were not observed in the polymorphic layer
of the dentate gyrus but some dendrites/ axons can be seen extending into the polymorphic
hjnulayer or hilar region particularly from DCX positive cells that are located in the crest
and infrapyramidal regions of the DG of the hippocampus of four-striped mouse (Figure

3.4B).
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Figure 3.4 Representative photomicrograph showing DCX positive cells in the dentate

gyrus (DG) of the four-striped mouse.

DCX positive cells are in cluster (B and C) with their soma (black arrow) and processes
(red arrow). The soma lies in the subgranular layer with their processes (red arrow)
projecting as far as the molecular layer. Hipp- hippocampus, DG- dentate gyrus, SGL

subgranular layer and GCL- granule cell layer. Scale bar; A= 20 um, B=2.5 pm, C=1 pum.
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3.2.2. Giemsa staining for pyknotic cells in four-striped mouse

The pyknotic cells present in the dentate gyrus of the four-striped mouse (Figure 3.5) were
identified by their strongly stained nuclei with condense chromatin that is peripheral in location
and formed a C- or doughnut shape (Figure 3.5A). The pyknotic cells are solid or multiple darkly
stained bodies which are between two to five and in clusters. The pyknotic cells represent cell
death in the DG of the hippocampus. The majority of pyknotic cells are located in the granule
cell layer and fewer numbers in the subgranular layer. No pyknotic cell was identified in the

polymorphic layer of the DG.
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Figure 3.5 Representative photomicrograph showing pyknotic cells in the dentate gyrus

(DG) of the four-striped mouse.

Pyknotic cells located along the margin of the subgranular layer (arrows) with a doughnut-
shaped peripheral condensation. Hipp- hippocampus, DG- dentate gyrus, SGL subgranular

layer and GCL- granule cell layer. Scale bar; A= 200 pum; B=100 pm.
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3.3. Qualitative results in the common mole-rat

This section presents the results of the immunostaining for Ki-67 and DCX for cell
proliferation and immature neurons in the dentate gyrus of the hippocampus of common
mole-rat respectively. The DCX positive cells were classified into proliferative,
intermediate and postmitotic stages of immature neurons. In addition, the result of the

Giemsa staining for pyknotic cells is also presented.

3.3.1. Immunohistochemical staining of Ki-67positive cells in the Common mole-rat

Ki-67 positive cells were distributed along the length of the subgranular cell layer of the
dentate gyrus of the hippocampus (Figure 3.6, A&B) in the common mole-rat. The nuclei
of the Ki-67 positive cells were darkly stained and distributed specifically in the
subgranular layer of dentate gyrus of the hippocampus (Figure 3.6, B). This was further
illustrated on the architectonic border tracing that was done using the Ki-67
immunohistochemical sections to illustrate the location of the proliferative cells and the
different layers in the dentate gyrus (Figure 3.6 A&B) of the common mole-rat. The
different layers observed in the common mole-rat were the molecular, granule cell and the
polymorphic layers. Majority of the Ki-67 positive cells were located in the
suprapyramidal region of the DG while few amounts were evenly distributed in the crest

and infrapyramidal regions (Figure 3.6, B) in the common mole-rat.
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Figure 3.6 A & B- Representative photomicrograph showing Ki-67 positive cells in the

dentate gyrus of the hippocampus of common mole-rat.

Ki-67 positive cells appear in cluster and more rounded with darkly stained nuclei (Figure

3.12 B). SGL- subgranular layer and GCL- granule cell layer. Scale bar; A= 10 um and

B=1 pm.
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3.4.  Architectonic border tracing of the dentate gyrus in the common mole-rat

The comparative neuroanatomy of the dentate gyrus in the common mole-rat is similar to
the brain of other rodents. The trilaminar structure of the dentate gyrus was observed in the
common mole-rat (Figure 3.7, A-C). The granule cell layer of the dentate gyrus contained
granule cells that were compactly arranged in 3-4 layers. The subgranular layer of the
granule cell layer consisted of single cell layer which was closest to the polymorphic cell
layer (Figure 3.7, D-F). The polymorphic cell layer was in the region of the overlap of
CA3 region of the hippocampus by the two limbs of the dentate gyrus. The molecular layer
contained sparsely arranged cell bodies and dendritic fibres from granule cell (Figure 3.7,
D-F). The CAS3 field inserts into the dentate gyrus between the suprapyramidal and
infrapyramidal limbs of the dentate gyrus to share a common boundary and adjoin with the
cells of the polymorphic region of the dentate gyrus in the common mole-rat (Figure 3.7,

A-C).
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Figure 3.7 Photomicrograph (A-C) and diagrammatic reconstruction (D-F) of a sagittal
section through the brain of common mole-rat (Cryptomys hottentotus) illustrating the

location of Ki-67 positive cells in the DG of the hippocampus.

A-C  The photomicrograph represents most medial (A), approximately middle area of the
hemisphere (B) and most lateral (C) regions of the DG showing the different layers in

common mole-rat. Scale bar; A =50 um, B=50 pum and C = 40 pm

D-E  The drawing represents the illustration of the location of Ki-67 positive cells in the
DG of the hippocampus showing most medial (D), approximately middle area of the
hemisphere (E) and most lateral (F) regions of the DG showing the different layers in

common mole-rat.

ml- molecular layer; gcl- granule cell layer; pl- polymorphic layer.
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3.4.1. Doublecortin (DCX) positive cells in the common mole-rat

DCX positive cells were observed in the dentate gyrus of the hippocampus of the common
mole-rat as immature neurons along with their processes (Figure 3.8, A&B). The cell
bodies lined the subgranular layer of the dentate gyrus of the hippocampus (Figure 3.8B).
Majority of the DCX positive cells in the common mole-rat were observed to be in their
post-mitotic stage of development which is similar to the four-striped mouse (Figure 3.4,
C). Hence, the cells are bipolar with an ovoid soma and fall under categories E and F. In
category E, a singular thick dendrite extends into the molecular layer and then displays a
comparatively sparse branching in this layer. In the category F, the dendritic tree expresses
a more complex branching with relatively few branching near the soma or within the
subgranular zone and granule cell layer. Their processes extended into the granular and
molecular layers (Figure 3.8, A&B). No DCX positive cells were found in the polymorphic
layer. The DCX positive cells in the common mole-rat represent immature neurons in the
dentate gyrus of the hippocampus in the postmitotic phase of cell proliferation. However,
the DCX positive cells were not observed in the polymorphic layer of the dentate gyrus but
some processes can be seen extending into the polymorphic layer particularly from DCX
positive cells that are located in the crest and infrapyramidal regions of the DG of the

hippocampus of the common mole-rat (Figure 3.8, B).
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Figure 3.8 Representative photomicrograph showing DCX positive cells in the dentate

gyrus of the common mole-rat.

DCX positive cells appear in cluster (A lower magnification) with their soma and definite
processes which falls under categories E and F respectively (B higher magnification). In
category E, the thick dendrites extends into the molecular layer and displayed a wide range
of branching in the molecular layer while in the category F, the dendritic tree showed a
more complex branching in the molecular layer and very few branches around the soma or
close to the granule cell layer. There was no difference in the morphology of DCX positive
cells located in the subgranular zone (red arrows) and close to the molecular layer (black
arrows). SGL- subgranular layer and GCL- granule cell layer. Scale bar; A=10 um and

B=1 pm.
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3.4.2. Pyknotic cells in common mole-rat

The pyknotic cells present in the dentate gyrus of the common mole-rat were identified
following Giemsa staining procedure. The pyknotic cells in the dentate gyrus presented strongly
stained nuclei with condense chromatin that is peripheral in location and formed a C- or
doughnut shape. The pyknotic cells were solid or multiple darkly stained bodies which are
between two to five and in clusters (Figure 3.9). The pyknotic cells represent cell death in the
DG of the hippocampus. The majority of pyknotic cells are located in the granule cell layer and
fewer numbers were observed in the subgranular layer. No pyknotic cell was identified in the

polymorphic layer of the DG.
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Figure 3.9 Representative photomicrograph showing pyknotic cells in the dentate gyrus

(DG) of the common mole-rat.

Pyknotic cells located along the margin of the subgranular layer (arrows) with a doughnut
shaped peripheral condensation. Hipp- hippocampus, DG - dentate gyrus, SGL-

subgranular layer and GCL- granule cell layer. Scale bar; = 10 um.
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3.5.  Quantitative Results for cell proliferation, cell death and total granule cell

number.

3.5.1. Quantitative results for four-striped mouse (Rhabdomys pumilio)

This section presents the quantitative results for the proliferating cell count, pyknotic cell
count and estimates of the total granule cell number in the six four-striped mice. Three out
of the six four-striped mice analysed had brain weight above the total mean value while
three four-striped mice had values below the mean value. The four-striped mouse with the
highest brain weight had the lowest cell proliferation and one of the highest pyknotic and
granule cell numbers (Table 3.1). Only two out of the six four-striped mice had body

weight below the total mean value while four had body weight above the mean value.

