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Abstract 

Neurogenesis is the differentiation of neural stem cells into neurones, astrocytes and 

oligodendrocytes. There is evidence for postnatal neurogenesis in the brainstem and 

central canal area of the spinal cord. We therefore sought to determine the relationship 

between 5-HTergic fibres and neural stem cells using nestin-GFP mice and whether 

modulation of 5-HTergic signalling can influence neurogenesis in the spinal cord and 

brainstem. In nestin-GFP mice, 5-HTergic fibres formed close proximity with nestin-

positive cells in brainstem and spinal cord suggesting that 5-HT may modulate the stem 

cells. Administration of the 5-HT uptake inhibitor, fluoxetine hydrochloride (flx, 10 mg/kg) 

promoted greater numbers of proliferating cells in dentate gyrus (DG) of hippocampus 

(used as a positive control), dorsal vagal complex, raphe nuclei and inferior olives of 

brainstem and gray matter in thoracic spinal cord. Nevertheless, the proportion of new 

cells that became astrocytes, oligodendrocytes and neurones were not significant. To 

determine which 5-HT receptor was involved, in vitro experiments revealed that slices 

treated with cisapride (5-HT4 agonist) had higher numbers of proliferating cells in central 

canal of spinal cord, while slices treated with another 5-HT4 partial agonist tegaserod 

maleate had lower numbers compared with control slices. In vivo, animals treated with 

tegaserod had significantly fewer proliferating cells in DG of hippocampus, NTS and ECL 

of brainstem and selected areas in spinal cord, compared to control. However, there 

were no significant differences in the proportions of proliferating cells also exhibiting 

markers for neurones, oligodendrocytes or astrocytes in hippocampus, brainstem and 

spinal cord 

The effects of flx on neurogenesis in animals on high-fat diet was determined, 

administration of 166 mg/L of flx in drinking water was not able to affect cell proliferation 

in the hippocampus, selected regions and thoracic spinal cord. Moreover, it did not 

influence cell differentiation. For metabolic changes, flx did not improve the fasting blood 

glucose level and did not reverse the increased bodyweight. 

In conclusion, this indicated the influence of endogenous 5-HT in promoting high levels 

of cell proliferation since flx blocks 5-HT transporters, increasing 5-HT levels in the 

synaptic cleft.  
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Chapter 1  

GENERAL INTRODUCTION 

1.1 Introduction 
 

The adult nervous system was originally thought to be stable in terms of no generation 

of new neurons in the brain. This was based on a study using radiolabelling showed that 

tritium-labelled thymidine (which would be taken up by dividing cells) injected into adult 

rhesus monkey brain was not found in neurones, even after six years post-injection 

(Rakic, 1985). However, as far back as the 1960s, using similar thymidine incorporation 

studies, Altman and Das (1965) had observed new cells in the adult dentate gyrus in rats 

and over recent years, it was proven that adult brains showed more regenerative 

potential than previously thought in terms of neurogenesis and neural plasticity (Eriksson 

et al., 1998, Eriksson, 2003). This has led to a resurgence of interest in harnessing or 

enhancing adult neurogenesis in treating conditions where neurones are lost, such as 

Alzheimer’s disease (Llorens-Martín, 2018). It appears that there are two main 

neurogenic niches in the brain, the dentate gyrus of the hippocampus and the 

subventricular zone (Lledo et al., 2006) but neural stem cells exist in other regions such 

as the brainstem and spinal cord, and it is these regions that are of interest here. 

It is also necessary to consider new approaches to reverse damage to, and loss of other 

critical cells such as astrocytes and oligodendrocytes. Most current treatments for many 

conditions such as multiple sclerosis or spinal cord injury tend to focus on reducing 

inflammation or increasing plasticity in existing circuits. However, as our knowledge of 

the regenerative capacity of the central nervous system changes, this may be an 

important therapeutic avenue to consider, since neurogenesis also covers production of 
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these glial cells. Therefore, research into the recruitment of adult neural stem cells 

through neurogenesis is significant to improve the mode of treatment and management 

of the neuronal-related problems.  

One way in which this is possible is by intrinsic or extrinsic modulation of the neural stem 

cells to trigger them to proliferate and differentiate into the cells that are required, for 

example neurones or oligodendrocytes to help with remyelination. 

There is a growing volume of research considering the importance of 5-

hydroxytryptamine (5-HT, also known as serotonin) in the modulation of neurogenesis in 

the brain neurogenic niches. 5-HT is produced in the raphe nuclei of the brainstem 

(Palkovits et al., 1974) and these neurones send projections throughout the central 

nervous system by forming ramifications and anastomosis plexi (Takeuchi et al., 1983). 

To date, there is little known about how the spinal cord and brainstem neurogenic niches 

can be modulated by 5-HT in order to produce new neurones, oligodendrocytes or 

astrocytes, yet this could be an important therapeutic avenue in aid in recording after 

brain or spinal cord injury or in situations such as MS. This introduction will consider 

neurogenesis in general then focus on what is known about the neural stem cell capacity 

of the brainstem and spinal cord. It will then consider factors such as 5-HT in promoting 

neurogenesis and whether such factors can be harnessed to restore function. 

 

1.2 Neurogenesis 

1.2.1 Neurogenesis in established neurogenic niches of the brain 

 

Neurogenesis is a process by which new neurons are formed whereas neural plasticity 

is the ability of neural circuits to undergo changes in the function or organisation due to 

its previous activity. Both neurogenesis and neural plasticity occur in the foetal and adult 

brain, but these are more pronounced in foetal brains (Eriksson, 2003). In most parts of 
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the brain, neurogenesis only occurs during intrauterine life. However, it was shown that 

this process persists in some parts of the brains of certain species throughout the 

postnatal and adult period. Researchers have studied neurogenesis using a technique 

that exploits the mechanism of incorporation of nucleosides into newly synthesised DNA 

of dividing cells during the S phase of the cell cycle. Thymidine analogues such as 5-

bromo-2'-deoxyuridine (BrdU) or 5-Ethynyl-2′-deoxyuridine (EdU) can be injected into 

animals or added to cultures to label proliferating cells, although this does not 

differentiate between cell types.  

Therefore, to consider generation of new neurones, BrdU or EdU labelling is often 

accompanied with immunolabelling using antibodies for immature neurones. The two 

prominent brain regions that have been identified to be neurogenic in adult rodents (and 

indeed in other animals such as adult primates) are the subventricular zone (SVZ) and 

the subgranular zone (SGZ) of the hippocampal dentate gyrus (Seaberg and van der 

Kooy, 2002). In the SVZ, the newly formed neuroblasts migrate along the rostral 

migratory stream to the olfactory bulb where they become integrated into the local 

circuitry, many becoming GABAergic interneurons or glomerular cells (Lledo et al., 

2006). A study on post-mortem tissue of adult human hippocampus also proved that 

neurogenesis persists throughout human life (Eriksson et al., 1998). Other regions have 

also been considered as having neurogenic potential, for example, Gould et al. (2001) 

reported the presence of new cells with neuronal characteristics in the neocortex of adult 

rats and macaques but with lower rates of proliferation compared to the dentate gyrus. 

Furthermore, in the amygdala of adult primates, cells labelled with BrdU and also for 

markers of new neurons, such as β-tubulin-III were reported (Bernier et al., 2002). 

However, for both of these studies, it was suggested that the origin of these cells was 

the SVZ and that different migratory streams may exist for these to follow to their final 

destination. This suggests therefore that rather than proliferation occurring throughout 

the neuroaxis, there are specific niches where higher levels of neurogenesis occur. 



 

 
4 

In these brain niches, neurogenesis has different phases - precursor phase, early 

survival phase, early post-mitotic maturation phase and a late post-mitotic maturation 

phase (Figure 1.1) (Kempermann et al., 2015). 

 

 

Figure 1.1 Stages of the neurogenic process in brain. A diagrammatic picture 
showing the stages of neurogenesis and markers expressed at every stage. Adapted 
from (Kempermann et al., 2015). 
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In these stages, there are different markers expressed by cells that can be used to 

indicate the degree of development, although a degree of caution is needed since there 

is overlap in expression of these at different time periods. In the brain, neurogenesis 

starts from the neural progenitor cells (NPC) that have astrocytic properties. At this stage, 

it can be detected by nestin which is a specific marker for neural progenitor cells and 

glial fibrillary acidic protein (GFAP) for the glial properties.  

After this stage, there are three identifiable progenitors of precursor cells that have 

different morphology at the earlier stage of neurogenesis. In hippocampus, Type 1 cells 

have one single thick process that extends into the granular layer. Then the single 

process branches out to become processes that extend to the inner molecular layer 

(Wang et al., 2005). However, the Type 2 cells have a different morphology compared 

to the Type 1 cells. They possess short horizontal processes or lack of processes and 

these cells are most highly proliferative and capable of migration. The Type 2 cells can 

be further divided into Type 2a and Type 2b (Steiner et al., 2006). Type 2a expresses 

cell markers, such as GFAP, nestin, brain lipid-binding protein (BLBP) and Sox2. 

Therefore, from the cell markers, it gives some clue regarding the type of cell these Type 

2a cells are. The presence of GFAP is consistent with identification as an astrocytic cell, 

Sox2 shows stem cell properties, and BLBP is a radial glial marker. Therefore, the Type 

2a are stem cells that have astrocytic properties. While nestin is present in both types, 

the Type 2b cell expresses different markers, including doublecortin (DCX), 

polysialylated-neural cell adhesion (PSA-NCAM), Neuro-D and Prox-1. Doublecortin 

(DCX) is a marker for new neurones and research on DCX shows the importance of this 

marker for the survival of the neurone (Rao and Shetty, 2004). PSA-NCAM is a marker 

for developing and migrating neurones (Quartu et al., 2008). Neuro-D is important in 

postnatal neurogenesis with a role in the differentiation of the neurone. Miyata et al. 

(1999) found neuronal cell death in mice that were totally lacking Neuro-D. Prox-1 is 

important in the middle and late stages of neurogenesis. Its function is to maintain the 

intermediate progenitor cells (IPCs), and it is also important for granule cell maturation. 
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IPCs help in amplifying the division of cells and the progenitor itself (Pontious et al., 

2008). 

The Type 3 cells do not express astrocyte-like cell markers. The cells present as a “clump 

cell” without any processes or extension of cytoplasmic processes. The Type 3 cells 

express immature neurone markers and give some clue that at this stage, they prepare 

themselves for proliferation and further differentiation to form mature neurones.  

Therefore, the early phases of neurogenesis (precursor cell stage) are mainly for the 

proliferation and differentiation of the neuronal cells, and this is very important for survival 

of neurones and the capability to enter the next stage for maturation process. Besides 

that, these phases act to provide stem cell pools that are highly proliferative to increase 

the rate of neurogenesis (the amplification process).  

The next process is the postmitotic maturation process that can be divided into early 

phase and late phase. This phase is mainly more on the survival of the neurone and the 

final maturation into functional neurones. The presence of calretinin indicates the early 

phase of postmitotic maturation in the neurogenic process, although it is important to 

note that calretinin is expressed by many groups of mature neurones in both the brain 

and spinal cord (Ren et al., 1993, Brandt et al., 2003). The cells keep growing by 

extension of the axon and dendrites and the formation of synapses (Kempermann et al., 

2015). The late postmitotic maturation phase is more on the refining process. The cells 

express the marker for mature neurones, calbindin (Gage et al., 1995). It represents the 

final establishment of neurones as mature, stable and fully functioning. The estimation 

of whole cycle of neurogenesis may take place for about 7 weeks in humans while the 

estimation for rats and mice is still unknown. These markers may be useful in studies of 

adult neurogenesis since they help in identifying the stage of the neurogenesis cycle at 

which our newly born cells are found. 
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Most of our understanding of postnatal neurogenesis is based on these two neurogenic 

niches however, it is clear that there is neurogenic potential in other regions and my 

interest lies particularly in the brainstem and the spinal cord so I will cover these in turn. 

 

1.2.2 Neurogenesis in brainstem 

 

The brainstem is located in between the cerebrum and the spinal cord. It is like a ‘bridge' 

that brings these two regions together and where some of the ascending and descending 

tracts decussate. Motor and sensory neurones travel through the brainstem for relaying 

signals between higher centres and spinal cord. It has a crucial function since it also 

controls non-voluntary actions especially regulation of cardiovascular and respiratory 

function (Joynt, 2015). The brainstem is also associated with nuclei of all cranial nerves 

except the olfactory and optic nerves. Furthermore, it has important nuclei involved in 

sympathetic and parasympathetic autonomic function. 

The brainstem consists of three main regions, from rostral to caudal, midbrain, pons and 

medulla oblongata. The most caudal region of the brainstem is the medulla oblongata 

that has a continuation with the cervical spinal cord. The dorsal medulla makes up the 

ventral floor of the fourth ventricle. The regions of interest in this study are mainly in 

medullary areas where the dorsal vagal complex area (DVC) resides. 

The DVC consists of three collections of nuclei that are close to each other and located 

dorsomedially within the medulla oblongata - these are the nucleus tractus solitarius 

(NTS), area postrema (AP) and dorsal vagal motor nucleus (DMX) (Binder et al., 2009). 

The DVC area is very complex; every level from caudal to rostral has a different position 

and coverage area (Figure 1.2). 

Every region that forms the DVC has an important role. The NTS is a mainly comprised 

of sensory nuclei that primarily integrates information from visceral organs such as those 
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in the gastrointestinal, cardiovascular and urinary systems. A variety of different stimuli 

directly activate NTS neurones which in turn innervate parasympathetic preganglionic 

neurones, premotor autonomic centres, thalamus and limbic systems. Therefore, the 

NTS is a major processing station for ascending visceral information and also plays a 

role in autonomic reflexes (Travagli, 2009). The AP region is a circumventricular organ 

(CVO) that protrudes into the fourth ventricle. The region enables detection of changes 

in circulating chemical messengers in blood and is also responsible as a chemoreceptor 

zone that controls vomiting. The AP also integrates neuronal inputs from other brainstem 

regions and sends projections to the NTS region (D.Binder, 2009). The DMX is located 

ventral to the NTS and has mainly a parasympathetic vagal function innervating regions 

such as the gastrointestinal tract, lungs and other abdominal regions. It also receives 

projections from many other brain regions such as hypothalamus, NTS. The main 

innervation of the heart is provided by the cell bodies of the preganglionic 

parasympathetic neurones residing in the nucleus ambiguus (Geis and Wurster, 1980). 
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Figure 1.2 Location of dorsal vagal complex and outputs from DMX. (A) The outputs 
from the DMX to gastrointestinal, respiratory, system, urinary system and immune 
system. (Bi-iii) Cross-sections of medulla oblongata where the DVC area resides 
showing differences in shape and location of the 3 regions. Note that the DMX is labelled 
as 10N. 
 

 

Neurogenesis studies in the brainstem are relatively small in number, potentially due to 

the extent of neurogenesis that is observed. However, it is clear that this process does 

exist and therefore it is important to consider where and how it occurs. The first study 

that was reported by Bauer et al. (2005) showed that, in intact brainstem, the proliferating 

cells were pronounced in the dorsal vagal complex area (DVC) which is comprised of 

the nucleus tractus solitarii (NTS), area postrema (AP) and dorsal vagal motor nucleus 

(DMX). Proliferating cells labelled with BrdU were seen mainly in the AP (16%) and 

medio-dorsal and lateral NTS (75%). Surrounding areas of the brainstem lacked any 

labelling. Newly generated cells differentiated equally into either neurones or astrocytes. 
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Thus in basal conditions, the proliferating cells were mainly in the DVC area compared 

to other regions in the brainstem. Further investigation was carried out by creating injury 

conditions by unilateral vagotomy. The injury triggered an ipsilateral increase of BrdU 

labelled cells and microglial proliferation in the DMX and an increase in neurones and 

astrocytes in the NTS. Thus, neurogenesis in the DVC can be stimulated by an injury 

(Bauer et al., 2005).  

Another study by Charrier et al. (2006) showed in intact rat, Ki-67+ labelled proliferating 

cells and these were given as a percentage of total cell proliferation in the different 

regions - 54% in NTS, 25% in AP and 21% in DMX. These percentages were considered 

as basal level of cell proliferation. In vagotomised rats, the number of proliferating cells 

was elevated at three days after the procedure and returned towards basal levels by day 

7 (Charrier et al., 2006). However, they did not observe whether these proliferating cells 

were differentiated into astrocytes, neurones or oligodendrocytes in in vivo. Thus there 

are not too many proliferation studies in this area, yet the DVC has the potential to 

promotes neurogenesis, so it is worth exploring the effect of 5-HT on neurogenesis in 

the brainstem area. 