35.1.1 Total number of proliferating and DCX positive cells in the four-striped

mouse

The four-striped mouse (FSM4) with the highest number of cell proliferation had the
lowest number of pyknotic cells and lowest number of DCX positive cells. It also had one
of the lowest number of granule cells (Table 3.1). Furthermore, the animal with the highest
number of immature neuron had the highest number of pyknotic cell. Whereas, the animal
with the lowest number of immature neuron had the lowest number of pyknotic but highest
number of cell proliferation despite almost similar brain and body weights (Table 3.1).
Following Ki-67 immunohistochemistry, the minimum and maximum values of Ki-67
positive cells obtained in the dentate gyrus of the four-striped mouse was 455-2460
respectively. The mean total number of Ki-67 positive cells in the four-striped mouse was
993.31£683.4 (Table 3-1). Four out of the six four-striped mice analysed were below the

mean value of Ki-67 positive cells. Also, three out of the six four-striped mice analysed
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had DCX positive cell values below the mean value while three four-striped mice had

values above the mean value.

-60 -



Table 3.1: Illustration of body weight, brain weight, Ki-67, DCX, pyknotic cells and total granule cell number in individual adult four-striped

mouse
Animals BW Brw Ki-67 DCX Pyknotic Total Granule cell
number
FSM3 82.3 0.8 590 3430 105 2.00 x 10°
FSM4 81.7 0.7 2460 2068 90 1.52 x 10°
FSM5 80.6 0.7 690 7186 180 1.73 x 10°
FSM6 85.1 0.7 1085 4355 225 1.44 x 10°
FSM7 75.5 1 455 7785 225 1.87 x 10°
FSM8 78 0.8 680 10235 370 1.38 x 10°

Mean+SD 8053+3.38 0.78+0.12 993.33+683.4 5843.17 +3070.90 199.17+92.8 1.66x10°+25x10°

Key: FSM, Four-striped mouse; BW, Body weight; BrW, Brain weight; DCX, Doublecortin.
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3.5.1.2. Total number of pyknotic cell

The pyknotic cell population represents the number of cell death in the dentate gyrus of the
hippocampus. The four-striped mouse (FSM8) with the highest pyknotic value had the
highest DCX positive cell value and one the lowest body weight. The minimum and
maximum values of pyknotic cells obtained for four-striped mouse was 90-370. The mean
total number of pyknotic cells in four-striped mouse was 199.17 + 92.8 (Table 3-1). Three
out of the six four-striped mice analysed had pyknotic cell values below the mean value

while three four-striped mice had values above the mean value.

3.5.1.3. Estimation of total number of granule cells

The total granule cell numbers in the dentate gyrus was estimated using the Optical
Fractionator principle. The four-striped mouse (FSM3) with the highest granule cell
number had one of the lowest pyknotic, DCX positive cell and proliferating cell values.
The estimate of total granule cells in the dentate gyrus of four-striped mouse was 1.65 x
10° (Table 3-1). Three out of the six four-striped mice analysed had granule cell numbers

below the mean value while three four-striped mice had values above the mean value.

3.5.2. Quantitative results for common mole-rat (Cryptomys hottentotus)

This section presents the quantitative results for the proliferating cell count, pyknotic cell
count and estimates of the total granule cell number for common mole-rat. There appeared
to be no discernible relationship between these parameters and the body or brain weight of
the common mole-rat (Table 3.2). Four out of the seven common mole-rats analysed had
brain weight values above the total mean value while three common mole-rats had values
below the mean value. Only four out of the seven common mole-rats had body weight

below the total mean value while three had body weight above the mean value.
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3.5.2.1. Total number of proliferating and DCX positive cells

The common mole-rat (CMR9) with the highest cell proliferation also had the highest
numbers of immature neuron and cell death. On the other hand, common mole-rat (CMR5)
with the lowest number of cell proliferation had the lowest number of immature neuron.

Furthermore, common mole-rat (CMR6) with the highest number of granule cell had one

of the lowest value of Ki-67 positive cells. Following Ki-67 immunohistochemistry, the
minimum and maximum values of Ki-67 positive cells obtained for the common mole-rat
was 40-605 in the hemispheres. The mean total number of Ki-67 positive cells in the
common mole-rat from seven rats was 190.8 + 209.5 (Table 3.2). Four out of six common
mole-rat analyse had mean values below the total mean value of Ki-67 positive cells. Four
out of seven common mole-rats had their DCX positive cells above the total mean DCX

positive cells.
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Table 3.2: Body weight, brain weight, Ki-67, DCX, pyknotic cells and total granule cell number in individual adult common mole-rats

No BW Brw Est. Ki-67 DCX Pyknotic Total Granule cell number
CMR5 116 14 40 950 NA NA

CMRG6 154 1.3 65 8344 285 0.71 x 10°

CMRY7 1345 14 125 8238 150 0.65 x 10°

CMRS8 124 15 120 5915 100 0.11 x 10°

CMR9 105 1.3 605 17005 375 0.12 x 10°

CMR10 160 14 190 3908 NA NA

CMR11 102 1.3 NA 10456 NA NA

Mean+SD 127.93+22.76 1.38+0.08 190.83 +209.51  7830.86 + 5129.83 227.5 +108.77 0.9 x 10° + 0.3 x 10°

Key: FSM, Four-striped mouse; BW, Body weight; BrW, Brain weight; DCX, Doublecortin; NA, Not available.
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3.5.2.2. Total number of pyknotic cell

The pyknotic cells were observed and counted in the Giemsa stained sections. Counting
method that was used was the same for proliferating cell count. The common mole-rat
(CMR9) with the highest pyknotic cell had the highest DCX positive and proliferative cell.
The minimum and maximum values of pyknotic cells obtained for common mole-rat in
each hemisphere was 100-375. The mean total number of pyknotic cells in common mole-
rat from four rats was 227.5 + 108.77 (Table 3.2). Two out of four common mole-rats had

their mean pyknotic cell value below the total mean value.

3.5.2.3. Estimation of total number of granule cells

The total granule cell number in the dentate gyrus was estimated using the Optical
Fractionator principle. The mean estimates of total granule cells obtained in the dentate
gyrus of the adult common mole-rat from four rats were 0.9 x 10° (Table 3.2). The
common mole-rat (CMR8) had the lowest pyknotic cell. Three out of four common mole-

rats had their mean granule cell number below the total mean granule cell number.

3.5.3. Comparison of mean values of cell proliferation, cell death and total granule
cell numbers in four-striped mouse

Paired sample T-test was done to compare the mean value of cell proliferation and cell
death, cell proliferation and total granule cell numbers and cell death and total granule cell
numbers in the four-striped mouse. There was no significant difference in cell proliferation
and cell death in the four-striped mouse (p= 0.06) (Table 3.3). However, there were
significantly higher total granule cell numbers compared to cell proliferation in four-
striped mouse (p= 0.00). Also, there were significantly higher granule cell numbers

compared to cell death in the four-striped mouse (p= 0.00) (Table 3.3).
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Table 3.3: Comparison of cell proliferation, cell death and total granule cell numbers in

four-striped mouse

95 9% confidence interval of

the difference

Variables Mean diff.  Std. Lower Upper t p
compared Deviation

Proliferation 794.17 802.08 -47.56 1635.89 2.43 0.06
FSM- Cell death

Proliferation -1655373.33  252406.62 -1920257.83 -1390488.84 -16.07 .00
FSM- Granule

cell number

Cell death FSM-  -1656167.5 252135.03 -1920766.98 -1391568.02 -16.09 .00
Granule cell

number

3.5.4. Correlation and regression of variables in the Four-striped mouse
Due to data skewedness, log transformation of the variables was done for ease of data

interpretation for correlation analysis.

3.5.4.1. Correlation and regression analysis of cell proliferation and Cell death in
the four-striped mouse

There was no significant correlation between cell death and cell proliferation in the dentate
gyrus of the hippocampus (r= -0.38; p>0.05) (Table 3.4). This implies that cell
proliferation was not directly proportional to cell death in the dentate gyrus. However, to
determine the contribution of number of cell death to cell proliferation, a log transformed
correlation coefficient (R?= 0.25) was obtained which suggested that, about 25 % of newly
formed cells can be accounted for by the indirect influence of the number of cell death
recorded. However, this was not statistically significant (p= 0.3). Regression log cell

proliferation= (-0.4362 + 3.5247) log cell death, (R*= 0.25) (Figure 3.10).
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Table 3.4: Nonparametric correlation of cell death against cell proliferation in four-striped

mouse

Pyknotic  Proliferation
Correlation
Bvknoi Coefficient 1.000 0377
ynotic Sig. (2-tailed) 0.0 0.461
Spearman's
rho Correlation 5377 1.000
Proliferation Coefficient
Sig. (2-tailed) 0.461 0.0

Table 3.5: Log transformed values of cell proliferation and cell death in four-striped

mouse

Log cell proliferation

Log cell death

2.770852
3.390935
2.838849
3.03543
2.658011
2.832509

2.021189
1.954243
2.255273
2.352183
2.352183
2.568202
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Figure 3.10 Regression analysis of log transformed values of cell proliferation against cell

death in the four-striped mouse

3.5.4.2. Correlation and regression analysis of Cell death and total granule cell

number in the four-striped mouse

There was no significant correlation between cell death and total granule cell number in the
dentate gyrus of the hippocampus (r= -0.52; p>0.05) (Table 3.6). This implies that, in the
four-striped mouse, total granule cell number is not directly proportional to cell death in
the dentate gyrus. However, to determine the contribution of the number of cell death to
total granule cell numbers, a log transformed correlation coefficient (R?=0.21) was
obtained which suggested that, 21 % of cell death could be accounted for by the indirect
influence of the number of total granule cell numbers recorded. However, it was not
statistically significant (p=0.3). Regression log cell proliferation= (-0.1321 + 6.5122) log

cell death, (R*=0.21) (Figure 3.11).
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Table 3.6: Nonparametric correlation of cell death against total granule cell number in

four-striped mouse

Pyknotic Granule cell

Correlation

PVKnotic Coefficient 1.000 -.522
Y Sig. (2-tailed) . 288
Spearman's
rho Correlation
Granule Coefficient =522 1.000
cell Sig. (2-tailed)  .288

Table 3.7: Log transformed values of cell death and total granule cell number in the four-

striped mouse

Log cell death Log total granule cell number
2.021189 6.302321
1.954243 6.181984
2.255273 6.239131
2.352183 6.157085
2.352183 6.270809
2.568202 6.13865

- 69 -



Cell death and total granule cell number
6.32 -
3 63| @
g 6.28 - . Y =-0.1321x + 6.5122
— 6.26 - R2=10.2116
8 624 - . p=0.36
5622 -
S 6.2 - & Log TGCN
% 6.18 | ® .
§ 6.16 - . —— Linear (Log TGCN)
§’ 6.14 - *
6.12 . . . .
1.9 2.1 2.3 2.5 2.7
Log cell death

Figure 3.11 Regression analysis of log transformed values of cell death and total granule

cell number in the four-striped mouse

3.5.4.3. Correlation and regression analysis of cell proliferation and total granule

cell number in the four-striped mouse

There was no significant correlation between cell proliferation and total granule cell
number in the dentate gyrus of the hippocampus (r=-0.5; p>0.05) (Table 3.8). This implies
that the total granule cell number is not directly proportional to cell proliferation in the
dentate gyrus. However, to determine the contribution of number of cell death to cell
proliferation, a log transformed correlation coefficient (R2= 0.28) was obtained which
suggested that, about 28 % of newly formed cells can be accounted for by the indirect
influence of the total granule cell numbers. However, it was not statistically significant
(p=0.28). Regression log cell proliferation= (-2.091 + 15.917) log cell death, (R? =0.28)

(Figure 3.12).
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Table 3.8: Nonparametric correlation of cell proliferation against total granule cell

numbers in the four-striped mouse

Total Cell
granule cell  proliferation
Correlation
Total Coefficient 1.000 -0.543
granule cell Sig. (2-tailed) 0.0 0.266
Spearman's
o Correlation
Cell Coefficient -0.543 1.000
proliferation  Sig. (2-tailed) 0.266 0.0

Table 3.9: Log transformed values of cell proliferation and total granule cell numbers in

the four-striped mouse

Log total granule cell numbers  Log cell proliferation

6.302321 2.770852
6.181984 3.390935
6.239131 2.838849
6.157085 3.03543
6.270809 2.658011
6.13865 2.832509
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Figure 3.12 Regression analysis of log transformed values of cell proliferation and total

granule cell numbers in the four-striped mouse

3.5.5. Comparison of cell proliferation, cell death and total granule cell numbers in
the common mole-rat.

Paired sample T-test was done to compare the mean value of cell proliferation and cell
death, cell proliferation and total granule cell numbers and cell death and total granule cell
numbers (Table 3.10). There was no significant difference in cell proliferation and cell
death in the common mole-rat (p= 0.99). However, there were significantly higher total
granule cell numbers compared to cell proliferation in common mole-rat (p= 0.006). Also,
there were significantly higher granule cell numbers compared to cell death in the common

mole-rat (p=0.006).
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Table 3.10: Comparison of cell proliferation, cell death and total granule cell numbers in

common mole-rat

95 % confidence interval of the

difference
Variables Mean diff Standard Lower Upper t p
compared Deviation
Proliferation 1.25 184.68 -292.62 295.12 0.014 0.99
CMR- Cell death
Proliferation -894224.25  253181.02  -1297091.75 -491356.75 -7.06 0.006
CMR- Granule
cell number
Cell death CMR-  -894225.5 253329.71  -1297329.6  -491121.4 -7.06 0.006
Granule cell
number

3.5.6. Correlation and regression of variables in the common mole-rat
Due to data skewedness, log transformation of the variables was done for ease of data

interpretation for correlation analysis.

3.5.6.1. Correlation and regression of total granule cell number and cell

proliferation in the common mole-rat

There was no significant correlation between cell proliferation and total granule cell
number in the dentate gyrus of the hippocampus (r= 0.38; p>0.05) (Table 3-11; Figure
3.13). This implies that the total granule cell number is not proportional to cell
proliferation in the dentate gyrus. There was no significant correlation between cell
proliferation and total granule cell number in the dentate gyrus of the hippocampus
(r=0.38; p>0.05) (Table 3.11). This implies that the total granule cell number is not directly
proportional to cell proliferation in the dentate gyrus. However, to determine the

contribution of number of cell death to cell proliferation, a log transformed correlation
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coefficient (R?= 0.6245) was obtained which suggested that, about 62 % of newly formed
cells can be accounted for by the indirect influence of the total granule cell numbers.
However, it was not statistically significant (p=0.06). Regression log cell proliferation= (-

5.9612 + 16.529) total granule cell number, (R?= 0.6245) (Figure 3.13).

Table 3.11: Nonparametric correlation of cell proliferation against total granule cell

number in common mole-rat

Total granule cell  Cell proliferation

Correlation
Total Coefficient 1.000 0.377
granule cell ~ Sig. (2-tailed) 0.0 0.461
Spearman's
rho Correlation
Cell Coefficient 0.377 1.000
proliferation  Sig. (2-tailed) 0.461 0.0

Table 3.12: Log transformed values of cell proliferation and total granule cell numbers in
the common mole-rat

Log total granule cell numbers  Log cell proliferation

5.847988 1.60206
5.8154 1.812913
6.023308 2.09691
6.066053 2.079181
2.781755

2.278754
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Figure 3.13 Regression analysis of log transformed values of cell proliferation and total

granule cell number in the common mole-rat

3.5.6.2. Correlation and regression of total granule cell number and cell death in
the common mole-rat

There was no significant correlation between total granule cell number and cell death in the
common mole-rat (r=0.4, p-value=0.6) (Table 3.13 & Figure 3.14). This implies that as the
total granule cells increase so the number of proliferative cells increases in the dentate
gyrus of common mole-rat. The log transformed coefficient of determination, R? was -
0.106. This suggested that, about 1 % of cell death obtained can be accounted for by the
influence of granule cell numbers on cell death. However, it was not statistically
significant (p=0.89). Regression log cell death= (0.2297x + 0.9374) log proliferative cells,

(R2 = 0.0121).
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Table 3.13: Nonparametric correlation of total granule cell number against cell death in
common mole-rat

Total Cell
granule cell proliferation
Correlation
Total Coefficient 1.000 0.400
granule cell ~ Sig. (2-tailed) 0.0 0.600
Spearman's
rho Correlation
Cell Coefficient 0.400 1.000
proliferation  Sig. (2-tailed) 0.600 0.0

Table 3.14: Log transformation for correlation of total granule cell numbers against cell

death in the common mole-rat

Log total granule cell numbers  Log cell death

5.847988 2.454845
5.8154 2.176091

6.023308 2

6.066053 2.574031
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Figure 3.14 Regression analysis of log transformed values of cell death and total granule

cell in the common mole-rat

3.5.6.3. Correlation and regression of cell death and cell proliferation in the
common mole-rat

There was no significant correlation between cell death and cell proliferation in the dentate
gyrus of the hippocampus (p>0.05) (Table 3.15; Figure 3.15). This implies that cell death
is not proportional to cell proliferation in the dentate gyrus of common mole-rat.
Regression analysis was performed on the log values of cell death and cell proliferation.
The coefficient of variability (R?) was 0.6563. This implies that about 65 % of proliferative
cells obtained can be accounted for by the influence of pyknotic cells on cell proliferation.
This was found to be statistically significant (p=0.05). Regression log cell death= (-