 

1.2.3 Neurogenesis in the spinal cord 

 

The region of the spinal cord that is considered as the neurogenic niche is Lamina X, 

which surrounds the central canal and includes the dorsal and ventral gray commisures 

and the substantia gelatinosa centralis. Within lamina X is an area immediately adjacent 

to the central canal or ependymal region. The central canal is lined by simple columnar 

epithelial cells with cilia known as ependymal cells (EC). The ependymal region consists 

of several cell types with specific markers, morphology and function. The ependymal 

cells form the wall of the central canal of the spinal cord in a tube-like structure that 

contains cerebrospinal fluid. The different types of ependymal cells in central canal 
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indicate a capability to maintain the cell pools and withstand the mechanical forces that 

happen during vertebral column bending. The ependymal cells include cuboidal 

ependymal cells, radial ependymal cells, tanycytes, and biciliated ependymal cells 

(Johansson et al., Meletis et al., 2008). The most common type that can be seen through 

ultrastructural analysis is the cuboidal ependymal cell followed by tanycytes, with the 

least numerous being the radial ependymal cells whose morphology is similar to cuboidal 

ependymal cells but with the addition of a long basal process. Furthermore, these radial 

ependymal cells are located mainly at the dorsal and ventral poles of the ependymal 

layer (Figure 1.3). 
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Figure 1.3 Arrangement of cells around the central canal. The epithelium that 
surrounds the central canal (CC) are ependymal cells (EC) with nestin+ ependymal cell 
are located mainly at the dorsal and ventral pole. The oligodendrocytes and neurones 
are mainly located at subependymal layer. There also cerebrospinal fluid contacting cells 
(CSFCc) located in between ependymal cells. Produced using BioRender. 
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Neurogenesis in the spinal cord has unique characteristics. In early 80’s Nornes and 

Carry (1978) reported the mosaic pattern of neurogenesis in the embryonic spinal cord 

which referred to the proliferation, migration and establishment of neurones using 

autoradiographic analysis. However, the research was confined to the embryonic time 

points when early development of the neurones occurs, showing the role that the spinal 

cord plays in neurogenesis. People are in doubt whether spinal cords are capable of 

postnatal neurogenesis despite knowing that there is a second wave of neurogenesis in 

the brain. Therefore, ongoing research on spinal cord postnatal neurogenesis is very 

crucial and important. 

 

1.2.3.1 Evidence that ependymal cells are the neural stem cells. 

 

There is growing evidence that ependymal cells around the central canal region may 

proliferate and differentiate or mature to fully functioning cells (depending on cell type) in 

both physiological and pathological conditions. One of the first studies cultured 

dissociated ependymal cells using conditions previously found to support the growth of 

adult neural stem cells (Johansson et al., 1999). They showed that these cells formed 

spheroids of tightly clustered cells, which could be induced to differentiate into neurones, 

astrocytes and oligodendrocytes, suggesting that the ependymal cells could not only 

proliferate but were multipotent. Since the spinal cord does not have a defined 

subventricular zone, unlike the brain, this study then injected BrdU into the intact spinal 

cord and found that the labelled ependymal cells were mainly confined to the layer lining 

the central canal with few immediately outside that layer. An important study,  Barnabé-

Heider et al. (2010) concluded that the cells involved as progenitor cells are ependymal 

cells, astrocytes and oligodendrocytes but only ependymal cells show the ability of 

proliferation and differentiation to different cell types under both pathological and 

physiological conditions. Using transgenic mice expressing tamoxifen-dependent Cre 
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recombinase (CreER) under different cell type-specific promoters to identify the different 

cell types (ependymal cells (FoxJ1), astrocytes (Connexin 30), or oligodendrocyte 

lineage cells (Olig2), they showed that in the normal state, ependymal cells and 

astrocytes proliferate and differentiate to their own-cell type (self-duplicate) in order to 

maintain the cell population or to compensate the cell loss while the oligodendrocyte 

progenitors also self-duplicate and also generate new cells which become mature 

oligodendrocytes (Barnabé-Heider et al., 2010).  

Since there are multiple cell types in the ependymal cell layer, it is important to establish 

which may have stem cell capacity. The heterogeneous morphology of ependymal cells 

in the central canal region of spinal cord was determined and is believed to be related 

with the function and the molecular protein expression of the cells (Johansson et al., 

1999, Meletis et al., 2008). Since the subventricular zone is a well-known neural stem 

cell niche, Hamilton et al. (2009) made comparisons between these two regions using 

immunohistochemical staining (Table 1.1). They observed the distribution of stem cells 

and the associated cells within the ependymal region and subependymal layer. 

Interestingly, in the spinal cord they found nestin-immunoreactivity was prominent in cells 

at the dorsal pole of the ependymal layer with the fibres extending to the dorsal midline, 

together with GFAP staining that was also located at the dorsal region. They also found 

nestin-positive fibres at the ventral pole of the central canal however, the nestin staining 

at the ventral pole is less prominent when compared to dorsal pole. It suggested that 

ependymal cells located at the dorsal pole and potentially ventral pole of central canal 

are neural stem cells, and not all ependymal cells can become stem cells. There are also 

other cells present, the immature oligodendrocytes (NG2+) and oligodendrocyte 

progenitor cells (Olig2+), which are mainly located in the subependymal region and also 

proliferate and mature but cannot differentiate into other cell types. 

These researchers also determined the level of cell proliferation using Ki-67 as marker 

for proliferating cells as this marker is endogenous and expressed at all stages of 

proliferating cells. They found the asymmetrical distribution of proliferating cells in central 



 

 
15 

canal where 34% of the proliferating cells were confined to dorsal pole compared to 10% 

proliferating cells at the ventral pole - this showed the proliferation gradient from dorsal 

to ventral pole. Further characterisation of proliferating cells showed that 95% of 

proliferating cells were vimentin+ ependymal cells (Hamilton et al., 2009). 

Taken together, most of the neural stem cell may be confined to the dorsal and ventral 

pole of the central canal and ependymal cell proliferation is also concentrated at the 

dorsal pole showing the capability of only those ependymal cells at the dorsal and ventral 

pole to become neural stem cells. 
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Table 1.1 Comparison of cell marker expressions between subventricular zone and 
central canal (Hamilton et al., 2009) 
 

Cell 
marker  

Cell type  Subventricular zone Central canal 

Vimentin Ependymal cell Ependymal layer  Ependymal layer 

S100β Astrocytes  Ependymal layer Ependymal layer 

NG2 Immature 
oligodendrocytes, 

pericytes 

Present in 
subependymal region 

Present in small 
numbers at the 

subependymal region  

Olig2 Oligodendrocytes 
progenitor cells 

(OPC) 

Subependymal region  Present in small 
numbers at the 

subependymal region 

GFAP Type B 
astrocytes and 
astrocytic stem 

cell 

Subependymal Subependymal, 
astrocytic fibres 
extended to the 

ependymal layer (dorsal 
region) 

Nestin  Neural stem cell Ependymal and 
subependymal region 

Ependyma in the dorsal 
region 

Long nestin filament 
sextended to the dorsal 

midline 

Sox2 Stem cell Ependyma and 
subependymal layer 

Ependymal zone and 
subependymal region 

Ki-67 Proliferating cells Subependymal layer Ependymal layer 
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1.2.3.2 Responses of ependymal cells to injury 

 

Neural stem cells (nestin+) usually are in a quiescent stem cell state until injury occurs. 

In response to an injury condition created by cutting the dorsal funiculus of spinal cord 

using microsurgical scissors, the rate of proliferation increased by almost 50-fold 

compared to the normal situation in the intact cord in order to form the glial cell scar and 

astrocytes (Johansson et al., 1999).Over time, this response declined and the rate of 

proliferation was close to the intact situation after one month. , By identifying ependymal 

cells from the central canal using a FoxJ1-CreEr transgenic mouse, it was determined 

that these cells proliferated and migrated to the injury site and differentiated into 

astrocytes for scar formation while also some became oligodendrocytes (Barnabé-

Heider et al., 2010). In this fate-mapping study, they also showed the capability of 

ependymal cells to self-renew and that, they had multilineage differentiation capacity. As 

a result, the ependymal cells successfully respond to the injuries either involving the 

central canal or outside the central canal (dorsal funiculus of white matter) by proliferating 

and differentiating. 

Several months after the injury, the area of injury still showed the presence of 

oligodendrocytes and astrocytes which originate from the differentiation of ependymal 

precursor cells (Meletis et al., 2008, Barnabé-Heider et al., 2010). Therefore the 

ependymal cells are very important cell types in proliferation and differentiation of cells 

in neurogenesis as it may act as precursor for different lineages of cells (Meletis et al., 

2008, Alfaro-Cervello et al., 2012) in this injury state. 

The type of injury is critical in determining the extent of the response of the ependymal 

cells. Lacroix et al. (2014) made comparisons between contusion spinal cord injury, focal 

demyelination and multifocal demyelination with respect to central canal ependymal cell 

proliferation. Neither focal demyelination nor multifocal demyelination were able to 

trigger ependymal stem cells to proliferate. However, in contusion spinal cord injury, 

large numbers of proliferating cells were observed at seven days post-injury. In these 
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traumatically injured central canal regions, the proliferating cells also expressed Vimentin 

and Sox2. 

Moreover the newly proliferated cells were seen to migrate away from the central canal 

to the injury site (Lacroix et al., 2014). Thus, demyelination alone or autoimmune induced 

demyelination did not stimulate the ependymal cell proliferation while contusion-type of 

injury triggers proliferation of dormant neural stem cells. Do ependymal cells differ in 

human and rats/mice? 

In animals such as rats and mice, ependymal cells were found to be neural stem cells 

(Barnabé-Heider et al., 2010). What about the ependymal cells in the central canal of 

human spinal cord? In spinal cord sections taken from human cadavers, Cawsey et al. 

(2015) observed the changes in numbers of nestin-positive ependymal cells in spinal 

cord after traumatic injury. They found that in both patients who died from traumatic 

accidents or other causes not involving trauma, 23 out of 41 patients had nestin-positive 

ependymal cells surrounding the central canal. There were significant increases in 

numbers of nestin-positive ependymal cells in patients who survived for some time after 

trauma compared with those who died immediately following trauma and these also 

showed greater numbers than control patients. This suggested that many ependymal 

cells reacted in injury conditions to become activated neural stem cells. However, in this 

human study, the levels of proliferating cells using Ki-67 were not measured to see the 

extent of cell proliferation. The nestin-ependymal cells were clustered at the dorsal pole 

and ventral pole of central canal (Cawsey et al., 2015). It is established from previous 

studies in mice (Hamilton et al., 2009) that nestin-positive cells are mainly in these poles, 

so there are similarities between these animals and humans. 

In comparison, another study on human spinal cord revealed that the central canal was 

absent in patients. In the majority of cases, along the cord, about ≥ 70% of cadavers did 

not exhibit a patent central canal. Furthermore, the comparison of canal patency at every 

level showed that the cervical spinal cord had a significantly higher patency compared 
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to central canals at lower levels. In injured patients, there was no significant difference 

in the patency of spinal cord lumen at every level (Garcia-Ovejero et al., 2015). This 

study also stated that, in human the cells are morphologically and structurally different 

compared to primate or rodent, and the cells are more reminiscent of an ependymoma. 

Moreover, ependymomas do express some genes of stem cells. Therefore these may 

be differences between mice and humans with respect to the ependymal cell gene 

expression patterns. Moreover, a recent study from Paniagua-Torija et al. (2018) showed 

that there was no significant difference in the extent of cell proliferation at the ependymal 

region in SCI patients compared to control group. It suggested that the ependymal region 

does not proliferate in adult human spinal cord. 

In transplant studies, the neural stem/progenitor cells (NSPC) were harvested from 

human spinal cord, taken from the ependymal, subependymal and gray matter 

surrounding the central canal. These NSPCs were cultured and transplanted into the 

spinal cord of rats that were subjected to spinal cord compression injury. The NSPCs 

were transplanted both rostral and caudal to the lesion site. After one week of NSPC 

transplantation, they observed the proliferation of cells (Ki-67+) identified as adjacent to 

the transplanted cells showing that, the cells survived and proliferated. Furthermore, they 

also observed that the Ki67+ cells became astrocytes (GFAP), neurones (βIII tubulin) 

and oligodendrocytes (CC1) showed the cells proliferated and differentiated (Mothe et 

al., 2011). 

Taken together, there is still some controversy about the neural stem cell capacity of the 

spinal cord in mice and human regarding their capability to respond to stimuli, especially 

in injury conditions. It is important to keep this in mind and it is worth still considering 

investigation in animals especially in mice or rat since modulation of proliferation may be 

possible in both the mouse models and in humans.  
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1.2.3.3 The function of ependymal cells that do not show neural stem cell 
capacity 

 

It is mainly established that at the dorsal and ventral poles of the central canal, 

ependymal cells are nestin-positive stem cells (Hamilton et al., 2009). So what do the 

other ependymal cells do? The ependymal cells also line the SVZ of brain; they possess 

tanycyte-like properties and form a blood-cerebrospinal fluid barrier in the 

circumventricular organ (CVO) in brain. Using immunohistochemistry staining, Langlet 

et al. (2013) showed that tanycytes have processes that penetrate through the CVO to 

reach the fenestrated capillary and form the blood-CSF barrier. This barrier allows the 

diffusion of blood-borne molecules to the parenchyma of the brain while the tight junction 

allows diffusion to the CSF to maintain brain homeostasis. Even though they did not 

observe the function at the central canal of spinal cord, there are possibilities that 

ependymal cells show the similar function as in SVZ. 

 

1.3 Factors affecting neurogenesis in the different brain 
regions 

 

If neurogenesis occurs in these specific niches of the CNS then modulation of these 

regions may have profound effects on the numbers of proliferating cells that occur and 

the fate of these new cells. It is therefore a potential therapeutic avenue that researchers 

have been exploiting in an effort to produce neurones or oligodendrocytes in conditions 

where these cells have been lost. 

There are a lot of factors that can contribute to neurogenesis, stimulating and modulating 

the neural stem cells by conditions or manipulations such as using pharmacological 

treatments, environmental enrichment, stress or life-style (Cameron et al., 1998, 

Rauscher et al., 1998, van Praag et al., 1999). Therefore these can be extrinsic or 
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intrinsic factors. Example of extrinsic factors can be environmental, such as an enriched 

environment. In one study, mice were divided into group-housed mice and social 

isolation mice. In experimental groups, they experienced enriched environments (larger 

cage contained toys, ribbons, cardboard rolls and plastic shelter) for 7 days. The result 

showed increased neurogenesis in the enriched environment group compared to groups 

that did not experience this environment (Monteiro et al., 2014). An example of an 

intrinsic factor could be release of neurotransmitters from inputs innervating these stem 

cells. Corns et al. (2015) showed that positive allosteric modulation of cholinergic 

receptors which are α7‐containing nicotinic acetylcholine receptors (α7*nACHRs) via 

PNU 120596 increased numbers of proliferating cells in cultured spinal cord slices and 

in in vivo experimental groups compared to control group.  

One neurotransmitter that has received a lot of interest is 5-HT and so I will next focus 

on this neurotransmitter, considering the function of 5-HT, the receptors through which it 

mediates its effects and then its potential in modulating neurogenesis in specific 

neurogenic niches.  

 

1.4 5-hydroxytryptamine (5-HT) and 5-hydroxytryptamine 
receptors (5-HTRs) 

 

1.4.1 Properties and function of 5-HT 

 

5-HT is a monoamine neurotransmitter that has functions in neuroendocrine regulation, 

temperature regulation, regulation of anxiety and modulation of depression (Chase and 

Murphy, 1973). This neurochemical substance is biochemically derived from tryptophan. 

Tryptophan is an essential amino acid that our body cannot produce. It can be obtained 

from foods such as nut, milk, red meat, chicken and oats and nowadays people can take 
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tryptophan supplements that are available over the counter. 5-HT is not the only by-

product of tryptophan. This essential amino acid also produces kynurenine. However, 

only 5% of tryptophan produces 5-HT, while the other 95 % of tryptophan produces 

kynurenine, meaning that our body does not easily produce 5-HT. Therefore in conditions 

that are due to low levels of 5-HT, pharmacological approaches are used as modes of 

treatment rather than dietary advice due to the minimal amount of 5-HT that can be 

produced from daily food intake.  

There are two main steps in the production of 5-HT, the first step is the formation of 5-

Hydroxytryptophan from tryptophan by the action of tryptophan hydroxylase and the 

second step is a conversion of 5-Hydroxytryptophan to 5-HT by L-aromatic amino acid 

decarboxylase enzyme (Tyce, 1990). In addition to that, 5-Hydroxytryptophan is an 

essential precursor for 5-HT present in the cytoplasm of the cell (Squire et al., 2012) 

Figure 1.4). 
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Figure 1.4 Formation of 5-HT.  5-HT is formed from tryptophan than has been converted 
to 5-hydroxytryptophan by tryptophan hydroxylase enzyme then L-aromatic amino acid 
decarboxylase enzyme converts 5-hydroxytryptophan to 5-Hydroxytryptamine. The 
picture is adapted from Tyce (1990). 
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1.4.2 Distribution of 5-HT in hippocampus, brainstem and spinal 
cord  

 

The distribution of 5-HT throughout the central nervous is well established. Over 30 years 

ago, researchers reported the location and distribution of 5-HT throughout the central 

nervous system, including brainstem, brain and spinal cord region. The 5-HTergic cell 

bodies are found in the raphe nucleus of the brainstem and they send ascending 

projections to the brain and descending projections to the spinal cord.  

Using immunocytochemical staining, Bowker et al. (1981) found a massive distribution 

of 5-HT-containing neurones especially in the median and ventral area of the medulla of 

the rat. The cells are specifically located in the median raphe in nucleus raphe obscurus, 

with a further ventral collection in nucleus raphe pallidus, dorsal and rostral nucleus 

raphe magnus. Using an autoradiographic techniques and injection of,3H-Paroxetine, 

which labelled the 5-HT transporter site, researchers showed that the dorsal raphe nuclei 

have the greatest relative density of radioactivity (150-250 fmol/mg protein) as well as 

the Islands of Calleja (Souza and Kuyatt, 1987). This indicated, that besides the 

presence of 5-HT cell bodies, there also terminals of 5-HTergic fibres that innervate the 

brainstem area. In terms of the level of 5-HT in the brainstem, the highest concentration 

was found in the raphe nuclei by using an enzymatic isotopic technique (Palkovits et al., 

1974). These findings revealed that 5-HT neurones and 5-HTergic fibres are located in 

the brainstem area and unevenly distributed. 

The hippocampal region is one of the regions where 5-HTergic fibres ramified 

extensively. The hippocampus has a clear laminar pattern of 5-HTergic innervation to 

dentate gyrus shown by 5-HT-immunoreactive (5-HT-IR) fibres in this region (Zhou and 

Azmitia, 1986). The laminar pattern defined the different characteristics of 5-HT-IR 

innervation in the different specific regions. The infragranular layer has tortuous, fine 5-

HT-IR fibres with large varicosities that are densely distributed, while moderate 

innervation was observed in the molecular layer and thin 5-HT fibres were seen in the 
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granular layer of dentate gyrus (Zhou and Azmitia, 1986). The 5-HTergic fibres that 

innervate dentate gyrus of the hippocampus originate from the median raphe nucleus of 

brainstem travelling through the cingulum bundle and fornix-fimbria (Zhou and Azmitia, 

1983).  

The 5-HTergic fibres travel down from the raphe nucleus to all levels of spinal cord then 

the tracts that are located within the dorsolateral funiculus ramify into the grey matter 

and have synaptic contacts with many neurones involved in somatic motor outflow, 

including interneurones such as commissural interneurones, excitatory interneurones, 

inhibitory interneuron, Renshaw cell and motor neurons (Perrier and Cotel, 2015). There 

are also 5-HTergic inputs onto both sensory neurones in the dorsal horn and autonomic 

preganglionic neurones and interneurons involved in autonomic control (Deuchars and 

Lall, 2015). 

Using immunohistochemical techniques, Steinbusch (1981) located 5-HT-

immunoreactivity to describe the distribution and location based on the density of 5-HT- 

positive terminals. In the white matter of spinal cord, the fibres were observed in funiculus 

ventralis at all levels of the spinal cord, while in the lateral funiculus, the fibres were 

observed in cervical, thoracic, lumbar regions and none in sacral and coccyx region. 

Within the gray matter, they used Rexed laminae as a reference to describe the 

distribution of 5-HT-immunoreactive fibres. 5-HT innervation of the gray matter of spinal 

cord is not evenly distributed. High density fibre labelling was visualised at all levels with 

a different location. At the cervical, lumbar, sacral and coccygeal levels the densest 

innervation was in the medial part of lamina VIII while at the thoracic level, very high 

density labelling was found the intermediolateral cell column of lamina VII, the region 

containing sympathetic preganglionic nucleus. Interestingly, in the peri-ependymal 

region (central canal), high innervation by 5-HT was observed at every level of the spinal 

cord (Steinbusch, 1981). 
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5-HT cell bodies also send the terminals to the brainstem. Here, the 5-HTergic neurones 

have 5-HTR1A and regulate the release of 5-HT at the synaptic region. Furthermore, the 

receptors are also located on the non-5-HT neurones in the brainstem and act as 

heteroreceptors (Riad et al., 2000, Fonseca et al., 2009). Therefore, using fluoxetine (flx) 

to increase the endogenous 5-HT in synaptic cleft is possible to influence cell 

proliferation and differentiation since flx is a selective serotonin reuptake inhibitor.   

 

1.4.3 5-HT receptors (5-HTRs) 

 

5-HT has seven major receptors and exerts its action through activation of these 

receptors. These subclasses of receptor are namely 5-HTR1, 5-HTR2, 5-HTR3, 5-HTR4, 

5-HTR5, 5-HTR6 and 5-HTR7 (Pazos and Palacios, 1985, Tecott et al., 1993, 

Pompeiano et al., 1994, Reynolds et al., 1995, Ward et al., 1995, Gustafson et al., 1996). 

The effect of 5-HT occurs when the neurotransmitter binds to the 5-HT receptor located 

at the presynaptic (autoreceptor) or postsynaptic (heteroreceptor) membrane of the 

target cell and involves activation of cation channels (ionotropic receptor) or G protein-

coupled receptors (metabotropic receptor) (Squire et al., 2012). All 5-HTRs are G-

coupled protein receptors except 5-HTR3, which is the ionic channel receptor 

(Thompson and Lummis, 2006). The other receptors are G-coupled proteins namely 5-

HTR1, 5-HTR2, 5-HTR4, 5-HTR5, 5-HTR6 and 5-HTR7 (Clawges et al., 1997). The 

location of 5-HTR expression is critical to investigate the relationship of receptors and 

the functions itself either in brainstem or spinal cord (Table 1.2 and Table1.3).  
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Table 1.2 List of 5-HTRs expressed in the brainstem 

5-HT receptor 

(5-HTR) 

Where 
expressed (main 
location / highest 

level) 

Characters References/ source 
of information 

5-HTR1A Dorsal raphe 
nucleus  

Autoreceptor, 
heteroreceptor  

(Riad et al., 2000, 
Arango et al., 
2001, Liu and 

Wong-Riley, 2010) 

5-HTR1B Substantia nigra Autoreceptor, 
heteroreceptors  

(Riad et al., 2000, 
Liu and Wong-

Riley, 2010) 

5-HTR2A RM, Rob, RP Heteroreceptor (Liu and Wong-
Riley, 2010, 

Borroto-Escuela et 
al., 2014) 

5-HTR3A NTS, spinal tract 
of CN V 

Presynaptic and 
postsynaptic  

(Miquel et al., 2002) 

5-HTR4(a) Dorsal raphe 
nucleus, Pre-
Boetzinger 
complex  

Postsynaptic 
receptor 

(Waeber et al., 
1995, Manzke et 

al., 2003) 

5-HTR5A unknown unknown - 

5-HTR5B Dorsal raphe 
nucleus, inferior 

olive  

Autoreceptor role 
detected in some 5-

HT transporter  

(Kinsey et al., 
2001, Serrats et 

al., 2004) 
 

5-HTR6 unknown unknown  

5-HTR7 NTS Post-synaptic 
receptor 

(Matott and Kline, 
2016) 
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Table 1.3 List of 5-HTRs expressed in the spinal cord 
5-HT receptor   

(5-HTR) 
Where expressed Expressed in 

central canal 
region? 

References/ source 
of information 

5-HTR1A Dorsal horn Yes but unknown 
around in the 

ependymal cells 

Autoradiography (8-
OHDPAT), (Croul et 

al., 1998) 

5-HTR2A Intermediolateral, 
Ventral horn 

Yes (Doly et al., 2004b) 

5-HTR3A Ventral horn No (Fonseca et al., 
2001) 

5-HTR3B Ventral horn No (Fonseca et al., 
2001) 

5-HTR4(a) Ventral horn 
(cervical spinal 

cord) 

Possible/ Unknown (Suwa et al., 2014) 

5-HTR5A Dorsal horn 
(laminae I and II), 

Unknown (Doly et al., 2004a) 

(Fonseca et al., 
2001) 

5-HTR6 Laminae I, II, IX 
and X 

Yes 

Yes 

Yes (Lumbar) 

(Gérard et al., 1997) 

Allan Brain Atlas 

Gensat mouse 

5-HTR7 Dorsal horn  
 

Unknown (Doly et al., 2005) 
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1.5 Can 5-HT influence neurogenesis? 
 

The model of interaction between neurotransmitters and cells that are involved in brain 

neurogenesis is quite established. However, how neurogenesis in the brainstem and 

spinal cord is modulated in this way is still unclear. The direct or indirect action of 5-HT 

on postnatal neurogenesis and the cascade that is used to promote neurogenesis is still 

debatable. The indirect action of fluoxetine (flx), a selective serotonin reuptake inhibitor 

(SSRI) promotes the proliferation of cell in the extrahippocampal region of mice (Sachs 

and Caron, 2015). The SSRI blocks the reuptake of 5-HT from the synapse to the 

presynaptic terminal. Therefore, there will be an accumulation of 5-HT at the synaptic 

cleft, which will promote increased levels of this neurotransmitter to activate receptors. 

However, differing durations of SSRI treatment showed variable impact on neurogenesis 

in the subventricular zone and dentate gyrus (DG) of hippocampus. The chronic effect 

of SSRI in adult mice was examined at different time periods after administration of flx. 

The rates of cell proliferation were examined after three weeks, six weeks and nine 

weeks of administration of flx. The patterns of neurogenesis were different in the 

subventricular zone and dentate gyrus of hippocampus. In the DG, cell proliferation 

increased after three weeks of flx and plateaued after 6 and 9 weeks. At this point after 

increased cell proliferation, the cells were maintained in the plateau phase whereby the 

number of new cells and the number of cell deaths were almost equal. This effect of flx 

may not be entirely dependent on the inhibition of the 5-HT transporter (5-Htt) since 

similar levels of hippocampal cell proliferation were observed in wildtype and 5-Htt 

knockout mice (Levy et al., 2019). Since this study also reported flx-mediated increases 

in brain-derived neurotrophic factor (BDNF)/tropomyosin-related receptor kinase B 

(TrkB) signalling, these effects may involve direct activation of TrkB. 
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In the subventricular zone, there is a dense 5-Htergic innervation of this region 

(Jahanshahi et al., 2011) but here, flx showed the opposite effect. After three weeks of 

treatment with flx, the SSRI down-regulated cell proliferation and this reduction became 

significant after six weeks and nine weeks (Ohira and Miyakawa, 2011). The difference 

in levels of proliferation may be due to the 5-HT receptors expressed in the two regions, 

since 5-HTR1A receptors are highly expressed in the DG (Tanaka et al., 2012), but in 

the SVZ, treatment with a 5-HTR1B receptor agonist decreased proliferation (Banasr et 

al., 2004). Therefore this is important to keep in mind, when using flx as a means to 

increase 5-HT levels.  

 

1.5.1 Which 5-HTRs are involved in neurogenesis in the central 
nervous system? 

 

Previous research has highlighted two specific 5-HT receptors in modulating adult 

neurogenesis in the hippocampus; 5-HTR1A and 5-HTR4. This research was carried out 

using agonists, antagonists and partial agonists at the 5-HTR1A. Generally, using 

agonists and partial agonists, there was increased proliferation of new cells at the 

dentate gyrus, indeed 8-hydroxy-2-dipropylaminotetraline (5-HTR1A agonist) could 

actually overcome the decreased proliferation of cells caused by a 5-HTR1A antagonist 

(Radley and Jacobs, 2002, Banasr et al., 2004, Grabiec et al., 2009). Therefore the 

activation of 5-HTR1A receptors via autoreceptors or heteroreceptors is important in 

regulating cell proliferation in the subgranular zone of dentate gyrus. 5-HTR4 is the other 

highlighted receptor that is potentially involved in neurogenesis. There were several 

studies on the effect of activation of 5-HTR4 on neurogenesis that showed increased cell 

proliferation in the subgranular hippocampal layer with the treatment of 5-HTR4 agonists. 

They discovered that the cells started to proliferate as early as three days after treatment 

with the 5-HTR4 agonist compared to the conventional SSRI that took two weeks to 
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develop the effect. Therefore, activation of 5-HTR4 produced faster effects than the 

conventional SSRI (Pascual-Brazo et al., 2012). However, the involvement of activation 

of 5-HTR4 using SSRI is still unknown. For example, studies using 5-HTR4 antagonists 

reported only partial block of the neurogenesis from the long term treatment of flx. In 

another study using knock-out mice, chronic administration of flx significantly increased 

cell proliferation and numbers of dcx-positive cells in dentate gyrus of wild-type mice 

compared to the 5-HTR4 knock-out mice (Imoto et al., 2015). From these results, a 

prediction is made that the activation of 5-HTR1A and 5-HTR4 can potentially modulate 

neurogenesis in other parts of the central nervous system, especially in the spinal cord. 

Due to lack of studies regarding the potential of activation of 5-HTR4 to promote cell 

proliferation in central nervous system, some consideration of activation of 5-HTR4 in 

other regions also is worthwhile. It was known that 5-HTR4 is abundantly expressed in 

the gastrointestinal system and has a role in the gastromotility of intestine. In previous 

experiments, activation of 5-HTR4 receptors using tegaserod maleate (5-HT4 partial 

agonist) resulted in greater numbers of proliferating cells in the enteric system of mice 

(Liu et al., 2009). In other conditions where neural stem cells from hippocampus and 

subventricular zone were transplanted in the anastomosis region of ileum, administration 

of mosapride citrate (5-HTR4 agonist) facilitated neurogenesis in enteric neurones (Goto 

et al., 2016). The positive effect of 5-HTR4 agonists in brain and gastrointestinal system 

proved that activation of 5-HTR4 has potential in promoting proliferation and 

differentiation in brainstem and spinal cord. However, using 5-HTR4 agonists in in vivo 

studies needs to be carefully considered because of the risk of cardiac arrhythmia due 

to the presence of 5-HTR4 in cardiac cells (Landrum Michalets and Williams, 2000). 

Table 1.4 showed activation of 5-HTRs on effect of cell proliferation respectively. 
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Table 1.4 5-HTRs and neurogenesis 

5-HTRs Proliferative and neurogenesis study  Reference  

5-HTR1A Increase cell proliferation in subgranular 
and subventricular zone using agonist 

(Banasr et al., 
2004) 

5-HTR1B/1D Decrease cell proliferation in 
subventricular zone using agonist 

(Banasr et al., 
2004) 

5-HTR2A Increase cell proliferation in subventricular 
zone using agonist 

(Banasr et al., 
2004) 

5-HTR2C Increase cell proliferation in subventricular 
zone using agonist 

(Banasr et al., 
2004) 

5-HTR3 5-HTR3-mediated exercise induced cell 
proliferation in dentate gyrus of 

hippocampus 

(Kondo et al., 
2015) 

5-HTR4 Promote enteric neurogenesis  
Reduced effect of flx on hippocampal 

neurogenesis in 5-HTR4 knock-out mice  

(Liu et al., 2009) 
(Imoto et al., 2015) 

5-HTR5 - No data - 

5-HTR6 No effect on cell proliferation using 
antagonist in dentate gyrus 

(Foley et al., 2008) 

5-HTR7 No effect on cell proliferation using 
knockout mice in dentate gyrus 

(Sarkisyan and 
Hedlund, 2009) 
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1.6 Consequences of High-fat diet (HFD) on neurogenesis 
 

There is an increasing body of evidence that lifestyle can significantly impact on the 

extent of neurogenesis in the different niches. Exercise may have beneficial effects, first 

demonstrated by Van Praag et al (1999), who showed that running can stimulate 

neurogenesis in the dentate gyrus of mice, with BDNF having a pivotal role in this 

exercise mediated neurogenic response (Liu and Nusslock, 2018). However, many 

factors are negative regulators of neurogenesis and these are of great concern due to 

the fact that these lifestyle modifications are becoming more common in the human 

population. Once such factor is stress since mice injected with corticosterone had lower 

levels of cells labelled with the marker for immature neurones, doublecortin in the 

hippocampus (Sawamoto et al., 2016). Furthermore, sleep deprivation, which often 

accompanies stress or can be due to other causes, is also a negative modulator of 

neurogenesis. In one study, 56 hours of sleep deprivation significantly reduced basal 

rate cell proliferation in the dentate gyrus by 36% and interestingly this reduction 

persisted after an eight hour recovery period (Tung et al., 2005). Since the effects of 

sleep deprivation on AHN were not normalised after the eight-hour period, it suggests 

that sleep deprivation may have long term implications on hippocampal neurogenesis. 