2.4011x + 6.5972) log proliferative cells, (R? = 0.6563).
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Table 3.15: Nonparametric correlation of cell proliferation against cell death in common

mole-rat
Cell death Cell proliferation
Correlation
Cell death Coefficient 1.000 0.377
Sig. (2-tailed) 0.0 0.461
Spearman's
rho Correlation ) 377 1.000
Cell proliferation Coefficient
P Sig. (2-tailed)  0.461 0.0

Table 3.16: Log transformation for correlation of cell death against cell proliferation in the

common mole-rat

Log cell death Log cell proliferation
2.454845 1.60206
2.176091 1.812913

2 2.09691
2.574031 2.079181
2.781755
2.278754
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Figure 3.15 Correlation of cell proliferation and cell death in the common mole-rat upon

log transformation

3.5.7. Comparison of means of variables in four-striped mouse and common mole-
rat

There were significant differences between the mean body weight, mean brain weight,
mean total granule cell number and the mean Ki-67 positive cells in the four-striped mouse
and common mole-rat (p<0.05) (Table 3.17). The means of body weight and brain weight
were significantly higher in common mole-rat than four-striped mouse (p<0.05).
Conversely, the four-striped mouse had a greater mean in granule cell and Ki-67. Non-
neuronal cells like glia, ependymal and epithelial cells could be a factor since they
outnumber neurons in the central nervous system. There were no significant differences in
DCX positive and pyknotic cells between four-striped mouse and common mole-rat

(p>0.05) (Table 3.17).
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Table 3.17: Summary of the comparison of means of the variables in four-striped mouse and common mole-rat

Variables Specie N Mean Std. Deviation t-test p-value
) FSM 6 80.53 3.38

Body weight -5.02 0.00
CMR 7 127.93 22.76
FSM 6 0.78 0.12

Brain weight -10.94 0.00
CMR 7 1.37 0.08
FSM 6 1656366.67 252081.26

Granule cell 4.98 0.00
CMR 7 511116.00 510569.88
FSM 6 993.33 748.62

Proliferation 2.53 0.03
CMR 6 190.83 209.51
FSM 6 5843.17 3070.90

DCX -0.83 0.43
CMR 7 7830.86 5129.83
FSM 6 199.17 101.66

Cell death 0.95 0.36
CMR 7 227.5 150.58

N= number of animals per group; SD= Standard deviation; FSM = Four-striped mouse; CMR= Common mole-rat
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3.5.8. Ratio of pyknotic cell per granule cells in the DG of four-striped mouse and
common mole-rat

The proportion of total granule cell number in relation to pyknotic cells in the four-striped
mouse was 8316:1. While the proportion of granule cell number to pyknotic cell number
was 2246:1 in common mole-rat (Table 3.18). Hence, there was a four-fold increase in the
number of pyknotic cell observed in the common mole-rat as against four-striped mouse

(Table 3.18; Figure 3.18).

3.5.9. Ratio of cell proliferation per granule cell in the DG of four-striped mouse and
common mole-rat

The ratio of the Ki-67 positive cells in relation to the total granule cell population was
1:1667 in the four-striped mouse (Table 3.18) whereas it was 1:2678 in the common mole-
rat. This implies that the rate of cell proliferation is almost twice that of common mole-rat
(Table 3.18). Therefore, there were more proliferative activities in the four-striped mouse

than the common mole-rat as shown in the graph (Fig 3-18).
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Figure 3.16 Cell death relative to granule cell number
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Significantly more pyknotic cells were recorded in common mole-rat than four-striped mouse (p-value<0.05)
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Figure 3.17 Proliferative cells relative to granule cell number
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Significantly more proliferative cells were recorded in four-striped mouse than common mole-rat (p-value<0.05).
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3.5.10. Ratio of pyknotic to proliferation rate in four-striped mouse and common mole-rat

The proliferative cell is five times more than pyknotic cell in four-striped mouse (5:1).
While the ratio of pyknotic cell to proliferative cell is almost similar in common mole-rat

(1:0.8) (Table 3.18).

3.5.11. Ratio of DCX positive to pyknotic cell number in the four-striped mouse and
common mole-rat
A ratio of immature neuron to pyknotic cell was observed in common mole-rat (1:35)

compared to four-striped mouse (1:29) (Table 3.18).

3.5.12. Ratio of body weight to brain weight in the four-striped mouse and common
mole-rat
There was a similarity in the ratio of body weight to brain weight in both four-striped

mouse (1:103) and common mole-rat (1:93) (Table 3.18).

Table 3.18: Ratio of the variables within the four-striped mouse and common mole-rat

Ratio of variables FSM CMR

Ratio of cell proliferation to total granule cell numbers 1:1667.49 1:2678.38
Ratio of pyknotic cells to total granule cell number 1:8316.35 1:2246.66
Ratio of pyknotic cells to cell proliferation 1:4.99 1:0.84

Ratio of DCX positive cells to pyknotic cells 1:29.36 1:34.49

Ratio of cell proliferation to pyknotic cell to total granule cell

numbers 1:4.99:1667.49 1:0.84:2678.38
Body weight to brain weight 1:103.24 1:93.38
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Figure 3.18 Comparison of ratio of cell proliferating, cell death, immature neuronal number and total granule cell number in the DG of four-

striped mouse and common mole-rat
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3.5.13. Comparison of results between four-striped mouse with reports from other
mouse species

The total granule cell in the DG of the hippocampus in the four-striped mouse was similar
to that of wood mice. However it was higher than the pine voles and laboratory mouse. The
Gundersen coefficient of error (CE) was 0.05 in four-striped mouse which is considered to

be excellent (Table 3.19).

Table 3.19: Comparison of results between four-striped mouse with reports from other

mouse species

Species No. of sections a (x,y step; pm) Total granule Gundersen
analyzed cells (x10°) Coefficient of

Error (CE)

*FSM 33 100 x 100 1.65 0.05

++Wood mice  31(28-33) 210 x 210 1.53

++Bank voles 27 (25-30) 210 x 210 1.97

++Pine voles 17.5 (16-19) 150 x 150 0.64

++Laboratory

mice 19.5 (18-20) 110 x 110 0.50

++ Amrein et al., 2004
* Current study
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3.5.14. Comparison of results between common mole-rat with reports from other rat
species

The total granule cells in the DG of the hippocampus in the common mole-rat were higher
than the values reported in other rats (Table 3.18). The Gundersen coefficient of error (CE)

was 0.06 in common mole-rat which is considered to be acceptable (Table 3.20).

Table 3.20: Comparison of results between common mole-rat with reports from other rat

species

Species No. of sections a (x,y step; pm) Total Gundersen Coefficient
analyzed granule cells of Error (CE)

(x10°)

*CMR 36.8 100 x 100 0.90 0.06

++Highveld 140 x 140 0.62 0.10

++Cape mole-rat 250 x 250 0.47 0.12

++Naked mole-

rat 110 x 110 0.39 0.13

++ Amrein et al., 2004

* Current study
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4. CHAPTER FOUR

4.0. DISCUSSION

4.1. Overview

The dentate gyrus (DG) of the hippocampus is responsible for memory, learning and
cognitive functions in animals. The quantification and qualitative means of cell
proliferation, cell death and total granule cells in the dentate gyrus could be used as a
proxy to determine the extent of adult neurogenesis in mammals. Hence, this study was
designed to provide qualitative and quantitative information on cell proliferation, cell death
and total granule cell number in the DG of the hippocampus of the four-striped mouse
(Rhabdomys pumilio), a captive bred animal originating from wild caught parents and the
common mole-rat (Cryptomys hottentotus), wild caught animal. The findings were then
compared with one another and also with findings previously reported inbred laboratory
strains of rodents. Total granule cell number was used as a baseline to compare cell
proliferation and cell death, the ratio of cell proliferation and cell death to total granule cell
numbers. Also, correlation and regression analysis was carried out to determine the
relationship and relative contribution of the variables to each other. A description of the
evidence of adult neurogenesis in the four-striped mouse (Olaleye and Thunwo, 2014) and
common mole-rat (Olaleye, 2011) provided the background for the quantitative aspects of

this study.

In the previous studies, the four-striped mouse (Rhabdomys pumilio), common mole-rat
(Cryptomys hottentotus) (Olaleye 2011) and laboratory strains of rodents (Nacher et al.,
2001; Kee et al., 2002; McDonald and Wojtowicz, 2005; Plumpe et al., 2006; Yang et al.,
2015), a combination of Ki-67 and DCX immunohistochemistry was used to provide

evidence of adult neurogenesis in the active sites (dentate gyrus of the hippocampus and
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lateral wall of the subventricular zone) and in some potential sites (striatum, substantia
nigra, cortex and olfactortory bulb) in the four-striped mouse and common mole-rat

(Olaleye, 2011).

The present study, estimated the number of proliferating cells (Ki-67 and DCX positive
cells), cell death (pyknotic cells) and total granule cell population using techniques which
were discussed in the materials and methods section. Correlation and regression analysis
test was carried out to determine the relationship between cell proliferation and cell death,
cell death and total granule cell numbers and cell proliferation and total granule cell
numbers in four-striped mouse (Rhabdomys pumilio) and common mole-rat (Cryptomys

hottentotus).

4.2.  Estimates of cell proliferation in the dentate gyrus of the hippocampus in the
four-striped mouse

Proliferating cells are newly formed neurons in the dentate gyrus of adult brain and they
are responsible for memory and cognitive functions (Ngwenya et al., 2015). The dentate
gyrus of the hippocampus is one of the only two regions where significant cell proliferation
has been explicitly shown to occur even in adulthood (Hauser et al., 2009; lhunwo and
Schliebs, 2010; Olaleye and lhunwo, 2014; Bergmann et al., 2015). The more the
proliferating cells compared to other cells the better the cognitive function. Therefore,
animals that require a high adaptive behaviour for survival are more likely to show adult
neurogenesis than animals that live in an enriched environment (Rambau et al., 2003).
However, findings from previous reports (Nacher et al., 2001; Schauwecker, 2006; Kim et
al., 2009; Hauser et al., 2009; Olaleye and Ihunwo, 2014) using different markers for cell
proliferation including Ki-67 to assessed the dentate gyrus of the four-striped mouse and
other mouse models were not consistent. The reasons for the variation have been the

subject of studies by many scholars (Hauser et al., 2009; Lieberwirth and Wang, 2012).
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The value of proliferative cells in the adult four-striped mouse in the present study also
showed variations compared to previous studies. The number was found to be higher than
the values reported in laboratory mouse (Amrein et al., 2004b), but lower than the value
reported by Hauser et al., (2009) in the wild caught long tailed wood mouse. One possible
explanation for this variation is the effect of social and environmental factors on the
animals (Lieberwirth and Wang, 2012). Social interactions among conspecifics such as
adult-adult and adult —offspring interactions are an integral part of mammalian society and
it affect the psychological, physiological and behavioural functions. Studies on animal
models have demonstrated the effect of social interactions on the brain especially the
neuronal activation, morphology, neurotransmitter system activity as well as regulation of
bio-behavioural functions (Lieberwirth and Wang, 2012). For example in prairie voles,
mating induced pair bonds are associated with neuroplastic changes in several
neurotransmitter systems which in turn play a role in social behaviours such as selective
aggression against novel conspecifics and enhanced parental care towards offspring
(Fowler et al., 2002). Another study showed that in captivity, males from both mesic and
xeric populations display parental care and show more social interactions than the wild
ones. However in the wild, they may display solitary lifestyle with their females rearing
their offspring on their own thus facilitating adult neurogenesis (Lieberwirth and Wang,
2012). Study by Hauser et al., (2009) did not show more cell proliferation in the wild
caught long tail wood mice compared to house mice even when such mice were exposed to
voluntary running and environmental changes. They concluded that environmental factors
does not influence cell proliferation but that there are other regulatory mechanisms
involved in cell proliferation in wild mouse specie compared to laboratory mouse.
Regulatory factors such as glutamate receptor activation (Cameron et al., 1995; Gould et

al., 1997; Cameron et al., 1998; Bernabeu and Sharp, 2000), dietary restriction (Lee et al.,
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2000; Lee et al., 2002a; 2002b), growth factors (Palmer et al., 1995; Scharfman et al.,
2005), stress (Brunson et al., 2005; Nichols et al., 2005) and neuronal injury (Parent, 2003;
Cooper-Kuhn et al.,, 2004) and cellular degeneration were reported to cause cell
proliferation and granular degeneration concurrently in the dentate gyrus of Yellow-necked

wood mouse, bank voles, European pine vole and laboratory mouse (Amrein et al., 2004a).

Genetic influence on the animals could also be a source of the variation in the values of
proliferative cell in the mouse. The adult four-striped mouse used in this study was captive
reared. The captive reared are offsprings of wild caught parents which have been shown to
display adult cell proliferation (Chetty et al., 2009). Hence, there may be a genetic
tendency towards more cell proliferation. Whereas, in the laboratory strains, the enriched
environment may not require a complex adaptive behaviour needed for survival
(Kempermann et al., 1997). This may explain why there was higher number of cell

proliferation in the captive reared four-striped mouse used in the present study.

4.3.  Estimates of pyknotic cell number in the dentate gyrus of the hippocampus in

the four-striped mouse

Adult neurogenesis has been positively related to performance in hippocampal-dependent
learning tasks. This could be verified by the numbers of pyknotic cell which represents the
number of cell death in the brain. By either eradicating excess number of new neurons or
already established neurons in the brain, the cell death population is believed to re-invent
the entire lifespan of neurons in mammalian animal species (Jabés et al., 2010). The rate of
cell death in the four-striped mouse was found to be lower than other non-laboratory
mouse (Amrein et al., 2004a & 2004b) and other species like wild wood mice and bank

voles (Amrein et al., 2004a). The reason for this could be due to environmental exposure.
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The four-striped mice used in this study were captive reared and they spent a greater part

of their life in social interactions with their species.

Down regulation in adult neurogenesis has been reported in some wild caught rodents
(Amrein et al., 2004a; 2011) and in an Alzheimer's disease animal model, the Tg2576
(Ihunwo and Schliebs, 2010). This implies that there is an age related increase in the
number of pyknotic cell compared to cell proliferation in the four-striped mouse.
Conversely, this study showed low number of pyknotic cells in the dentate gyrus compared
to proliferative cell. The low number of pyknotic cells in four-striped mouse is in
consonant with lower cell death seen in animals from an enriched environment
(Kempermann et al., 1997) and laboratory bred (Ihunwo and Schliebs, 2010) compared to
higher number of cell death seen in the wild caught long-tailed wood mouse (Hauser et al.,

2009). By implication, a non-diseased environment could be good for less cell death.

4.4. Estimates of total granule cell numbers in the dentate gyrus of the four-striped

mouse

The estimation of the total granule cell number in this study constituted the baseline for
comparing cell proliferation and cell death in the four-striped mouse. Researches are still
ongoing in the maturation, integration and functional relevance of granules cells in the
dentate gyrus. In the yellow-necked wood and old-bank voles mice, granule cell numbers
were significantly higher than that of laboratory mouse (Amrein et al., 2004) and in an
Alzheimer's diseases Tg2576 mouse (lhunwo and Schliebs, 2010). The current study
showed that the number of granule cells was higher than those reported by Amrein et al.,
(2004) and, Thunwo and Schliebs, (2010) with the exception of bank voles. The possible
reason for the high number of granule cell could be attributed to the ages of the four-

striped mice used which were all adults. The reliability and repeatability of the granule cell
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is proven by the coefficient of error (CE). Slomianka and West (2005) reported that the CE
of an estimation procedure expresses the validity and reliability of the result obtained. It
could provide information about the precision of stereological estimates. The Gundersen—
Jensen coefficient of error obtained in this study is within the acceptable limit of 0.05. This

shows that the result obtained for this study is valid.

4.5.  Categorization of DCX- positive neurons in the dentate gyrus of hippocampus

in the four-striped mouse

Doublecortin is an associated phosphoprotein that regulates neuronal migration during
development while in adult brain. DCX is associated with neurite and axon elongation and
synaptogenesis (Ribak et al., 2004; Deuel et al., 2006; Kempermann, 2006; Plumpe et al.,
2006). DCX is classified as a marker for identifying new neurons in the adult hippocampus
(D’Alessio et al., 2010; Rosenzweig and Wojtowicz, 2011) and its expression has been
reported only in cells that are responsible for adult neurogenesis (Plumpe et al., 2006).
There was an abundance of DCX- positive cells in the DG of the hippocampus of four-
striped mouse. Even though, it is believed that DCX is associated with the inception of
neuronal differentiation and migration in the adult DG (Kempermann, 2006; Plumpe et

al., 2006; D’Alessio et al., 2010).

The morphological categorization of DCX-positive cells (Plumpe et al., 2006) in the DG
was achieved by observing the structure of the cells as recorded in previous work done
(Ribak et al., 2004; Plumpe et al., 2006; D’Alessio et al., 2010; Olaleye, 2011). The
typical immature neurons observed in the DG of the four-striped mouse was not different
from what was observed in the literature (Plumpe et al., 2006; D’Alessio et al., 2010). The
DCX- positive cells identified in the four-striped mouse showed the soma of the immature

neuron located in the subgranular layer of the DG of the hippocampus and their processes
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projecting into the molecular layer where synaptogenesis is expected to occur as reported
in previous studies (Ribak et al., 2004; Plumpe et al., 2006; D’Alessio et al., 2010;
Olaleye, 2011). At higher magnification some of the cell bodies (soma) were located in the
granular layer as well as the subgranular layer (Figure 3-3), with their processes reaching
as far as the molecular layer of the hippocampus. It is quite interesting also to see in the
four-striped mouse that some of the processes were directed towards the hilar region of the
hippocampus. The DCX positive cells observed in four-striped mouse could be classified
as postmitotic stage and had either a one thick dendrite or a delicate branched dendritic tree
with few major branches close to the soma or within the granule cell layer. Majority of the
DCX positive cells were located in the suprapyramidal region of the DG in the four-striped

Mmouse.