One global issue is that of obesity and worryingly not only might people have an 

increased risk of developing cardiovascular diseases like hypertension and heart failure, 

but research indicates that consumption of high-fat diet causes reduced cell proliferation 

in brain. This is a critical issue since over 4 million people are dying each year as a result 

of being overweight or obese, while in the last 25 years there has been a fourfold 

increase in the prevalence of overweight or obese individuals in the population aged 5-

19 (Data from WHO). Therefore, the next subtopic will explain the association between 

high-fat diet and decreased numbers of proliferating cells. 
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1.6.1 Reduced hippocampal neurogenesis in high-fat diet 
conditions 

 

A diet rich in fat is believed to impair adult neurogenesis in the hippocampus. A study on 

neurogenesis in rats that were given 42% fat diet for four weeks showed 50% fewer 

proliferating cells (BrdU was injected after two weeks of initiation of diet) in high-fat diet 

group compared to low-fat diet group. (Lindqvist et al., 2006). They also looked at the 

gender-related effect, showing that males were affected more compared to females. 

Consumption of high-fat diet for longer durations also caused the same effect. C57Bl/6 

mice were given a high-fat diet (45% fat by energy) for seven weeks, and BrdU as 

proliferation marker was injected twice daily for the last three days. The lower extent of 

proliferation and hippocampal neurogenesis was observed and at the same time 

decreases in the levels of brain-derived neurotrophic factor (BDNF) were found in the 

HFD diet group (Park et al., 2010). BDNF is a growth factor that is considered an 

important factor in promoting hippocampal neurogenesis (Rossi et al., 2006). In another 

study using 60% high-fat diet, consumption of high-fat diet for 20 weeks led to decreased 

cell proliferation (BrdU) in hippocampus, low levels of BDNF and impairment in cognitive 

function (Kim et al., 2016). Variations in time of consumption of high-fat diet (from a 

minimum of 4 weeks to 20 weeks), and high-fat diets (ranging from 42% to 60% by 

energy) still showed the same impact on hippocampal neurogenesis and BDNF growth 

factors, therefore it indicates that high-fat diet has an influence on the development of 

central nervous system generally and on postnatal hippocampal neurogenesis 

specifically (Lindqvist et al., 2006, Park et al., 2010, Kim et al., 2016).   
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1.6.2 Can decreases in cell proliferation in high fat diet conditions 
be reversed or ameliorated?  

 

High-fat diet leads to obesity and metabolic syndrome like diabetes, cardiovascular 

diseases. Therefore, consumption of a high-fat diet over a more extended period of time 

has a more harmful effect rather than an increase in body fat composition. Moreover, the 

dietary lifestyle has an implications on neurogenesis especially in the hippocampal 

regions that may contribute to the impaired cognitive function, learning and memory (Del 

Rio et al., 2016). There were exciting findings in this area where researchers found the 

possibility of recovery from lower numbers of proliferating cells caused by consumption 

of high-fat diet. Indeed 12 weeks treadmill exercise with total times ranging from 30 

minutes to 50 minutes can enhance cognitive function through the improvement of 

neurogenesis in the hippocampal region (Kim et al., 2016). Another study also proved 

that running exercises can improve hippocampal cell proliferation when high-fat diet and 

exercise were started at the same time point (Klein et al., 2016). To sum up, exercise is 

one of the methods that can be used in the recovery of cell proliferation (Kim et al., 2016, 

Klein et al., 2016).  

A pharmacological approach also becomes another option. Administration of 2 

mg/kg/day rivastigmine (broad-spectrum cholinesterase inhibitor) subcutaneously for six 

weeks in type 2 diabetes – Alzheimer model (T2DM-AD mice) successfully ameliorated 

memory decline and enhanced neurogenesis. In this study, four-month-old mice were 

fed a high-fat diet for eight weeks to create a type 2 diabetes model (Matsuda and 

Hisatsune, 2017). Therefore, acetylcholine may play a role in the modification of 

hippocampal neurogenesis in high-fat diet conditions. A natural product, soy extract, 

which is isoflavone daidzein, is also known to have a neuroprotective effect. Rats were 

fed with 60% high-fat diet for 12 weeks and then treated with 50 mg/kg of daidzein for 13 
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days and they showed an increased extent of cell proliferation in treated compared to 

high-fat diet group that were given vehicle. The capability of particular factors to rescue 

the impair hippocampal proliferation and combat the situation by regaining a greater 

extent of proliferation is important as it helps in getting back to the normal or better 

condition.  

Another potential and pertinent treatment for reversing or slowing the detrimental effects 

of a high fat diet on neurogenesis is to modulate levels of 5-HT.  As discussed in previous 

sections, flx increases hippocampal neurogenesis in healthy animal models. 

Furthermore, mice that were fed a high fat diet then given flx at 6 weeks into the diet 

displayed a reduced weight gain than those in the control group just given a high fat diet 

(Scabia et al., 2018) indicating that flx may act as an anorexigenic agent, although other 

factors such as interference with gut metabolism or function.  

There have also been previous studies that showed flx successfully reversed reduced 

neurogenesis in different conditions. In an experimental setting, rats were exposed to 

inescapable shock in the shuttle box so that the animals learned helplessness, due to 

failure to acquire the escape response and developed depression. This group of mice 

had reduced numbers of proliferating cells (BrdU+) in hippocampus compared to control 

group. This effect was reversed by administration of 10 mg/kg flx (delivery method was 

not known) twice daily from days 2-8 (Malberg and Duman, 2003). In another study, rats 

were exposed to psychosocial stress for 5 weeks leading to a reduction of proliferating 

cells (BrdU+) in dentate gyrus of hippocampus compared to control group. Treatment 

with oral 10 mg/kg of flx resulted in preservation of numbers of BrdU-positive cells. The 

flx was administered via a bulb-headed cannula into the buccal cavity, and the animals 

were allowed to swallow the solution (Czéh et al., 2007). 

Overall, this suggests that a viable treatment to ameliorate the reductions in 

neurogenesis due a high fat diet is treatment with flx.  
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1.7 Justification of the study  
 

The direct or indirect action of 5-HT on postnatal neurogenesis and the receptors used 

to promote neurogenesis are still debatable. The indirect effect of flx, the SSRI promotes 

the proliferation of cells in the extrahippocampal region of mice (Sachs and Caron, 2015). 

In this condition, SSRI blocked the reuptake of 5-HT from the synapse to the presynaptic 

terminal. Therefore, there will be an accumulation of 5-HT at the synaptic cleft, which will 

promote increased levels of 5-HT. However, the proliferation of cells was not examined 

in other regions, and it may be possible that the proliferation also can occur in other 

neurogenic niches within the central nervous system generally and at the spinal cord 

specifically. The SVZ and SGZ of the DG are the two main areas that are more 

pronounced for neurogenesis (Eriksson, 2003). To date, there is no information 

regarding potential modulatory roles of 5-HT on neurogenesis in the spinal cord and 

brainstem. Since nestin-positive neural stem cells are located in the DVC area of 

brainstem and central canal of the spinal cord and there is dense serotonergic 

innervation of both brainstem and spinal cord, it is important to understand whether 5-

HT can promote neurogenesis and which receptors are involved. There are a number of 

5-HT receptors where activation has been reported to modulate neurogenesis in other 

regions (see above) and single mRNA sequence suggests that ependymal cells express 

5-HT1, 5HT2 and 5HT4 receptors (Rosenberg et al., 2018) therefore the role of these 

receptors in influencing the activity of the ependymal cells merits further investigation, 

firstly using in vitro approaches to enable investigation of all receptors under similar 

circumstances. It is also clear that many lifestyle factors affect neurogenesis; prominent 

among them is obesity, which is known to reduce hippocampal neurogenesis, but less is 

known about whether neurogenesis in other regions is affected. The dorsal vagal 

complex (DVC), senses insulin levels and subsequently stimulates changes in feeding 
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behaviour and glucose metabolism, through activation of neuronal circuits. In high fat 

diet, insulin resistance occurs in the DVC, through increased mitochondrial fission and 

this leads to changes in the responsiveness of this region (Filippi et al., 2017), however, 

little is known about whether high fat diet changes the levels of neurogenesis in this 

region.  An understanding of the extent of modulation of HFD on neurogenesis in different 

regions is therefore important to understand. This includes the spinal cord since other 

lifestyle factors such as exercise increase spinal cord neurogenesis (van Praag et al., 

1999). Once this is established, it is then pertinent to understand if any changes 

observed in the high fat diet can be modulated by simultaneous or delayed application 

of flx. 

 

My general hypothesis is that 5-HT influences the extent of cell proliferation and 

differentiation in neurogenic niches of the central nervous system through activation of 

specific receptors (Figure 1.5). 

My objectives are 

1. To determine the relationship between 5-HTergic fibres and neural stem cells 

using nestin-Green Fluorescent Protein (GFP) mice. 

2. To determine whether modulation of 5-HTergic signalling can influence 

neurogenesis in the spinal cord and brainstem, since these regions receive dense 

5-HTergic innervation and prior research indicates that they have neurogenic 

capacity. 

3. To establish which receptors are involved in mediating this effect, focussing on 

receptors that are known to be present in these regions.  

4. To investigate the effects of a high-fat diet on proliferation in these established 

neurogenic niches of hippocampus, brainstem and spinal cord and determine 

whether administration of flx can reverse or ameliorate these effects. 
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Figure 1.5 Schematic diagram of hypothesised relationship between 5-HTergic 
terminals with ependymal stem cells in central canal of brainstem and spinal cord 
The close relationship of 5-HTergic fibres with ependymal neural stem cells suggests 
that 5-HT can influence the neural stem cells. Increased ambient 5-HT in the synaptic 
cleft can be achieved by blocking the 5-HT transporter at the presynaptic terminal so 
there will be no re-uptake of 5-HT. Thus, increasing the endogenous 5-HT has the 
potential to affect cell proliferation via a particular receptor. 
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Chapter 2  

GENERAL METHOD AND METHODOLOGY  

2.1  Preparation of tissue from animals  

2.1.1 Animals  

 

Animals were obtained from the Central Biological Services (CBS) with approval of the 

animal ethics committee. All the procedures were conducted under regulation of UK 

Home Office License and UK Animal (Scientific Procedure) Act, 1986. All efforts were 

made to minimise the number of animals suffering. 

 

2.1.2 Animals and maintenance  

 

 C57 / Bl6 mice, male and female, were used for the majority of experiments, except in 

the determination` of potential serotonergic innervation of the ependymal cell layer of 

central canal of spinal cord and brainstem, when Nestin-EGFP mice were used. Each 

chapter provides specific data on the numbers of animals used for each protocol and 

details on the background of the Nestin-EGFP mouse is given in Chapter 3 introduction. 

Same sex littermates were kept in individually ventilated cages of four mice per cage. 

Spruce wood shavings had been provided as bedding. Mice were fed a standardized diet 

for the mouse and given ad libitum of water. All mice were kept on a regular diurnal light 

that (12:12, night: dark). All materials, including individual ventilated cages lids, feeders 
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and water were autoclaved before use. Enriched environmental tools were provided for 

each cage includes nesting materials, wooden stick and mouse igloo (shelter).    

In the in vivo studies, mice aged between 6 – 8 weeks were used, while for the in vitro 

studies, a younger age of between 10 – 16 postnatal days was used. Determination of 

age in a specific area of study is very important in order to obtain the relevant results that 

can be inferred to the human population later on. The different age groups that were 

used in vitro and in vivo were to investigate whether activation of same receptor might 

have similar actions for different ages.  

 

2.1.3 Preparation of fixed tissue from in vivo experiments and for 
immunofluorescence studies  

2.1.3.1 Perfusion 

 

Animals aged 6-8 weeks of either sex (see numbers for each chapter) were 

anaesthetised intraperitoneally with sodium pentobarbitone (60 mg/kg, Pentoject, http: // 

www .animalcare .co.uk / companion-animals). Once the mice were anaesthetised, 

established using abolition of the pedal reflex to a noxious pinch, they were laid on the 

dissecting tray with the ventral side facing upwards. The forelimbs and hindlimbs were 

anchored to the tray using dissecting pins. Blunt forceps were used to lift up the mouse 

skin at the mid-ventral region and using pointed scissors, the skin was cut. A thoracotomy 

was carried out from the xiphisternum up to the manubrium until reaching the level of the 

heart. The right atrium was punctured to reduce the intracardial pressure. First, 20-50 ml 

of 0.1 M phosphate buffer (PB) was infused to flush out the blood from the animal’s 

system. Then this was followed with 200 ml of 4% paraformaldehyde (PFA) in 0.1M of 

PB with pH 7.4 at room temperature (20-25°C). It was perfused at a rate of 3-4 ml/min. 

The rate of perfusate was controlled by peristaltic pump (Warson-Marlow, 

https://www.watson-marlow.com/gb-en/range/watson-marlow/300-tube-pumps/). After 

http://www.animalcare.co.uk/companion-animals
http://www.animalcare.co.uk/companion-animals
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the perfusion was completed, the spinal cord, brainstem and brain were removed and 

were kept in 4% PFA 0.1 M PB for 24 hours (post-fixation) at 4°C. After that, the solution 

was replaced with 0.1 M PB.  

 

2.1.3.2 Extraction of brain, brainstem and spinal cord and preparation for 
immunofluorescence 

 

After perfusion was complete, the animal was checked to confirm that the PFA had 

successfully circulated and fixed by checking the tail and the head. The tail and the head 

become stiffer than usual and blood vessels were white. The skin and limbs were 

removed, leaving the skull and vertebral column and this was then placed in 35-40 ml of 

4% PFA at 4°C overnight for post fixation. Then the PFA was replaced with 0.1M PB. 

Then the whole brain, brainstem and spinal cord were excised using fine spring scissors. 

The extraction was started from brain by splitting the skull on the sagittal plane into right 

and left part. And then a laminectomy was carried out to extract the spinal cord from the 

vertebral column. The extraction was carried out from the brain to the spinal cord 

caudally in order to secure the brainstem between the brain and the spinal cord. Lastly, 

fine forceps were used to extract the pia and dura mater from the brain, brainstem and 

spinal cord under a dissecting microscope. The tissue was at this point able to be 

sectioned using a vibrating microtome (Leica VT100S, Microsystems, Milton Keynes, 

UK) – see section 2.2.2. 

2.1.4 Preparation of live tissue for in vitro study (acute slices 
preparation) 

 

Acute slices of the brain or spinal cord are commonly used for recording techniques in 

electrophysiology. The acute preparation of slices retains cellular stability and provides 

a method for evaluating the neurophysiology of specific tissues. Animal preparation for 
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acute slices ensures that the cells are maintained alive after perfusion for at least 5-6 

hours with minimal injury to the tissue. Animals were anaesthetized intraperitoneally with 

sodium pentobarbitone (60 mg/kg, Pentoject, (http://www.animalcare.co.uk/companion-

animals). Both surgery and perfusion procedures were performed as above but the main 

difference was that perfusion was done using 15-20 ml ice – cold sucrose artificial 

cerebrospinal fluid containing sodium chloride, sodium bicarbonate, potassium chloride, 

magnesium sulphate heptahydrate, sodium phosphate monohydrate, glucose and 

calcium chloride at a pH of 7.4 and 300 osmolarity injected through the left ventricle 

(aCSF, Table 2.1). The animal was then placed with the dorsal side facing up, after the 

perfusion had been completed, and the skin over the spinal cord was removed.  A dorsal 

laminectomy was performed using fine spring scissors and fine forceps to expose the 

whole length of spinal cord from cervical to the sacral region. After that, the spinal nerves 

were cut to ease the extraction of the spinal cord. The spinal cord was carefully extracted 

using a small spatula and placed in a 50 mm petri dish containing ice-cold sucrose aCSF. 

This was followed by meningeal (pia, arachnoid and dura mater) removal under a 

dissecting microscope using fine forceps. The thoracic and lumbar regions were selected 

then were cut horizontally into small parts (3-4 mm each). Using a microspatula, the 

cords were transferred and placed into a weighing boat containing 1.5% agar (Sigma 

Aldrich, cat # W2751). Stock solution for agar (1.5%) was prepared first by weighing 1.5 

g of agar and placing in a glass beaker containing 100 ml of aCSF before dissolving the 

agar using a microwave for 30 seconds in the same beaker. After the agar dissolved, it 

was transferred to a small weigh boat (44 mm x 44 mm). Then, it was allowed to cool 

until it was warm to touch but not yet solidified. Once the agar had solidified, longitudinal 

agar blocks from the region that contained the segments of the spinal cord were 

dissected out and glued to the metal base of the vibrating microtome bath using 

superglue. Transverse thoracolumbar spinal cord slices were cut at 250-500 μm 

thickness using a vibrating microtome (Campden Instruments, integraslice 7550 PSDS) 

and collected into a holding chamber containing oxygenated (95% oxygen and 5% 
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carbon dioxide) aCSF at room temperature. Slices were used in the in vitro experiments 

as described in section 2.4. 

 

Table 2.1 List of components of aCSF and sucrose aCSF. Components in the 
prepared solutions that were used in the acute slice experiments. 