4.6. Comparison of cell proliferation, cell death and total granule cell numbers in

the four-striped mouse

The dentate gyrus of the hippocampus is important for learning tasks and could be used to
directly identify underlying memory deficit in mammals. Therefore, it is important to
investigate the relationship of cell proliferation, cell death and total granule cell numbers in
the dentate gyrus of the hippocampus with a view to understand the degree of adult
neurogenesis in any particular specie. If the rate of cell proliferation is more than cell
death, then there is a strong tendency towards adult neurogenesis which leads to a better
memory and learning performance. Study by Amrein and colleagues (2004a) showed no
differences in the ratio of cell proliferation and cell death. This is contrary to the findings
of this study which showed proliferating cells to be 5 times more than pyknotic cells.
However, Kozorovitskiy and Gould, (2004) identified some factors such as position of the
animal within a group hierarchy to affect cell death but not cell proliferation. The reason

for this difference is not clear. However, environmental factor could have played a role in
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the higher number of proliferative cell compared to cell death observed in this study.
Kempermann et al., (1997) and van Praag, et al., (1999) identified environmental

complexities and physical exercise as factors that could increase cell proliferation.

It is generally known that granule cell number is significantly higher in the DG than both
cell proliferation and cell death (Amrein et al., 2004; lhunwo and Schliebs, 2010). In this
study, there were a higher number of granule cells to proliferative cells compared to
previous study (Amrein et al., 2004a). Similarly there was a higher granule cell to pyknotic
cell in four-striped mouse compared to previous study (Amrein et al., 2004). Again the
reason for the differences could be due to environmental factors such as physical exercise,
mating pair and rearing of offspring as seen in previous studies (Amrein et al., 2004a &

2004b; Epp et al., 2009; Hauser et al., 2009 and Lieberwirth and Wang, 2012).

4.7.  Correlation of cell proliferation, cell death and total granule cell numbers in

the four-striped mouse

There was no significant correlation between cell death and cell proliferation in the dentate
gyrus of the hippocampus. This implies that cell proliferation was not directly proportional
to cell death in the dentate gyrus. However, the relative contribution of cell death to cell
proliferation was obtained after log transformation of the values was done although they
were not statistically significant. The correlation coefficient obtained suggested that, 25 %
of newly formed cells could be accounted for by the indirect influence of the number of
cell death recorded. Similarly, Amrein et al., (2004a) found no correlation between cell
proliferation and cell death except in pine voles. No reason could easily be adduced for the
difference, but genetic factor could play a role. Presently there are few studies that

correlated cell proliferation with cell death (Amrein et al., 2014; Ngwenya et al., 2015).
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Further studies needs to be done to determine the relative influence of cell death on cell

proliferation.

Also, no significant correlation was found between cell death, cell proliferation and total
granule cell number in the dentate gyrus of the hippocampus. This also shows that the total
granule cell number is not directly proportional to cell death and cell proliferation in the
dentate gyrus. However, a log transformed correlation coefficient obtained suggested that
21 % of cell death and 28 % of cell proliferation could be accounted for by the indirect
influence of total granule cell numbers. Again these were not statistically significant. The
search of literature did not yield any evidence on the relationship of total granule cell to
cell death and cell proliferation in mouse specie. A study done on monkeys showed a
significant correlation between dentate gyrus cell proliferation and cell death. This implies

that as the cell proliferation increases, cell death decreases.

4.6. Estimates of cell proliferation in the dentate gyrus of the hippocampus in the

common mole-rat

The common mole-rat (Cryptomys hottentotus) is the most common species of mole-rat in
Southern Africa and it has been little researched. Most researches were done on the naked
mole-rat (Heterocsphalus glaber) because it shows extended habitat adaptations like
hairlessness and ectothermy. Estimate of cell proliferation in the common mole-rat was
higher than the naked mole-rat but lower compared to the estimates reported in cape mole-
rat and Highveld mole-rat (Amrein et al., 2014). One would have expected similar cell
proliferation numbers in both naked mole-rat and common mole-rat because of their
similar complex tunnel system which provides safe environment. However, it may be that
the hairlessness and ectothermy in naked mole-rat makes it more suitable to adapt to its

immediate environment and hence less neurogenesis is required. For survival on the other
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hand, common mole-rats must display higher behavioural flexibility to adapt to similar
environmental conditions. It is well known that experimental adjustments of the social
context influence adult hippocampal neurogenesis in several mammals (Gheusi et al.,
2009; Lieberwirth and Wang, 2012), but there are limited studies that compared solitary
with social species. Fowler et al., (2002) found a higher density of proliferating cells in
solitary meadow voles compared to the social prairie voles. In contrast, Barker et al.,
(2005) found more proliferating cells in social eastern gray squirrels than in yellow-pine
chipmunks. Likewise, Snyder et al., (2009) found higher proliferation in laboratory rats
compared to laboratory mice. Under natural settings rats would live in mixed-gender
groups, while mice consolidate in groups of one territorial male with several females.
Another reason for the differences in the adult cell proliferation within species may be due

to genetic factors or differences in body weight.

4.7.  Estimates of pyknotic cell number in the dentate gyrus of the hippocampus in

the common mole-rat

There is paucity of data and report on the rate of cell death in the common mole-rat. The
value of cell death was found to be higher than cell proliferation in the common mole-rat in
the present study. This shows that less proliferative cells get into the maturity or post
mitotic stage of cell development in common mole-rat. Amrein et al., (2014) observed
similar trend when they reported that the ratio of the high cell death to cell proliferation
could be due to environmental factors. The environment of common mole-rats under study
which was strictly solitary could have been responsible for the high rate of cell death

observed.
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4.8.  Estimates of total granule cell number in the dentate gyrus of common mole-
rat

Most of the mole-rat species show a small granule cell layer in the dentate gyrus compared
to other rodents. The compact hilar polymorphic cell layer merges with CA3 pyramidal
layer in naked mole-rats, whereas the hilar region in common mole-rat is similar to what

was reported in cape and social highveld mole-rats by Amrein et al., (2014).

There were a high number of granule cell populations seen in the dentate gyrus of the
hippocampus of the common mole-rat used for this study. This finding is corroborated by
the report of Bayer et al., (1982) who reported an upto 43% increase in the number of
granule cells in adult laboratory rats. Furthermore, the estimated granule cell numbers in
the dentate gyrus of common mole-rat was higher than the values reported by Amrein et
al., (2014) for the naked, cape and social highveld mole-rats. The bigger brain weight of
the common mole-rat used for this study could be a reason for the high values of granule

cells observed.

Some authors reported that newly formed granule cells are added to the granular cell
population which receive inputs from already established ones making them stable
overtime (Ngwenya et al., 2015). They assumed that the stability of the total granule cell
numbers in the brain of adult rhesus monkeys is balanced out by cell proliferation and cell
death which could be a reasonable argument to support the finding in the common mole-
rat. The study of total granule cell numbers through the life span reveals that a fraction of
cell proliferation and cell death cause a stable increase in number of neurons in the dentate
gyrus (Vivar and Van Praag, 2013; Ngwenya et al., 2015). One of the limitations of the
present study is that the study did not look at the count of granule cell by age of the rat.
Hence this study could not prove the assertion of Ngwenya and colleagues, (2015) that

granule cell decreases with age.
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4.9.  Categorization of DCX- positive neurons in the dentate gyrus of hippocampus

in the common mole-rat

Similar to reports of previous studies (Ribak et al., 2004; Plumpe et al., 2006; D’Alessio et
al., 2010; Olaleye, 2011), DCX positive cells identified in the common mole-rat showed
the soma of the immature neuron located in the subgranular layer of the DG of the
hippocampus with their processes projecting into the molecular layer where synaptogenesis
was expected to occur. The immature neurons in the DG of adult mammalian brain are
presumed to display the phenotype of differentiated granule cells (Rao and Shetty, 2004).
The cell bodies were located in the granule cell layer as well as the subgranular layer with
their processes reaching as far as the molecular layer of the hippocampus. Rao and Shetty,
(2004) also found similar morphological architecture in laboratory rats. Furthermore, the
DCX positive cells in the DG of the hippocampus of common mole-rat showed more
matured appearance classified by Plumpe et al., (2006) as a postmitotic stage of neuron
development. The DCX positive cells observed in the common mole-rat had either a one
thick dendrite or a delicate branched dendritic tree with few major branches close to the
soma or within the granule cell layer. The majority of the DCX positive cells were located
in the suprapyramidal region of the DG in the common mole-rat, an indication that many
of the immature neurones tend towards maturity and integration. The value of DCX
positive cell in the common mole-rat was similar to the adult Sprague-Dawley rat (Epp et
al., 2009). Epp et al., (2009) found similarity in dentate gyrus cell proliferation and young
neuron survival in free-living adult and captive-bred rats even though the animals live in
extremely different environments. A possible explanation for this is that wild,captive, and
laboratory rats are exposed to a balance of opposing regulatory factors such as, glutamate
receptor activation (Cameron et al., 1995; Gould et al., 1997; Cameron et al., 1998;

Bernabeu and Sharp, 2000), dietary restriction (Lee et al., 2000; Lee et al., 2002a; 2002b),
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growth factors (Palmer et al., 1995; Scharfman et al., 2005), stress (Brunson et al., 2005;
Nichols et al., 2005) and neuronal injury (Parent, 2003; Cooper-Kuhn et al., 2004),
resulting in no net difference between the two populations of cell proliferation and cell

death.

In free-living rats, for example, high activity levels and enrichment may enhance
neurogenesis, but only relative to a concurrent stress-induced suppression of neurogenesis
(Brunson et al., 2005; Nichols et al., 2005). Similarly, in captive-bred rats, the effects of
lower levels of both activity and stress could counteract each other, resulting in a stable
basal rate of neurogenesis that closely resembles that of their wild counterparts (Epp et al.,

2009).

Controversies exist on the reason for variation in cell proliferation in free living rats and
laboratory rats. One would have thought that the more stressful environment to which free-
living adult rats are constantly exposed to, would lead to less cell proliferation and/or cell
survival in comparison to laboratory rats. On the other hand one might also presume that
enhanced exercise and enrichment experienced by free-living rats could lead to increase in
cell proliferation and cell survival in adulthood. Hence, the present result of high rate of
cell proliferation in common mole-rats could be ascribed to the memorizing of the complex
burrowing as described by Bennet and Faulkes, (2000). However, studies are needed to put

these controversies to rest.

Although the findings of this study was similar to that of laboratory rat, it was higher than
the values reported for Highveld, Cape and Naked mole-rats (Amrein et al., 2014) which
are free-living rats like common mole-rats. The reason for the disparities in the DCX
positive cell values across the wild mole rats species may not be readily explained but

could be due to genetic rather than environmental factors.
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It could also be inferred from the present study, that there was an increase in the survival of
immature neuron in common mole-rat. A search of literature did not yield any report on
similar study of immature neurons in rat species. This is a novel finding and more studies

should be done to confirm this findings.

4.10. Correlation coefficient of cell death, cell proliferation and total granule cell

number in the common mole-rat

The estimation of the total granule cell number in this work constituted the baseline for
comparing cell proliferation and cell death in the common mole-rat. In the common mole-
rat, cell proliferation was not proportional to cell death in the dentate gyrus. This is similar
to the findings of by Amrein and colleagues, (2014) on naked mole-rat and Highveld
common mole-rat with the exception of pine voles (Amrein et al., 2004). The reason may

be due to environmental and genetic influences on the animals.

However, the relative contribution of cell death to cell proliferation was obtained after log
transformation of the values was done. The correlation coefficient obtained suggested that,
65 % of newly formed cells could be accounted for by the number of cell death. Presently
there are few studies (Amrein et al., 2004a) that correlated cell proliferation with cell death
in common mole-rat. Further studies needs to be done to determine the relative influence

of cell death to cell proliferation.

No significant correlation was found between cell death, cell proliferation and total granule
cell number in the dentate gyrus of the hippocampus of the common mole-rat. This also
shows that the total granule cell number is not directly proportional to cell death and cell
proliferation in the dentate gyrus. However, a log transformed correlation coefficient
obtained suggested that 1 % of cell death and 62 % of cell proliferation could be accounted
for by the indirect influence of total granule cell numbers. Other authors have reported that
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several regulatory mechanisms such as glutamate receptor activation (Cameron et al.,
1995; Gould et al., 1997; Cameron et al., 1998; Bernabeu and Sharp, 2000), dietary
restriction (Lee et al., 2000; Lee et al., 2002a; 2002b), growth factors (Palmer et al., 1995;
Scharfman et al., 2005), stress (Brunson et al., 2005; Nichols et al., 2005) and neuronal
injury (Parent, 2003; Cooper-Kuhn et al., 2004) are involved in cell proliferation and cell
death in the dentate gyrus. The reason for the findings is not clear due to the design of this

study which did not identify the factors responsible for the results obtained.

The reliability and repeatability of the granule cell is proven by the coefficient of error
(CE). Slomianka and West (2005) reported that the CE of an estimation procedure
expresses the validity and reliability of the result obtained. It thus provided information
about the precision of the results from the stereological estimates. The Gundersen

coefficient of error obtained in this study is within the acceptable limit of 0.07.

4.11. Comparison of cell proliferation in four-striped mouse and common mole-rat

The dentate gyrus has been assessed by different markers for cell proliferation including
Ki-67 (Nacher et al., 2001; Schauwecker, 2006; Kim et al., 2009; Hauser et al., 2009;
Olaleye and Ihunwo, 2014). Despite other neurogenic sites (Bernier et al., 2002; Zhao et
al., 2003; Takemura, 2005; Luzzati et al., 2006, 2007), the dentate gyrus of the
hippocampus remains one of the most active neurogenic sites in the adult mammalian brain
(Hauser et al., 2009; Ihunwo and Schliebs, 2010; Olaleye and Thunwo, 2014; Bergmann et

al., 2015).

The occurrence of new cells is four times more than that of pyknotic cell in the four-striped
mouse whereas, the ratio of the two cells in common mole-rate was equal. The difference
in the ratio of pyknotic cell to cell proliferation in the two animals may be due to
environmental factors and genetic influence.
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The four-striped mouse has a flexible social organization and mating system which is
controlled mainly by resource availability and population density. This might have
accounted for the increase in the number of cell proliferation. One would have expected an
increase in the ratio of cell proliferation to pyknotic cell due to the complex burrowing
system and other environmental and adaptive behaviour in common mole-rats. The reason
for the equal ratio may be that they use other sensory in memorizing their complex
burrowing system rather than the hippocampus. For example, DCX positive cells were
observed in the cortex region of common mole-rat (Olaleye, 2011) which may indicate that
dentate gyrus may not be involved in memory and cognition needed in the subterranean
lifestyle. The decline in the Ki-67 positive cells in common mole-rat could also be related
to a decrease in proliferation of granule cell precursor (Kuhn et al., 1996). Regulatory
factors and cellular degeneration could cause cell proliferation and granular degeneration
concurrently in the dentate gyrus of common mole-rats (Cameron and Gould, 1996;
Amrein et al., 2004b). Chronic and acute socio-sexual interaction has shown to facilitate
cell proliferation in mammalian brain (Lieberwirth and Wang, 2012). Howbeit, the social
influence such as an enriched environment and lack of exposure to opposite sex (Fowler et
al., 2002) in the two experimental animals could have played a vital role in the outcome of
cell proliferation in relation to sustained active and challenging environments (Sherman et

al., 1999; Lacey et al., 2000; Schradin and Pillay, 2004 & 2005).

4.12. Comparison of pyknotic cell number in the dentate gyrus of the hippocampus

in four-striped mouse and common mole-rat

Pyknotic cell numbers represents the number of cell death in the brain. The rate of cell
death in common mole-rat was higher than four-striped mouse. The rate of cell death has
been reported in a number of mammalian species (Amrein et al., 2011; Spalding et al.,

2013). The rate of cell death in the four-striped mouse and common mole-rat does not
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differ from other non-laboratory rodents reported (Amrein et al., 2004a & 2004b) but
differ in comparison to species like wood mice and bank voles where cell death population
is considerable very low. This could have been as a result of environmental exposure since
the common mole-rat is a solitary living rodent which tends to spend a greater part of its
life in burrows. In the common mole-rat, the granule cell layer of the DG is relatively small
in comparison to that of the four-striped mouse; hence this might also affect other areas
including the visual areas of the brain. Brain weight could have contributed to the findings
of this study. However, when the rate of cell death in the four-striped mouse was compared
to common mole-rat by their brain size the pyknotic cell number was found to be two-fold
higher in the common mole-rat than the four-striped mouse despite the larger brain weight
of the common mole-rat. This reveals that the relative proportion of cell death to the brain

weight between four-striped mouse and common mole-rat are inversely related.

New cells are being added to the hippocampus everyday (Spalding et al., 2013) and most
of these cell undergo cell degeneration which are represented by the presence of pyknotic
cells (Zupanc, 1999; Biebl et al., 2000; Jabes et al., 2010). The low number of pyknotic
cells is an indication of lower cell death in animals from an enriched environment
(Kempermann et al., 1997) compared to common mole-rat which is directly from the wild

(Amrein et al., 2004a & 2004b, 2007; Amrein et al., 2011).