 

Component aCSF Concentration (mM)  Sucrose aCSF 
concentration (mM) 

Sucrose 0 217 

Sodium chloride 124 0 

Sodium bicarbonate 26 26 

Potassium chloride 3 3 

Magnesium sulphate 
heptahydrate 

2 2 

Sodium phosphate 
monohydrate 

2.5 2.5 

Glucose 10 10 

Calcium chloride 2 1 

 

2.2 Histology procedures  

2.2.1 Immunohistochemistry  

 

Immunohistochemistry is a powerful tool in detecting specific proteins and is widely used 

in many medical research and clinical diagnostic situations especially in 

neurodegenerative disorders, cancer, brain trauma, and muscle disease (Duraiyan et al., 

2012). These methods apply the principle of antibody-antigen interaction when 

expression of an antigen will be recognised by the specific antibody (Figure 2.1). The 

site of antibody binding is visualized under a light or fluorescent microscope by a marker 

such as fluorescent dye, enzyme, radioactive element, or colloidal gold, which is directly 
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linked to the primary antibody or to an appropriate secondary antibody (Radbruch, 2000). 

Immunohistochemistry was performed with different types of antibodies (Table 2.2) 

against specific antigens. An important step in immunohistochemistry methods is to 

make sure that the antibody is able to penetrate through the tissue matrix and in the case 

of intracellular antigens, the cell membrane. The permeabilization reagent Triton X-100 

(https://www.sigmaaldrich.com) was used, at a concentration of 0.1%, Triton X-100 is a 

detergent that acts to permeabilise the membrane, basically by making holes in the 

membrane.  

The next important factor in immunohistochemistry is to determine the optimal 

concentration of antibody, which gives the best staining with minimal background. This 

concentration was determined by testing multiple series of different dilutions of antibody. 

Several endogenous substances may interfere with interpretation of binding, such as 

endogenous biotin, peroxidase, endogenous fluorescent and endogenous antibody 

binding capability (Fc receptor) (Chen et al., 2010). However, control experiments where 

all antibodies or only primary antibodies were omitted did not reveal significant issues. 

Therefore, a conventional step using donkey serum was applied to ensure that any 

endogenous antibody binding to receptors was masked. Since all the secondary 

antibodies used in this project were raised from donkey, donkey serum was chosen as 

blocking agent. The donkey serum blocks the binding of the antibodies to reactive sites 

(Fc domain) and allows specific antigen/antibody binding. Donkey serum was used since 

none of the primary antibodies were raised in donkey, so it is in a different species. 

The immunofluorescence technique is one example of immunochemistry methods. 

Immunofluorescence is very useful when 2 or more fluorescent colours are needed to be 

used as comparison or to look at relationship between proteins (Figure 2.1). Utilising 

fluorophores with different excitation and emission spectra and appropriate filter sets 

allows labelling of different tissue constituents with separately identifiable colours and so 

co-localisation of different markers to be examined. Typical fluorophores were used in 

this thesis (see also Fig. 2.1) such as DAPI (4′,6-diamidino-2-phenylindole) to label cell 
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nuclei, which has maximum excitation by light at 350 nm and emits at >470 nm. This is 

seen as blue labelling. Alexa488 typically conjugated to a secondary antibody, with a 

maximum excitation wavelength of 490 nm and emission > 525 nm. This is visualised as 

green labelling. Alexa555 either conjugated to a secondary antibody or to streptavidin, 

maximum excitation at 555 nm and emission at > 580nm. This is visualised as red. 

 

 

Figure 2.1 Principle for immunofluorescence.. Antigen-antibody interaction using the 
immunofluorescent technique. Antigen A or B expressed on the surface of a cell is first 
bound by the primary antibody. Subsequent incubation with the secondary antibody 
conjugated to fluorescent dyes such as Alexafluor 488 (green) or Alexafluor 555 (red) 
results in it binding to the primary antibody.  
 

 

  

Cell membrane  

Primary antibody  

Secondary antibody  

Fluorescent dyes   

Alexa Fluor 555  Alexa Fluor 488  

Antigen A Antigen B 
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2.2.2 Protocol for immunolabelling 

 

In order to section the spinal cord transversely, the appropriate region(s) of the spinal 

cord were first separated from the entire spinal cord. About 1 – 2 mm of spinal cord tissue 

was then transversely sliced using a scalpel blade and glued to a metal plate with super 

glue. Once the tissue had fully adhered, the plate was inserted into the bath chamber of 

the vibrating microtome. The bath contained 0.1M PB in which the tissue was submerged 

to avoid dryness or dehydration. A sharp razorblade (Campden Instruments) was 

secured onto the microtome to cut the tissue to the required thickness. The spinal cord 

tissue was sectioned transversely at a thickness of 50 μm. 

For brain tissue, the entire brain was tightly fixed the on metal plate with the coronal 

plane facing upright then transversely cut to gain 50 μm thick sections containing the 

dentate gyrus. The same technique was employed for brainstem. All sections were 

collected and placed into 0.1M phosphate buffered saline (PBS) in designated wells in 

24 well plate.  

The sections were blocked with 10% donkey serum (100 μl in 900 μl of PBS) for 30 

minutes on a shaker to enable thorough mixing and access of the solution to all surfaces 

of the sections. After that, the sections were washed with phosphate buffered saline 

(PBS) for 3 times 5 minutes each. Then, the primary antibody was added into 

experimental wells with the required concentration in PBS with 0.1% Triton (PBST) 

(Table 2.2). Both experimental and control wells were left in the cold room at 4° C on a 

shaker overnight. On the next day, the solutions were removed, and sections washed 

with PBS for 3 times 5 minutes each. Then the sections were incubated in the appropriate 

Alexa-conjugated secondary antibody (1:1000 PBS) for 2 hours on shaker, see Table 

2.3. When secondary fluorescent antibodies were added, all tissue was protected from 

light to prevent samples being photo-bleached. After 3 washes, the sections were 

mounted onto glass slides using Vectashield with DAPI (4′,6-diamidino-2-phenylindole) 
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or without DAPI. Then the sections were covered with a glass coverslip which was 

secured with nail polish. DAPI emits blue fluorescent colour when bound to DNA and is 

used to label the nucleus of cells.  

 

Table 2.2 List of primary antibodies 
Antibody Concentration  Raised 

in 
Specificity  Company  

5-HT 1:1000 Rabbit used to identify 5-
HTergic projection 

(García-González et al., 
2017) 

Neuromics; RA2
0080 

S100β 1:750 Rabbit Used to identify mature 
astrocytes (Wang and 

Bordey, 2008) 

Abcam; 
ab52642 

PanQKI 1:100 Mouse  Used to identify 
Oligodendrocytes 

(Hardy, 1998). 

UC Davis/NIH 
Neuromab 

Facilities, Lot # 
443.2ks.51. 

Tuj1 1:500 Rabbit Used to identify neurons 
(Akamatsu et al., 2005). 

Proteintech 

HUC/D 1:1000 Rabbit Used to identify 
neurones (Butler-Ryan 

and Wood, 2021)  

Proteintech; Cat 
No. 13032-1-AP 

Iba1 1:1000 Rabbit Used to identify 
migroglia (Wendeln et 

al., 2018) 

Wako Wako 
Chemicals USA; 

Cat No. 019-
19741 A 

Permeabilisation agent used was PBST – PBS with 0.1% Triton-X100  
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Table 2.3 List of secondary antibodies 

Antibody Concentration  Raised in Specificity  Company  

Alexafluor 555 1:1000 Donkey Rabbit Invitrogen 

Alexafluor 488 1:1000 Donkey Rabbit Invitrogen 

Alexafluor 488 1:1000 Donkey Mouse  Invitrogen 

Streptavidin 555 1:1000 - - Invitrogen 

 

2.2.3 EdU (5-ethynyl-2'-deoxyuridine) detection method  

 

In proliferation and differentiation studies, detection of proliferating cells is a crucial 

technique in order to quantify the numbers of these cells. The techniques that 

researchers adopted either use endogenous proliferation markers in the cell itself or use 

addition of a thymidine analogue such as BrdU or EdU that bind to proliferating cells 

(Figure 2.2) (Zeng et al., 2010). BrdU and EdU are popular non-radioactive markers but 

Edu is the marker of choice here. This is because the EdU protocol maintains structural 

and antigenic integrity of neural tissues to accommodate high resolution, multiple-

fluorescence microscopy with antibodies to neuronal and non-neuronal markers. The 

EdU protocol is also compatible with the deoxyribonucleic acid (DNA) intercalating dye, 

which is 4′,6-diamidino-2-phenylindole (DAPI). This method covalently binds an azide to 

an alkyne. It utilizes a copper catalyst and an azide modified fluorescent dye to form a 

stable triazole ring that can be seen under a fluorescent microscope (Cappella et al., 

2008). This method is relatively faster and independent of denaturing steps required to 

access the DNA when using other thymidine analogues such as 5-bromo-2'deoxyuridine 

(BrdU) (Buck et al., 2008). This technique using click chemistry approach which is an 

azide-alkyne cycloaddition. Kolb et al. (2001) defined Click chemistry as a reaction that 
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must be modular, broad in scope, provide very high yields and produce only innocuous 

by-products that can be eliminated by nonchromatographic techniques, and be 

stereospecific.  

EdU was either added to the aCSF or injected into animals as described below then 

animals were perfused, tissue removed and sectioned or the slices were fixed. For the 

EdU detection method, firstly, the sections were incubated in 0.2 % Triton X-100 PBST 

for 20 minutes to permeabilise the cell membrane. Then, this was followed by 10-minute 

washes in 0.1 M Tris buffer (Trizma base powder 0.695 gm, Trizma hydrochloride 

powder 3.03 gm, 500 ml distilled water, pH 7.6). After that, the sections were incubated 

in 320 μl of distilled water, 25 μl of 2 M Tris Buffer, 50 μl of 10 mM of copper sulphate, 5 

μl of biotinylated picolyl azide 1 mM and 100 μl of ascorbic acid for 30 minutes followed 

by wash with Tris buffer (0.1 M) (Table 2.4). Finally, the sections were incubated in 

streptavidin 555 (1:1000 in PBS) for 2 hours before mounting onto slides with vectashield 

with 4',6-Diamidino-2-Phenylindole, Dihydrochloride DAPI (Corns et al., 2015). The 

proliferating cells were labelled using the streptavidin 555 and appeared red in colour and 

scattered throughout the whole area of spinal cord, brainstem and hippocampus area. 
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Figure 2.2 Principle of EdU assay. EdU incorporates into the DNA of newly proliferated 
cells and a fluorescent probe is attached to the EdU using click chemistry as described 
in the text. 
 

 

Table 2.4 List of chemicals / solutions that were used in EdU-labelled protocol 

Chemicals / Solutions Properties 

0.2 % triton Permeabilise the cell 

0.1 M Tris Buffer agent 

2 M Tris Buffer agent 

Copper Sulphate Catalyst azide-alkyne click reaction 

Biotin Picolyl Azide  linker with an azide group for attachment 
to alkynes (EdU), a biotin binds to 

streptavidin 

Ascorbic Acid Activate the reaction 

 

 

DNA+fluorophore EdU 

Incorporation of EdU into 
DNA of proliferating cells 

DNA 

Click chemistry labelling 
of DNA with fluorescent 
probe 
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2.3 In vivo experiments  
 

In vivo in latin means “in living thing”, when the experiments are conducted in live 

animals, to recreate a setting as natural as possible that can mimic most closely the 

human population. Using rodents, especially mice or rats, as experimental models is 

widely used in the in vivo setting. This experimental setting is very important to 

understand responses in the whole body where there are many conditions that need to 

be considered such as metabolism, tissue distribution, excretion of chemicals and their 

metabolites and side effects. 

 

2.3.1 Administration of Fluoxetine Hydrochloride  

 

In order to determine the effects of modulation of serotonin on cell proliferation and 

differentiation, fluoxetine hydrochloride (flx) was used because it promotes a high extent 

of cell proliferation in hippocampus when injected intraperitoneally for 10 days (Faillace 

et al., 2015). Flx is a selective serotonin reuptake inhibitor (SSRI) that blocks reuptake 

of 5-HT and promotes increases in 5-HT in the synaptic region.  

Eight mice weighing 20-25 gwere placed in 2 groups of 4 animals, on 12-hour light/dark 

cycles and had access to food and water at all times. Flx (10 mg/kg; HelloBio, Bristol,UK; 

HB1600) and vehicle (saline) were delivered daily for 10 days. On the last 5 days, EdU 

(10 mg/kg; Carbosynth, Berkshire, UK; NE08701) was co-administered. They were 

injected intraperitoneally (i.p) (Figure 2.3). The animals were sacrificed on day 11 as 

described above for immunofluorescence, then the EdU detection method was followed 

by immunofluorescent methods to detect differentiation markers, carried out as above. 

Both flx and EdU were dissolved in distilled water/saline. 
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Figure 2.3 Protocol for in vivo experiment using fluoxetine. (A) In control group, 
animals were injected with saline (red syringe). (B) In treatment group, fluoxetine (orange 
syringe) was injected intraperitoneally for 10 days. EdU (black syringe) was injected for 
the last 5 days of treatment in both control and treatment groups. 
 

2.3.2 Administration of Tegaserod Maleate 

 

The second set of in vivo experiments involved investigation of a specific 5-HT receptor 

that has the potential to modulate cell proliferation. In previous experiments, activation 

of 5-HTR4 receptors using tegaserod maleate (a 5-HT4 partial agonist) resulted in 

greater numbers of proliferating cells in the  enteric system of mice (Liu et al., 2009). 

Tegaserod was used since, although cisapride (a 5-HTR4 full agonist) was found in an 

in vitro experiment to increase cell proliferation in the ependymal cell region around the 

central canal of spinal cord (this thesis), it is generally avoided for in vivo studies because 

of the risk of cardiac arrhythmia (Landrum Michalets and Williams, 2000).  

Eight mice weighing 20-25 gwere housed in 2 groups of 4 animals, experimental group 

and control group. In the experimental group, tegaserod maleate (1 mg/kg; Tocris 

A Control group 

B Treatment group 
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Biotechne, Abingdon UK; 4613) dissolved in saline with 0.5% dimethyl sulfoxide (DMSO) 

(which was used as vehicle for control group) was injected intraperitoneally on a daily 

basis for 7 days. EdU injections as above were given daily for 7 days, at the same time 

(Figure 2.4). Animals were left for 7 days and were sacrificed on day 15 of the experiment 

then the EdU detection method was followed by immunofluorescent labelling for 

differentiation markers. 

 

 

Figure 2.4 Protocol for in vivo experiment using tegaserod. (A) In control group, 
animals were injected with vehicle contained saline and 0.5% DMSO (blue syringe). (B) 
In treatment group, tegaserod (orange syringe) was injected intraperitoneally for 7 days. 
Both groups received EdU (black syringe) at the same time for 7 days of treatment. 
 

2.4 In vitro experiments 
 

In vitro experiments are very important to understand the fundamental biological effects 

when the environment of the tissue or cell can be controlled locally. Using this 

experimental setting, multiple drugs could be tested separately on the same tissue in 

A Control group 

B Treatment group 
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one animal, or different concentrations of drugs also could be applied to establish which 

concentrations were effective in changing the extent of proliferation.  

 

2.4.1 Experimental procedure 

 

The spinal cord slices were prepared as described in section 2.1.4 then divided into 

groups which were control group and experimental group. The slices were incubated in 

vials filled with aCSF (4 ml for each vial) for 30 minutes then EdU (4 μl of 1 mM) was 

added to each vial. Different agonists (Table 2.5) were added to their respective vials. 

All vials were oxygenated with 95% oxygen and 5% carbon dioxide and placed in a water 

bath at 37° Celsius (Figure 2.5). The agonists and EdU were changed every hour and 

the spinal cord slices were fixed in 4% PFA 0.1 M PB overnight after 4 hours’ treatment 

with the drug (Banasr et al., 2004). The 4% PFA was changed to 0.1 M PB solution. After 

that, the 500 μm spinal cord slices were embedded in 10% gelatin in distilled water 

(Sigma Aldrich-gelatin from porcine skin) so that transverse sections could be cut on the 

vibratome and left at 4° C for 1 hour to solidify before fixing the gelatin with fixative (8% 

PFA in 0.2 M PB) for 4 hours.  Upon fixation of the gelatin blocks, the sections were re-

sectioned into 50 μm sections, using a vibrating microtome (Leica VT 1000S, 

Microsystems). The sections were then collected into 24 well-plates containing PBS (1 

ml). After that all re-sectioned slices underwent processing for EdU as described above 

for identification of cell proliferation. 

The method that was described above was adopted for two cohorts of in vitro 

experiments which were on Experiment 1 (5-CT vs 8-OHDPAT) and Experiment 2 

(cisapride vs α-methyl-5HT-maleate). The process of embedding and re-sectioning had 

to be carefully done in order to get the complete whole section of the spinal cord. During 

the embedding step, the section had to be held as flat as possible in the gelatine 

however, the holding process could damage the sections. Sometimes the fixation 
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process after the incubation made the spinal cord section become curled or folded, which 

made the flattening process difficult and the risk of losing the spinal cord sections very 

high. Since there was an issue with the embedding and re-sectioning of the spinal cord 

sections, a new method using 250 µm thickness of spinal cord without re-sectioning was 

adopted for the final cohort (Experiment 3, Tegaserod). Viewing thick sections under 

fluorescent microscope is difficult, however, this problem was resolved by introducing a 

clearing step.  