4.13. Comparison of total granule cell in the dentate gyrus of four-striped mouse

and common mole-rat

The estimate of granule cells in the dentate gyrus of four-striped mouse was higher than
common mole-rat despite the fact that the brain size in the common mole-rat was larger
than that of the four-striped mouse. The reason for this may be due to the larger granule

cells seen in the common mole-rats compared to the small cells seen in the four-striped
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mouse. Newly formed granule cells are believed to be added to the granular cell population
and they receive inputs from already established ones (Vivar and Van Praag, 2013). In the
four-striped mouse, cell proliferation has more influence on the total granule cell number
by stabilising the granule cell population in the dentate gyrus (Ngwenya et al., 2015).
Whereas in the common mole-rat, pyknotic cell number has a direct influence on the total

granule cell number due to the values recorded against the values of cell proliferation.

4.14. Categorization of DCX- positive neurons in the dentate gyrus of hippocampus

in the four-striped mouse and common mole-rat

The morphological categorization of DCX-positive cells in the DG was achieved by
observing the structure of the cells as recorded in previous works (Ribak et al., 2004;
Plumpe et al., 2006; D’Alessio et al., 2010; Olaleye, 2011). The typical immature neurons
observed in the DG of the two experimental animals, four-striped mouse and common
mole-rat, were not different from what was observed in the literature (Plumpe et al., 2006;
D’Alessio et al., 2010). The DCX- positive cells identified in the four-striped mouse and
common mole-rat showed the soma of the immature neuron located in the subgranular
layer of the DG of the hippocampus and their processes projecting into the molecular layer
where integration is expected to occur. Some of the cell bodies (soma) were located in the
granular layer as well as the subgranular layer (Figure 3-3). Their processes reach as far as
the molecular layer of the hippocampus. It is quite interesting also to see in the four-striped
mouse that some of the processes were directed towards the hilar region of the
hippocampus (Figure 3.2b). In the DCX positive cells for category E (Plumpe et al., 2006),
they had a comparatively sparse branching in the molecular layer. There is a continuum
that exists between the different categories. Majority of the DCX positive cells were
located in the suprapyramidal region of the DG in the four-striped mouse and common

mole-rat.
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4.15. Correlation coefficient of cell proliferation and cell death in the four-striped

mouse and common mole-rat

It is no longer in doubt that adult cell proliferation exists in the DG of the four-striped
mouse (Olaleye and Ihunwo, 2014) and common mole-rat (Olaleye, 2011) which
corroborates previous report on adult cell proliferation in rodents (Eriksson et al., 1998;
Nacher et al., 2001; Amrein et al., 2004a & 2004b; Schauwecker, 2006; Kim et al., 2009).
The newly formed cells are believed to receive inputs from established cells upon
incorporation mostly for memory function (Amrein et al., 2007; Vivar and Van Praag,
2013). Regulatory factors such as seizures and environmental manipulation (van Praag et
al., 2000), administration of drugs such as antidepressants (Malberg et al., 2000; Santarelli
et al., 2003), exercise such as wheel-running (van Praag et al., 1999; Creer et al., 2010)
and environmental enrichment (Kempermann et al., 2002; Brown et al., 2003; Ehninger
and Kempermann, 2003) are believed to increase adult cell proliferation. However, stress
(Gould et al., 1997; Cameron et al., 1998) and social isolation (Lu et al., 2003; Lievajova
et al., 2011) have been shown to affect cell proliferation. The regulatory factors that
promotes proliferation in one animal could lead to their degeneration in another (Cameron
and Gould, 1996; Amrein et al., 2004a). Also, cell death regulation could have been more
tissue- or cell-type specific (Amrein et al., 2004b). Some cells are believed to unusually
switch from normal cell cycle pathway into apoptotic pathway (Heintz, 1993; Thomaidou
et al., 1997; Timsit et al., 1999; Liu and Greene, 2001; Janumyan et al., 2003) which

maybe due to programmed cell death (Timsit et al., 1999).

Opposite relationship was found in the four-striped mouse and common mole-rat in the
relationship of cell proliferation to cell death. In the four-striped mouse, cell proliferation

was not proportional to cell death in the dentate gyrus even though a negative but
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insignificant correlation was observed similar to a previous report (Amrein et al., 2004a).
This meant that as cell proliferation is increasing cell death decreases in the four-striped
mouse. Only about 24.7 % of the population of newly generated cells can be accounted for
by indirect influence of pyknotic cell population in the dentate gyrus of four-striped mouse.
Similarly, in the common mole-rat, there was no significant correlation between cell death
and cell proliferation in the dentate gyrus of the hippocampus however, a positive
correlation coefficient was observed. This meant that as new cell are being generated this
is directly proportional to the pyknotic population in the dentate gyrus of common mole-
rat.

The populations of pyknotic to granule cell numbers in the two experimental animals is
similar to previous reports (Amrein et al., 2004a & 2004b; lhunwo and Schliebs, 2010).
The estimate population of pyknotic cells observed in the four-striped mouse and common
mole-rat could have been a small amount in relation to the total granule cell population as
reported in (Kerr et al., 1972; Amrein et al., 2004a). The result revealed no significant
correlation between cell death and total granule cell number in the dentate gyrus of the
hippocampus in the four-striped mouse. However, based on the result of negative
correlation observed, it could be inferred that as the population of pyknotic cell decreases
proportionally, the number of granule cell increases and vice versa. In addition, the total
granule cell number is not proportional to cell death in the dentate gyrus in four-striped
mouse which points to the fact that 24.7 % of dead cells can be explained by the indirect
influence of the total number of granule cells. In contrast to four-striped mouse, there was
a positive and significant correlation between total granule cell number and cell death in
the common mole-rat. Based on the outcome, the granule cell population is directly
affected by the pyknotic cell number despite the brain size in comparison to the four-

striped mouse brain because as granule cell increases so is the pyknotic cell population.
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5. CHAPTER FIVE

5.0. Conclusion

The study has provided a quantification data on estimation of cell proliferation, cell death
and total granule cell number as a baseline in the four-striped mouse (Rhabdomys pumilio)

and common mole-rat (Cryptomys hottentotus).

Ki-67 positive cells appeared in clusters along the whole region of the DG of the four-
striped mouse and common mole-rat and were used to estimate the cell proliferation
number. A larger portion of these proliferating cells were relatively located in the supra-
pyramidal, than the infra-pyramidal region of the dentate gyrus, a few were located in the

crest region in the dentate gyrus of hippocampus.

The DCX positive cells indicated cells in the proliferating, mitotic and postmitotic phases.
Majority of the DCX positive cells observed in the four-striped mouse and common mole-
rat were in their post mitotic phase. The DCX positive cells were mostly located in the
suprapyramidal region of the DG and a relative amount in the crest and infra-pyramidal

regions.

Using Giemsa staining two classes of cells were identified and quantified. First, the total
granule cells in the granule cell layer and secondly, pyknotic cells which represent cell
death in the dentate gyrus of the hippocampus in the four-striped mouse and common

mole-rat.

Using the estimated total granule cell number as a baseline data, the influence of cell

proliferation and cell death was analysed. The combinations of cell death and cell
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proliferation do have a direct impact on the entire lifespan of the four-striped mouse and

the common mole-rat.

There was no correlation between cell proliferation and cell death, cell proliferation and
total granule cell, and cell death and total granule cell number in the four-striped mouse
and common mole-rat reveals that there was no correlation. However, the regression
analysis revealed a statistical significant in cell proliferation and cell death in the common

mole-rat.

The ratio of cell proliferation was five times higher than pyknotic cell in four-striped
mouse while it was almost equal in common mole-rat. The total granule cell was higher in
common mole-rat than four-striped mouse. Also, the number of DCX positive cells was

higher in the common mole-rat than the four-striped mouse.

Therefore, this study demonstrated adult neurogenesis in both animals. However, more
adult neurogenesis was found in the four-striped mouse than the common mole-rat. This

could be due to combination of social, environmental and genetic influence.

5.1. Further studies

Analysis on correlation studies of cell proliferation and cell death need to be carried out in

neurogenic regions (SVZ) and non-neurogenic regions with neurogenic potential:

e By conducting a quantification study of cell proliferation and cell death in the
subventricular zone of lateral ventricle (SVZ). The SVZ is very important due to
the fact that majority of the newly formed cells migrate to the olfactory bulb (OB)
via the rostral migratory stream.

e Electron microscopic study of newly formed adult neural cells needs to be studied.
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Isolation of adult neural stem cells for the dentate gyrus for invitro study on cell
proliferation and cell death need to be investigated.

An evaluation of the functionality (synapse activity) of newborn neurons needs to

be investigated.
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