Tissue clearing method made the section become transparent. The tissue is composed 

of lipids and proteins, all of which vary in how they interact with light that propagates 

through the tissue. Its refractive index (RI), how much slower light propagates through a 

given substance compared to a vacuum, is among the properties that differ between 

these components. When a material contains a mix of small - sized components with 

different RIs, the interactions between light and these heterogeneous components lead 

to a lack of transparency (Richardson and Lichtman, 2015). Tissue clearing methods 

enhance transparency by homogenizing a sample's RI through the removal, substitution 

and alteration of some of its components. 

 

Table 2.5 List of agonists for in vitro experiments 

Agonist (in vitro) Agonist at which 
receptor 

Concentration 
(µM) 

Incubation 

Cisapride 5-HTR4  1 and 10 4 hours 

Alphamethyl-
5HT-maleate 

5-HTR2 1 and 10 4 hours 

8-OH-DPAT 5-HTR1A 30 4 hours 

5-CT 5-HTR1A 1 4 hours 

Tegaserod 
maleate  

5-HTR4 0.1 and 1 4 hours 
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Figure 2.5 Acute slices technique 
 

2.4.2 Clearing method 

 

Adding a tissue clearing step in the EdU or immunostaining protocols provided a better 

view for analysis of the sections. The clearing methods ScaIes was performed. In this 

method, the main components are urea, sorbitol and glycerol. Urea causes hydration, 

leading to expansion of the tissue, while sorbitol causes dehydration, leading to tissue 

shrinking. Therefore, by regulating each component's concentration ratio it was possible 

to achieve tissue clearing while preserving the original sample volume, even though 

there was a process of expansion and contraction. Glycerol could further counterbalance 

the expansion of the urea-induced tissue and encourage more dehydration; sorbitol is 

hydrophilic but glycerol is amphipathic and is expected to target regions of lipophilic 

tissue (Hama et al., 2015). 
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In my study, the clearing method was applied for spinal cord sections of 250 µm 

thickness. After acute slices were processed for the EdU-labelling protocol, slices were 

fixed in 4% PFA in 0.1M PB for 1 hour, then placed into 0.1M PB. The clearing solution 

(isoscale SQ solution, Table 2.6) was warmed in the water bath at 37°C, because at 

room temperature, the solution crystallizes. After the crystals had dissolved, a suitable 

amount of the solution was taken out and put in a well plate to ensure that it was enough 

to just cover the sections. Then, the well plate was left floating in the water bath for 45 

min to 1 hour. The timing was very crucial here because, longer periods of incubation 

time might damage the sections. After 1 hour, the clearing solution was replaced with 

Scale S4(0) solution (Table 2.7). This is the solution in which they were mounted. The 

sections were placed onto a glass slide and left to dry at room temperature. Since the 

solution was quite thick, after a few minutes of drying, there was still some solution left 

on the sections. However, the solution did not interfere with the mounting process. The 

sections were mounted with vectashield with or without DAPI, then the cover slip was 

gently placed onto the sections to make sure the pressure applied did not damage the 

sections. The coverslip was sealed with nail polish. The section did spread out a little bit 

when the coverslip was placed during the mounting process but the shape of the section 

and the fluorescence was still intact. 

 

Table 2.6 Components of IsoscaIe SQ solution 

Component Molarity / percentage 

Urea 9.1 M 

Sodium Chloride 200 mM 

Triton 2 % 

D-sorbitol 22.5 % 

 

 



 

 
59 

Table 2.7 Components of Scale S4(O) solution 

Component Molarity / percentage 

D-sorbitol 40 % 

Glycerol 10 % 

DMSO 15 % 

Urea 4 M 

 

2.5 High-Fat diet experiment 
 

2.5.1 Animals 

 

C57/Bl6 male mice, aged 5 weeks, were housed in 4 cages, five animals per cage. The 

mice were acclimatised for a week and body weight, food intake and water intake were 

monitored as baseline measurements before starting with different diets. In this set of 

experiments, acclimatisation is very important to make sure animals were familiar with 

the surroundings and therefore eat and drink enough throughout the experiment without 

stressful conditions. They could freely access food and water and were subjected to 

12/12 day/night cycle. They were divided into four groups. Three groups were fed with a 

high fat diet [60% kcals from fat (lard), Table 2.8] and 1 group was fed with a low-fat diet 

(10%, Table 2.9). Body weight, water and food intake were measured twice in a week 

during the experimental period. The weighing was not done every day to avoid any stress 

to mice that can make them eat less. Each mouse has an individual notched system 

(Figure 2.6) to enable identification. The first mouse (M1) did not have any notch, second 

mouse (M2) had notch code 1, third mouse had notch code 3, fourth mouse had notch 

code 8 and fifth mouse had notch code 10. For ear notching, the mouse was picked up 

from the cage by holding the tail and placed the mouse on the cage lid. After that, the 

mouse was firmly restrained using the scruff technique by grasping the loose skin behind 
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the neck. An ear puncher (Roboz Surgical Instruments Co.) was used to make a hole in 

the ears follow the Ear notching chart provided by Central Biomedical Services, 

University of Leeds (Figure 2.6). 

 

 

Figure 2.6 Ear notching chart. The ear notching code was used to identify individual 
mice in shared cage. 
 

2.5.2 Glucose tolerance test (GTT) and Insulin tolerance test (ITT) 

 

In high-fat diet experiments, measurement of glucose tolerance and insulin tolerance 

before starting the diet, during the diet and after the diet is critical.  
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2.5.2.1 Preparing animals for fasting 

 

To put mice on a fasting period, food was removed, the mice were transferred to new 

and clean bedding to avoid mice eating food particles that fall onto the bedding. An empty 

hopper was placed in the cage with a drinking water bottle. Water was allowed during 

the fasting period. 

2.5.2.2 Method restraining mice 

 

A mouse restrainer was used to hold the mouse during the tail vein blood sampling. The 

red acrylic cylinder strainer had an adjustable head gate and end plate. The mouse was 

picked up from the cage by the tail and was allowed to walk in through the tail gate, once 

the mouse was in the cylinder, the tail gate was closed, with the tail outside the cylinder. 

Then the head gate was moved to the mouse head and tightly screwed to make sure the 

mouse was safely secured in the restrainer, before performing the vein blood sampling. 

 

2.5.2.3 Protocol for GTT 

 

Animals were fasted overnight but for not more than 16 hours. 10 % glucose was 

prepared fresh on the day of the procedure. One gram of glucose was diluted in 10 ml of 

PBS and was mixed until fully dissolved. The solution was filtered using 0.2 µm syringe 

filter (Minisart PES, https://www.scientificlabs.co.uk/product/16541K. Fasting blood 

glucose was recorded using a glucometer (Abbott Freestyle Optium Neo, 

https://freestylediabetes.co.uk).Tail vein blood samples were collected from the tail 

through a small incision that was made (about 1 inch from the tail end) using a scalpel 

blade. The blood was dripped onto a glucometer strip (Freestyle Optium, 

https://freestylediabetes.co.uk) and the measurement was recorded in mmol/L. After 
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fasting blood glucose levels were recorded, the mice were intraperitoneally injected with 

10 % glucose solution with the appropriate volume of solution according to the individual 

mouse weight to allow 1mg/g glucose. Then the glucose level was recorded again at 30 

minutes, 60 minutes, 120 minutes and 120 minutes after glucose injection (Figure 2.7)  

 

 

Figure 2.7 Measurement of GTT.  Glucose readings were recorded in an Excel table 
for every mouse. 10% glucose solution was intraperitoneally injected according to the 
weight of the individual mouse and glucose readings were recorded for fasting, 30, 60, 
90 and 120 minutes (2 hours after injection). 
 

2.5.2.4 Protocol for ITT  

 

The animal was fasted for 2 hours before the procedure. Insulin (0.75 IU/kg) was 

prepared fresh on the day of the experiment and diluted in PBS. The insulin was prepared 

in individual insulin syringes according to the weight of every mouse. Fasting blood 

glucose was recorded after 2 hours of fasting time, then insulin was injected. Glucose 

levels were measured at 30, 60, 90 and 120 minutes after injection time (Figure 2.8). 

The function of insulin is to convert glucose to glycogen and some mice might experience 

hypoglycaemia. Therefore, during the procedure, mice were observed for any 

hypoglycaemia signs such as weakness, lethargy or reduced activity or if the glucose 

level dropped below three mmol/L, i.p injections of 10% glucose were administered.  

Concentration of D-Glucose solution 10%

00:00

Mosue ID Ear code Genoytpe Diet Age Weight (g)
Volume         

(10% glucose) 
(ul)

Glucose 
level, 

mmol/L

Injection 
time

30' 60' 90' 120'  

00:30 01:00 01:30 02:00

00:30 01:00 01:30 02:00

00:30 01:00 01:30 02:00

00:30 01:00 01:30 02:00

00:30 01:00 01:30 02:00

00:30 01:00 01:30 02:00

00:30 01:00 01:30 02:00

0

0

0

0

Injection amount is 1mg/g
Glucose reading in mmol/L

0

0

Date of experiment
Start fasting
End fasting
Total fasting (hours) 

0
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Figure 2.8 Measurement of ITT. ITT measurements were recorded in an Excel table 
above with all information needed for an individual mouse. Fasting glucose levels were 
recorded 2 hours after fasting then at 30, 60, 90 and 120 minutes after 0.75 IU/kg i.p 
injection of insulin. 
 

2.5.3 Diet  

 

High-fat diet (http://datesand.com/; F3282) used in this study was formulated to induce 

and maintain obesity in mice models. It is successfully used in diabetes and obesity 

studies. The control diet (http://datesand.com/; F4031) was used, also from the same 

company, so the food has the same smell and same colour as a HF diet. Table 2.8 and 

Table 2.9 show the nutritional profile in high-fat diet and low-fat diet. 
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Table 2.8 Nutritional profile in high-fat diet  

Component  Percentage (%) kcal/gm 

Protein  20.5 - 

Fat 36.0 - 

Fibre 0.0 - 

Ash 3.5 - 

Moisture < 10 - 

Carbohydrate 36.2 - 

Calories - 5.51 

 

Table 2.9 Nutritional profile in low-fat diet 

Component  Percentage (%) kcal/gm 

Protein  20.5 - 

Fat 7.2 - 

Fibre 0.0 - 

Ash 3.5 - 

Moisture < 10 - 

Carbohydrate 61.6 - 

Calories - 3.93 

 

2.5.4 Preparation of flx in drinking water 

 

In this experiment, flx was delivered using drinking water to avoid stressful events to the 

mice during the experiment. Flx hydrochloride (HelloBio, Bristol,UK; HB1600) was 

dissolved in drinking water at 166 mg/L (Scabia et al., 2018) and prepared fresh every 

week. The control group received normal drinking water. 
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2.5.5 Experimental procedures for drug administration 

 

After one week of acclimatisation, GTT and ITT procedures were performed. The point 

when the animal started the high-fat or low-fat diets was considered as week 1 of the 

experiment. Two of the four groups were then assigned flx given for different time periods 

(Figure 2.9). All groups were given EdU for five days at week 6. At the end of the 8 week 

period, after final weighing and GTT and ITT tests, animals were perfused as described 

above to test for cell proliferation and differentiation in hippocampus, brainstem and 

spinal cord regions. 

 

 

 

Figure 2.9 Protocol for high-fat diet experiment (n = 5 per group).  
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2.6 Cell counting  
 

For all experiments, counting of EdU-positive cells and colocalisation with the specific 

antibody markers was conducted. The counter was not aware (blinded experiment) 

whether the slices were from the experimental or control groups. The blinding was done 

before the counting started. The microscope slides that contained the specimen sections 

were re-labelled by another person using specific codes. However, the identity of the 

primary antibody was known. The codes were revealed to the counter after counting was 

completed. Blinded experiments are important to eliminate bias during counting.  

I employed manual counting for this experiment since issues were encountered in 

obtaining images for automated counting such as difficulties to obtain high resolution 

with multiple tile-region and Z-stack images. This technique also is time-consuming and 

expensive since each section need to be captured. Manual cell counting is still 

considered the method of choice in many studies since there were no significant 

differences between manual and automated cell counting (Cadena-Herrera et al., 2015, 

Zeidler-Erdely et al., 2016, Kaufhold et al., 2018). González-González et al. (2016) 

suggested that automated cell counting can be applied when appropriate calibrations are 

obtained. However, in manual counting, human error cannot be eliminated and several 

precautions were implemented such as one person counting to reduce variability 

between experimenters and blinded experiments, so that the person did not know the 

identity of the condition or groups when counting. 

In all experiments and regions examined, cells were counted in a number of sections per 

animal and then the average number of cells per section per animal calculated for further 

statistical analyses. 
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2.6.1 Areas for counting 

 

Regions of interest (ROI) for each part of the central nervous system were determined 

for counting. Averages of 7-12 sections per region were examined for each animal. In 

hippocampus, the focus was on dorsal dentate gyrus (dDG) while in the brainstem, the 

specific areas targeted were the dorsal vagal complex (DVC), ependymal cell layer 

surrounding the central canal, raphe obscurus, inferior olive and pyramid. In spinal cord, 

all thoracolumbar regions (ependymal cell layer surrounding the central canal, gray 

matter, white matter) were counted (Figure 1.10). 
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Figure 2.10 Regions of interest (ROI) in specific areas of the central nervous 
system. (A-B) Templates were adapted from Gaidica (2015) showing the region of 
interest in hippocampus and brainstem (red box) and boxed areas are shown 
immunofluorescent images in Ai-Bi. C. Schematic diagram of thoracic spinal cord 
adapted from Allen Brain Atlas. (Ci) Immunofluorescent image showing gray matter, 
white matter and ependymal cell layer. 
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2.6.2 Quantification in hippocampus 

 

Sections of bregma level -1.34 mm to -2.92 mm (Gaidica, 2015) were included in the 

count. The pointed end of the dorsal dentate gyrus (dDG) was positioned at the boundary 

of the x40 magnification field of view, and only the cells within this field of view were 

included in the count. Quantification was therefore carried out using NIKON 600 

fluorescent microscope. Cells were mapped on a template (Figure 1.11) of the DG 

adapted from Gaidica (Gaidica, 2015). Counts were given as a total number of EdU 

positive cells per 50 μm section and the percentage of EdU-positive cells colocalised 

with the antibody marker was determined. 

 

Figure 2.11 Example of EdU-positive cells annotated map in hippocampus Picture 
of dDG of hippocampus showing the location of proliferating cells. 
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2.6.3 Quantification in caudal medulla  

 

The counting of EdU-labelled cells and those differentiation markers that colocalised was 

conducted on blinded sections. The bregma level of each section was determined using 

an atlas of the mouse brainstem, only sections identified to be of bregma level -6.72 mm 

to -7.76 mm were included, in accordance with the location of the DVC (Gaidica, 2015). 

Mapping and quantification were performed at 40x magnification using NIKON 600 

fluorescent microscope. Counts were given as a total number of EdU positive cells per 

50 μm section and the percentage of EdU-positive cells colocalised with the antibody 

marker was determined. Fluorescent images for each marker were obtained. 

 

  

Figure 2.12 Example of EdU-positive cells in an annotated map in selected 
brainstem areas  Picture of brainstem showing the mapped proliferating cells. 
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2.6.4 Quantification in the spinal cord  

 

EdU-positive cells were counted in whole spinal cord then divided into the central canal 

region, gray matter and white matter area (see figure 2.10). The ependymal cell layer 

was identified as the area within 10 μm of the abluminal edge of the ependymal cells and 

could be visualized directly through the NIKON 600 microscope under 40x magnifications 

(Corns et al., 2015). Cells were mapped and counted Counts were given as a total 

number of EdU positive cells per 50 μm section and the percentage of EdU-positive cells 

colocalised with the antibody marker was determined. 

 

 

Figure 2.13 Example of annotated map of EdU-positive cells in spinal cord Picture 
of spinal cord showing the mapped proliferating cells. 
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2.6.5 Quantification for co-localisation 

 

Co-localisation was counted as percentages of EdU-positive cells that co-localised with 

the different antibody markers which label s100β for astrocytes, PanQKI for 

oligodendrocytes and HUC/D for neurones. Example of co-localisation of EdU positive 

cells with markers for differentiated cell in spinal cord (Figure 2.14) and example of 

annotated image for co-localisation in brainstem (Figure 2.15). 

 

 

 

 

 

 

 

Figure 2.14 Example of co-localisation of EdU+ve cells with markers for 
differentiated cells Immunofluorescence images of spinal cord showed co-localisation 
of EdU-labelled cells (red) with anti-PanQKI (green) (aii-bii). Scale bar = 10 µm 
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Figure 2.15 Example of annotated image of co-localisation between Edu+ve cell 
(red) with marker for differentiated cell (red) Picture of brainstem showing the mapped 
co-localisation (red round shape) of proliferating cell (red) with marker for differentiated 
cell (green). 

 

2.7 Sample size estimation 
 

Even though power analysis approach is recommended for calculating sample size, in 

some experiments with no reference to standard deviation and effect size, an alternative 

to the power analysis approach for determining the sample size in animal study is the 

‘resource equation’ approach (Festing and Altman, 2002) . Therefore, sample size for 

each experiment was estimated using ‘resource equation’ approach. Using resource 

equation approach, the sample size estimation was 6 mice per group for in vivo 

experiments which are fluoxetine and tegaserod experiments. However, previous 

experiments in our laboratory (Corns et al., 2015) had indicated that significance was 

reached at 4 mice per group in similar experiments.  Therefore, 4 animals per group were 

used and since significance was reached for proliferation, analysis was carried out on 4 

mice per group to due to practise of the 3R. For in vitro experiment the sample size 

estimation was 4 mice per group. In the high-fat diet experiment, the sample size 

estimation was 5 mice per group.  
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2.8 Analysis of data  
 

All data were entered and analysed using the GraphPad Prism 8. All the data were 

checked for normality using Shapiro-Wilk Tests then parametric tests were used for 

normally distributed data and non-parametric test used for non- normally distributed data. 

The data were shown as mean ± standard error of mean (SEM). Independent t-test 

(parametric) or Mann Whitney test (non-parametric) was used to compare means 

between two groups and one-way ANOVA (parametric) or Kruskal Wallis (non-

parametric) was used to compare means between the groups. When ANOVA revealed 

significant effect (p<0.05), Bonferroni post-hoc test was applied. For correlation, Pearson 

correlation was performed. P-values less than 0.05 (p<0.05) were indicated as the 

significant level. The data are presented in either histogram, line graph or table format. 

 

2.9 Obtaining images  
 

All sections were first visualised under a fluorescent Nikon Eclipse E600 microscope to 

confirm labelling with appropriate antibodies and EdU and for manual counting. By 

changing the focus, counts of cells throughout the Z axis were made. Then, to take better 

images for presentation, sections were also imaged using Zeiss LSM880 upright or 

inverted Confocal microscope with Airyscan laser scanning microscope equipped with 

argon and He-Ne lasers using both 20x and 40x objectives to take better images for 

documentation. The images presented are either single plane or Z-stacks with maximum 

intensity fluorescence projection. 
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DO 5-HTERGIC FIBRES HAVE CLOSE APPOSITIONS TO 
NESTIN-GREEN FLUORESCENT PROTEIN (GFP) 

CELLS? 

3.1  Introduction  
 

The location of the 5-HTergic fibres and the relationship of these terminals to neural stem 

cells could complement and inform investigation of the effect of 5-HT on neural stem 

cells. Nestin is an intermediate filament protein type VI that is expressed in normal cells 

in different tissues and organs. Nestin positive cells have the characteristics of 

multilineage and regenerative potential due to the capability of these cells to develop into 

the neuroectodermal, endodermal and mesodermal lineage. Furthermore, nestin is 

thought to be expressed exclusively by neural stem and progenitor cells (NPC) in 

developing and adult animals (Lendahl et al., 1990). It is therefore suggested that nestin 

could be a marker for neural stem cells in the spinal cord. In a spinal cord injury study, 

(Namiki and Tator, 1999) showed that after injury there was an increase in proliferating 

cells and an associated increase in nestin expression, seen in the ependymal cell layer 

and adjacent region near the central canal, suggesting migration of ependymal-nestin-

positive cells in response to clip compression injury.  

Nestin-enhanced green fluorescent protein (Nestin-EGFP) mice were created by 

Mignone et al. (2004) using a fragment of the nestin gene. They produced Nestin-EGFP 

construct in which the enhanced version of GFP (EGFP) expression was under control 

of the 5.8 kb promoter and the 1.8 kb second intron of the nestin gene. The fragment 
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was used for pronuclear injection to fertilised oocytes from C57Bl/6 x Balb/cBy hybrid 

mice. All three lines from these mice produced an identical pattern in EGFP expression 

(Mignone et al., 2004). Thus, due to the success of nestin-EGFP transgenic mice in 

generating Nestin-EGFP expression, this type of mouse was mated with C57Bl/6 mice 

(wild type) to create a further generation of nestin-EGFP mice. In this transgenic line, 

(nestin) GFP is selectively expressed in progenitor cells and pericytes (Birbrair et al., 

2013, Licht et al., 2016), and diminishes in differentiated cells; allowing for the 

identification and isolation of neural stem cells (NSCs) (Mignone et al., 2004). 

Therefore, this study utilised the nestin-EGFP mice to locate nestin-positive (putative 

neural stem) cells and combined this with immunofluorescence staining to detect the 5-

HTergic neurones and fibres.  

 

3.2 Hypothesis 
 

1. There is close proximity of 5-HTergic fibres to nestin-EGFP positive cells in the 

brainstem and spinal cord. 

 

3.3 Aims 
 

1. To investigate the location of 5-HT neurones and 5-HTergic fibres in the 

brainstem and spinal cord  

2. To investigate the location of nestin-EGFP cells in brainstem and spinal cord. 

3. To observe the relationship between 5-HTergic fibres and nestin-EGFP cells in 

the brainstem and spinal cord. 
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3.4 Materials and methods 
 

3.4.1 Animals 

 

Male transgenic nestin-EGFP mice were mated with C57BL/6 (wild-type, WT) females. 

They were bred in-house as heterozygotes, housed in standard conditions with 12-hour 

light and dark cycle and had access to food and water ad libitum. Nestin-EGFP mice of 

either sex (n = 4), aged 6-8 weeks were used. Every effort was made to minimise the 

number of animals used and their suffering. All the protocols were performed in line with 

the UK Animals (Scientific Procedures) Act 1986 and ethical standards set out by the 

University of Leeds Ethical Review Committee. 

 

3.4.2 Immunofluorescence techniques  

 

Immunofluorescence techniques [Chapter 2 (2.2.2)] were used in detecting 5-HT 

containing neurones and fibres and determining if they were in close proximity to Nestin 

EGFP positive cells. 
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3.5 Results  
 

3.5.1 Distribution of 5-HTergic fibres in the caudal medulla of 
brainstem 

 

The locations of 5-HTergic fibres may determine if 5-HT could influence the neural stem 

cells. There are known from previous studies (see introduction) that many 5-HT-

containing cell bodies and processes in more rostral regions of the medulla, midbrain, 

some of which project to the cord. For this study, 5-HT positive cell bodies were identified 

in the caudal medullary raphe, specifically in the nucleus raphe obscurus. In the caudal 

medulla area, immunofluorescent fibres were prominent in the ependymal cell layer 

(ECL), as well as in area postrema (AP), nucleus tractus solitarii (NTS) and dorsal vagal 

motor nucleus (DMX) (Figure 3.1).  
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Figure 3.1 5-HT neurones and fibres were prominent in the caudal medulla.  (A) 5-
HTergic neurones were located in the nucleus raphe obscurus while there were 5-
HTergic fibres in the nucleus tractus solitarii (NTS). (Ai) Mouse brain atlas from Gaidica 
(2015). (Aii) In higher magnification, the 5-HT neurones (white arrows) are arranged 
along the midline in raphe obscurus. (Aiii) In a closer view, the fibres (green arrows) are 
profusely distributed in the AP, NTS, DMX and surround the central canal region. 
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3.5.2 Distribution of 5-HTergic fibres in the spinal cord region 

 

5-HTergic fibres were found throughout the spinal cord from cervical to sacral levels. At 

the thoracic level, the 5-HTergic fibres were abundant in the intermediolateral cell column 

(IML) region of gray matter. These fibres travelled medially from IML to the ependymal 

cell layer and surrounded the ependymal cell layer (ECL) around the central canal 

(Figure 3.2). 
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Figure 3.2 5-HTergic fibres were observed throughout the spinal cord region. (A) 
Immunofluorescent image of the thoracic spinal cord showing the 5-HTergic fibres (red) 
in the region surrounding the central canal (CC) and the intermediolateral (IML) cell 
column of gray matter. (B) Transformation of (A) into greyscale image enhanced the 
appearance of the fibres in the central and IML regions. (Ai) Magnified view of the central 
canal (CC) region, to show the 5-HTergic fibres (white arrows) near the ependymal cell 
layer. There are also fibres extending away from the CC (green arrow). (Aii) Magnified 
view of the IML region, where the fibres are very dense (white arrows), and there are 
also thin fibres (green arrows) that travelled away from the IML region. 
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3.5.3 Distribution of Nestin-EGFP cells in the ECL, NTS and AP 
region of the brainstem 

 

Nestin-EGFP cells were identified surrounding the central canal, within the AP area and 

also at the border of NTS and AP. There were different levels of immunofluorescence 

intensity of EGFP in the ECL and the AP region (Figure 3.3). 

 

 

 

 

 

 

 

Figure 3.3 Nestin-EGFP cells were prominent at the ependymal cell layer (ECL) and 
area of postrema (AP) region of the brainstem. (A) Cross-section of the brainstem of 
the Nestin-EGFP mouse showing the intensely stained Nestin-EGFP cells located in the 
ependymal layer at the central canal (ECL). In the area postrema (AP), there are also 
Nestin-EGFP cells that have less intense fluorescence compared to the ependymal cell 
layer. (Ai) High magnification of AP showing Nestin-EGFP cells (white arrows). (Aii) High 
magnification of central canal (CC) region showing Nestin-EGFP cells surrounding the 
CC. 
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3.5.4 Distribution of Nestin-EGFP cells in spinal cord  

 

Nestin-EGFP cells were also found surrounding the CC of spinal cord (Figure 3.4). There 

were small Nestin-EGFP cells located in the gray matter (GM) and white matter (WM) 

that labelled type-1 pericytes of blood vessels (Birbrair et al., 2014). However, since the 

focus is on potential neural stem cells, therefore the ECL is the main area of focus. 

 

 

 

 

 

 

 

 

 

Figure 3.4 Nestin-EGFP cells at the ECL of the spinal cord. (A) The diagrammatic 
picture of spinal cord, in red-dotted box shows CC area. (Ai) In a closer view, there are 
also paler nestin-EGFP cells that are located away from the central canal (white arrow) 
in gray matter (GM) - these are pericytes that lie close to blood vessels.  
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3.5.5 Close proximity of 5-HTergic fibres to Nestin-EGFP cells in the 
brainstem and spinal cord  

 

The relationship between neurogenic niches and 5-HTergic fibres is one of the factors 

that determine the likelihood of 5-HT modulating cell proliferation. In order to investigate 

these two critical factors, 5-HT immunofluorescent staining was conducted on sections 

taken from Nestin-EGFP mice, and the areas of close proximity noted (Figure 3.5, Figure 

3.6). There are 5-HT immunoreactive cell bodies in the medullary raphe, 5-HT 

immunoreactive profiles in the DVC and CC region and that some of these profiles 

appear to be associated with nestin. As known in previous studies, nestin was used as 

a potential neural stem cell marker (Bauer et al., 2005, Charrier et al., 2006). 
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Figure 3.5 Close proximity of 5-HTergic fibres to the Nestin-EGFP cells in the 
caudal medulla. (A) Two significant areas where close proximity can be observed. (Ai) 
At a higher magnification, 5-HTergic fibres (red) are close to the Nestin-EGFP cells 
(white arrows) within AP and at the border of AP and NTS. (Aii) The representative 
images showed the relationship at the ECL. (Aiii) At higher magnification, the close 
proximity of 5-HTergic fibres (red) with Nestin-EGFP cells (white arrows) is observed 
while there are 5-HTergic fibres (orange arrows) running along the membrane of the cells 
inside the central canal.  
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Figure 3.6 Close proximity of 5-HTergic fibres with Nestin-EGFP cells in the ECL 
of the spinal cord. (A) Nestin-EGFP cells (green) with 5-HTergic fibres (red) in the spinal 
cord (Ai) At higher magnification, 5-HTergic fibres are in close proximity to Nestin-EGFP 
cells at the central canal (CC) (Aii) In a closer view, it is clearly seen that 5-HTergic fibres 
(red) are very close (white arrows) to the Nestin-EGFP cells (green). Gray matter (GM), 
White Matter (WM), Central Canal (CC). 
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3.6 Discussion 
 

5-HT cell bodies are known from previous studies (see introduction) to be located within 

the raphe nuclei and send projections to the brainstem itself, as well as projecting 

rostrally to ramify extensively in the brain and projecting 5-HTergic fibres caudally to 

every level of spinal cord, with extensive distribution of 5-HTergic terminals in the 

brainstem and spinal cord. In this study, close proximity of 5-HTergic fibres with Nestin-

EGFP neural stem cells were observed, indicating that 5-HT may influence Nestin-EGFP 

neural stem cells. 

 

3.6.1 Extensive distribution of 5-HT in the brainstem and spinal cord  

 

In this chapter, immunofluorescent techniques, with a specific antibody against 5-HT, 

revealed the 5-HTergic cell bodies located within the caudal medullary raphe, mainly the 

nucleus obscurus and possibly including nucleus raphe pallidus while fibres were also 

densely located in the brainstem area. My finding has agreement with Alonso et al. 

(2013) who reported the organisation of the 5-HT neurones in nucleus obscurus in Swiss 

Albino mice (postnatal day 1-10) using in-situ hybridisation technique. Another study 

using ePet-Cre mice injected with adeno-associated viral vector double-floxed inverse 

open reading frame of ChR2-mCherry reported expression of 5-HTergic neurones (ChR2 

– expressing neurones) in raphe obscurus, raphe pallidus and raphe magnus. Raphe 

obscurus  contained the most ChR2 – expressing neurones (DePuy et al., 2011). This 

pattern is similar to that reported in rat, with high numbers of 5-HTergic neurones in raphe 

obscurus (Steinbusch, 1981).  Taken together the location of 5-HTergic neurone in raphe 

nuclei in mice appears similar to that in rat.  
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At the spinal cord level, the 5-HTergic immunofluorescent fibres are observed in profiles 

present in the thoracic spinal cord. These 5-HTergic fibres were especially numerous in 

the region surrounding the central canal and the ventral and dorsal horns. Additionally, 

for the thoracic spinal cord, fibres were dense in intermediolateral cell column, in the 

vicinity of SPNs and these fibres also extended medially to the central canal and central 

autonomic area. Another study by Au - Liang et al. (2016), showed the extensive 

distribution of 5-HTergic fibres in the spinal cord, mainly in the ventral horn compared to 

the dorsal horn region. In the ventral horn, the fibres were highest at the ventromedial 

portion while some fibres ramified out towards the lateral part. Furthermore, the fibres 

also extended towards the dorsal horn and ependymal cell layer. 

Therefore, my findings concerning the distribution of 5-HTergic fibres in the brainstem 

and spinal cord are consistent with reported patterns of labelling. Furthermore, in addition 

to the known roles of 5-HT (Charnay and Léger, 2010), these findings suggest that 5-HT 

may also play a role in controlling the activity of cells in the ependymal cell layer identified 

by nestin-EGFP expression 

 

3.6.2 Nestin-EGFP cells are located in the brainstem and spinal cord  

 

Nestin is an intermediate filament type IV that is known to be present in progenitor cells 

and may be a potential marker for neural stem cells. In my study, the Nestin-EGFP 

mouse was used and showed the location of the cells that expressed nestin through 

expression of EGFP. Nestin-EGFP cells (and thus potential neural stem cells) were 

found in the ECL of the caudal medulla as well as within the AP and at the border 

between NTS and AP regions in the brainstem. Furthermore, the ependymal cell layer in 

the spinal cord also had many Nestin-EGFP cells within it, similar to the ependymal cell 

layer in the brainstem. In a human study, the spinal cords from patients who died from 



 

 
90 

non-traumatic causes were examined as control group, which considered the spinal cord 

still intact (Cawsey et al., 2015). Using immunofluorescent techniques, nestin staining 

was observed in ependymal cells surrounding the central canal area, suggesting that 

humans also have potential neural stem cells in this region. 

Using nestin as a neural stem cell marker has previously been reported in the brainstem 

in previous studies (Bauer et al., 2005, Charrier et al., 2006), so my use of Nestin-EGFP 

mouse seems feasible to identify the location of potential neural stem cells in brainstem 

areas. We observed that the Nestin-EGFP cells with high fluorescent intensity were 

confined to the ECL area. This may suggest that the ECL is a neurogenic niche for brain 

stem and that ependymal cells are potential neural stem cells. Since the brainstem also 

has a central canal up to bregma level -7.48 (Gaidica, 2015), the ECL of the brainstem 

might share the same properties with the ECL in the spinal cord area.  

However, in my Nestin-EGFP mouse, at the ECL region showed Nestin-EGFP cells were 

found in the whole ependymal layer which contradicts with findings by Hamilton et al. 

(2009) and Alfaro-Cervello et al. (2012). They found the nestin-positive cells 

predominantly at the dorsal and ventral poles of ECL in spinal cord. This difference can 

be due to the different techniques for detecting nestin-immunoreactivity. In my study, 

green fluorescent protein (GFP) is selectively expressed in nestin expressing cells in the 

Nestin-EGFP mouse, while in Alfaro-Cervello et al. (2012) and Hamilton et al. (2009) 

they used antibodies to detect nestin positive neural stem cells. It is possible that the 

expression of EGFP results in visualisation of cells with low nestin protein levels that 

would not be detected with immunofluorescence. This would be consistent with single 

cell mRNA sequence studies that revealed nestin expression in ependymal cells in the 

spinal cord central canal (Rosenberg et al., 2018). 

In brainstem, due to the complex organisation at every level, the Nestin-EGFP cells were 

observed rostro-caudally in serial sections of the brainstem area. Other than central 

canal, Nestin-EGFP staining was also seen at the AP area. This finding is slightly 
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different from Bauer et al. (2005), where nestin-immunoreactivity was found only in 

between AP and NTS, not within the AP region. Charrier et al. (2006), found the same 

location of nestin-immunoreactivity at the AP level in mice and this was increased by 

vagotomy. This different finding might be due to the different techniques to detect the 

nestin expression as noted above as we used Nestin-EGFP mouse while these other 

studies used antibodies to detect nestin protein.   

 

3.6.3 5-HTergic fibres are in close proximity to Nestin-EGFP cells 
showing the potential influence of 5-HT on Nestin-EGFP cells 

 

Our data showing the pattern of 5-HT immunofluorescent fibres in the brainstem and 

spinal cord is similar to that reported previously. Curtis et al. (2013) proved that there is 

immunolabelling of 5-HT that shows varicosities of fibres in NTS region, while in spinal 

cord, serotonergic fibres travel down to all levels of spinal cord, the tracts are located at 

the dorsolateral funiculus then ramify into the grey matter and establish the synaptic 

contacts with neurons that are involved in somatic outflow (Perrier and Cotel, 2015). 

Besides that, there also serotonergic inputs onto sensory neurons, autonomic 

preganglionic neurones and interneurons (Deuchars and Lall, 2015). The serotonergic 

fibres are concentrated in the intermediolateral part of the thoracic spinal cord and then 

course medially to surround the central canal area. It is also located in the dorsal horn of 

the spinal cord (Thor et al., 1993, Croul et al., 1998).  

Although there are 5-HT cell bodies in the caudal medulla and immunoreactive profiles 

in the cord, some of which run close to nestin-positive cells, in this study there is no 

evidence for functional connectivity. However, Tong et al. (2014) found 5-HTergic 

supraependymal axons that make close contact to ependymal surfaces of ventricular-

subventricular zone using electron microscopy, which is more definitive evidence that 

these may form functional connections. Another study using anti-psychotic drugs 
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(clozapine and olanzapine) showed increases in c-Fos active cells in ependymal cells, 

an effect mediated via 5-HTR2A (Joshi and Panicker, 2018), therefore this evidence 

suggested that functional connectivity between 5-HTergic fibres and ependymal cells 

was potentially present. 

Detection of 5-HTergic distribution in Nestin-EGFP mice showed close proximity of 5-

HTergic fibres with nestin-positive neural stem cell around the central canal of both spinal 

cord and brainstem. These findings suggest that 5-HT may influence the activity of 

nestin-positive neural stem cell as the position is very close and by modulating 5-HT 

level, we may be able to modify the degree of cell proliferation and cell differentiation at 

that area. 

 

3.7 Conclusion 
 

The current investigation showed that, there are 5-HT immunoreactive cell bodies in the 

medullary raphe, 5-HT immunoreactive profiles in the DVC and ECL and that some of 

these profiles appear to be associated with nestin-EGFP expressing cells.  
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DOES MODULATION OF 5-HT USING FLUOXETINE 
AFFECT POSTNATAL NEUROGENESIS? 

4.1  Introduction  

 

The effects of modulation of 5-HT on cell proliferation and differentiation cells that are 

involved in brain neurogenesis are quite established in higher brain regions. For 

example, increasing ambient levels of 5HT by chronic administration of the selective 

serotonin re-uptake inhibitor (SSRI) fluoxetine (flx) in vivo, promoted cell proliferation in 

the hippocampal subgranular zone of mice (Sachs and Caron, 2015). Proliferation was 

also increased in the medial habenula and hypothalamus. In all areas, the highest 

percentage of newborn cells expressed the neuronal marker NeuN, with others identified 

as GFAP positive (Sachs and Caron, 2015). However, proliferation of cells was not 

examined throughout the CNS and it may therefore be possible that the proliferation also 

can occur in other neurogenic niches, more specifically at the brainstem and spinal cord 

area. 
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4.2 Hypotheses 
 

1. There will be a greater extent of cell proliferation in flx group compared to control 

groups in hippocampus, brainstem and thoracolumbar spinal cord region  

2. Flx treated mice will exhibit significantly greater colocalisation of EdU-labelled 

cells with differentiation markers for astrocytes, oligodendrocytes and neurones 

than control groups. 

 

 

4.3 Aims  
 

1. To determine the level of cell proliferation in hippocampus, brainstem and 

thoracolumbar spinal cord in response to flx administration in vivo.  

2. To determine the percentages of colocalisation of EdU-labelled cells with s100β 

(marker for astrocytes), PanQKI (oligodendrocytic marker), HUC/D (neuronal 

marker) for hippocampus and brainstem and Tuj1 (neuronal marker) in the spinal 

cord. 

 

4.4 Materials and methods  

4.4.1 Animals  

 

Eight adolescent (6-8 weeks old) male and female C57/B16 mice (Central Biological 

Services), each weighing 20-25 g at the beginning of the experiment, were housed in a 

12-hour light/dark cycle with ad libitum access to food and water. All procedures involving 

animal care were conducted in compliance with the UK Home Office License, the UK 



 

 
95 

Animals (Scientific Procedures) Act 1986 and ethical guidelines asserted by the 

University of Leeds Ethical Review Committee. The number of animals used and their 

suffering was minimized in accordance with the 3Rs – replacement, reduction and 

refinement. 

 

4.4.2 Experimental Procedure  

 

C57/Bl6 mice (n = 4 for each group) were intraperitoneally injected with 0.1 ml of solution 

contain 10 mg/kg flx hydrochloride or an equivalent volume of normal saline (NaCl) for 

10 days. EdU was dissolved in saline at 10 mM concentration and 0.1 ml of which was 

i.p injected daily for the last 5 days of the 10-day treatment process (Table 4.1). This 

method of drug administration was used due to previous success in increasing 

neurogenesis in adolescent rats by giving 10 mg/kg ip injection of flx for 10 days (Faillace 

et al., 2015). 

 

Table 4.1 Concentration of flx and EdU 

Drug Molecular 
weight 

Concentration 
(mg/kg) 

Concentration Reference 

Fluoxetine 
hydrochloride  

 345.78 10 mg/kg  6 mM in 0.1 ml 
of solution 

(dissolved in 
saline) 

(Faillace et 
al., 2015) 

5-ethynyl-2’-
deoxyuridine  

252.22 10 mg/kg  10 mM in 0.1 
ml of solution 

(in saline) 

(Zeng et al., 
2010) 
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4.5 Results 

4.5.1 High levels of proliferating cells in the dorsal dentate gyrus of 
hippocampus in fluoxetine-treated group compared to control 

 

Consistent with previous studies, there was a greater degree of proliferation, indicated 

by higher numbers of EdU-positive cells, in the dorsal dentate gyrus of flx-treated mice 

compared to control mice (64.92 ± 10.2 vs 37.73 ± 3.8 EdU positive cells per section, p 

= 0.05; n = 4; Figure 4.1).  

 

4.5.2 Fluoxetine treated animals did not display higher extents of 
differentiation of EdU-labelled cells in the hippocampus 
compared to controls. 

 

The fate of EdU-labelled cells within the hippocampus was investigated using antibodies 

against astrocytes, oligodendrocytes and neurones (Figure 4.2). The numbers of EdU-

labelled cells and green immunofluorescent cells were counted, and the percentages of 

EdU-labelled cells that were also immunopositive for the different markers are presented. 

None of the differentiation markers showed significant differences in flx-treated animals 

from control animals. Percentages of EdU-labelled cells which were considered 

astrocytes (2.45 ± 1.4 vs 2.93 ± 2.1), oligodendrocytes (3.45 ± 2.4 vs 2.08 ± 1.2) or 

neurones (4.21 ± 2.5 vs 4.03 ± 2.4) in flx and control groups respectively were not 

significantly different (Figure 4.1). 
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Figure 4.1 Representative images of EdU-labelled cells in hippocampus Example 
of images of EdU-labelled cells (red) in the dorsal dentate gyrus of hippocampus in 
control (A) and flx treated (B) mice are shown in objective 20x magnification. 
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Figure 4.2 Representative images of illustration of immunoreactivity for astrocytes 
(s100β), oligodendrocytes (PanQKI) and neurones (HUCD) Example of images of 
differentiation markers (green) in the dorsal dentate gyrus of hippocampus. These 
images show immunoreactivity profile of astrocytes (yellow arrow), oligodendrocytes 
(orange arrow) and neurones (blue arrow) are shown in objective 20x magnification. 
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Figure 4.3 Fluoxetine-treated animals exhibited significantly higher numbers of 
proliferating cells compared to control but did not induce differentiation of 
proliferating cells in the dorsal dentate gyrus of hippocampus. (A) There were 
significantly higher levels of EdU-labelled cells in the dentate gyrus (DG) of hippocampus 
in the flx group compared with control. (B-D) Histograms showing the extent of co-
labelling in control versus flx-treated animal was not significantly different. Black rounded 
dots on the bar graph refers to the mean value of each animal in each group. n = 4 for 
each group. Statistical analysis, independent t-test was applied with significant value, p 
≤ 0.05)  

A  B  

C  D  
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4.5.3 Fluoxetine promotes cell proliferation in selected area of the 
brainstem 

 

Treatment with flx promotes a greater extent of cell proliferation in the whole region of 

the brainstem compared to control (70.71 ± 6.4 vs 37.61 ± 3.9, p = 0.004). The dorsal 

vagal complex (DVC) is comprised of area postrema (AP), nucleus tractus solitarii (NTS) 

and dorsal motor nucleus of vagus nerve (DMX). In the entire DVC area, there were 

significantly more EdU positive cells in flx-treated animals compared to control (37.96 ± 

4.6 vs 19.00 ± 3.2, p = 0.015), while further examination of the NTS (26.33 ± 3.4 vs 13.18 

± 2.3, p = 0.018) and AP (9.8 ± 0.7 vs 5.89 ± 0.5, p = 0.003) regions also showed higher 

levels of proliferating cells in the flx treated animals compared to control. However, in the 

DMX area there were no significant differences between groups (4.50 ± 1.1 vs 3.04 ± 

0.5). There were also other regions showing a higher degree of cell proliferation in flx-

treated animals compared to control; these were the inferior olive (18.08 ± 1.5 vs 9.46 ± 

0.9, p = 0.003) and raphe (18.08 ± 1.5 vs 9.46 ± 0.9, p = 0.003). The ependymal cell 

layer (5.00 ± 1.3 vs 4.88 ± 0.5), pyramidal region (9.46 ± 1.0 vs 7.71 ± 0.9) did not exhibit 

differences in numbers of EdU-positive cells between the 2 groups (Figures 4.4 and 4.5). 
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Figure 4.4 Representative fluorescent images of the EdU labelling (red nuclear 
labelling) in brainstem  Examples of EdU-labelled cells are shown and representative 
images of both the flx-treated and control groups are shown. Objective 20x magnification.  
  

Control  Fluoxetine Control  Fluoxetine 

100 µm 
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Figure 4.5 Fluoxetine treated animals had higher numbers of EdU-labelled cells in 
selected regions of brainstem. (A) The average numbers of EdU-labelled cells in the 
total brainstem and dorsal vagal complex (DVC) which comprises area postrema (AP), 
nucleus tractus solitarii (NTS) and dorsal vagal motor nucleus (DMX) are significantly 
higher in flx treated animals compared to control animals. When looking into specific 
areas of the DVC, AP and NTS but not the DMX had higher numbers of cells in flx-treated 
animals compared to control. (B) In other brainstem regions, there were increased 
numbers of proliferating cells in raphe and inferior olive (IO) area but not in the 
ependymal cell layer (ECL), nor pyramidal tract areas. Black rounded dots on the bar 
graph refers to the mean value of each animal in each group. n = 4 for each group. 
Statistical analysis, independent t-test was applied with significant value, p ≤ 0.05) 

  

IO = Inferior Olives 

DVC = Dorsal Vagal Complex, 

AP = Area of Postrema,  

NTS = Nucleus Tractus Solitarii,  

DMX = Dorsal Vagal Motor Nucleus 

ECL = Ependymal Cell Layer 

A  

B  
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4.5.4 The proportion of EdU-positive cells that differentiate into 
astrocytes, oligodendrocytes and neurones is not significantly 
different in brainstem between groups  

 

Determination of cell fate is very important in order to investigate the capability of 5-HT 

to promote neurogenesis. Antibodies against astrocytes, oligodendrocytes and neurones 

were selected and percentages of EdU-positive cells that were also labelled with 

differentiation markers were counted. Colocalisation of EdU positive cells with 

differentiation markers was found in these regions but flx did not significantly affect 

numbers of proliferating cells that differentiated into astrocytes (3 ± 2.1 % vs 3.7 ± 3.0 

%) , oligodendrocytes (11.9 ± 7 % vs 7.5 ± 4.4 %) or neurones (9.19 ± 5.3 % vs 9.51 ± 

5.5 %) (Figure 4.6). 
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Figure 4.6 No difference in numbers of EdU-positive cells that differentiated into 
astrocytes, oligodendrocytes and neurones in the brainstem with fluoxetine 
treatment. (A-C) Histogram of percentages of EdU-labelled cells that were colocalised 
with cell markers for the whole area and specific area of the brainstem. The graphs show 
there are no significant differences between control and flx-treated group in percentages 
of (A) astrocytes, (B) oligodendrocytes and (C) neurones. Black rounded dots on the bar 
graph refers to the mean percentages value of each animal in each group. n = 4 for each 
group. Statistical analysis, independent t-test was applied with significant value, p ≤ 0.05)  

A  

C  

B  
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4.5.5 Fluoxetine treated animals showed higher levels of cell 
proliferation in the gray matter in the thoracolumbar spinal 
cord. 

 

In the thoracolumbar gray matter, there were significantly more proliferating cells per 50 

µm section in mice treated with flx compared with control (28.56 ± 1.0 vs 24.16 ± 1.3, p 

= 0.04) (Figure 4.6A, Figures 4.7 and 4.8). However, there were no significant differences 

in the numbers of EdU-positive cells between flx treated and control mice in the whole 

thoracolumbar spinal cord (77.35 ± 2.6 vs 73.11 ± 3.8), ependymal cell layer (3.28 ± 0.7 

vs 3.34 ± 0.3) and white matter (45.51 ± 2.3 vs 44.99 ± 2.5) (Figure 4.8A).  
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Figure 4.7 Representative images of EdU-labelled cells in thoracic spinal cord. (A) 
Fluorescent image of EdU-positive cells (red nuclear staining) in control group. (B) 
Fluorescent image of EdU-labelled cells in flx-treated group. Scale bar :100 µm. 
Objective 20x magnification 
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Figure 4.8 Numbers of EdU-positive cells were significantly higher in gray matter 
of thoracolumbar spinal cord in flx-treated group compared to control. (A)The 
thoracolumbar region showed significantly higher numbers of proliferating cells in the 
gray matter area of flx-treated animals compared to control. Further examination of other 
areas such as the ependymal cell layer (ECL), white matter and whole thoracolumbar 
spinal cord showed no significant difference in cell proliferation between groups. (B) 
Looking at the specific areas in the gray matter, none of the thoracic gray matter, lumbar 
gray matter and laminae I-IV of thoracolumbar gray matter showed significant differences 
between both groups. Black rounded dots on the bar graph refers to the mean value of 
each animal in each group. n = 4 for each group. Statistical analysis, independent t-test 
was applied with significant value, p ≤ 0.05) 

A 

B 
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4.5.6  Fate of EdU-positive cells is not influenced by flx in spinal 
cord 

 

Like brainstem regions, in flx-treated animals, the proportions of EdU-positive cells that 

differentiated into astrocytes (3.0 ± 2.1 % vs 3.72 ± 2.9 %), oligodendrocytes (11.89 ± 

6.9 % vs 7.55 ± 4.5 %) and neurones (9.2 ± 5.3 % vs 9.51 ± 5.5 %) were not significantly 

different between groups (Figure 4.9).  

 

Figure 4.9 Fluoxetine did not induce differentiation of proliferating cells in the 
thoracolumbar spinal cord.  The bar graph of percentages of proliferating cells that 
were immunopositive for markers of astrocytes, oligodendrocytes and neurones 
revealed no significant differences between groups. Black rounded dots on the bar graph 
refers to the mean value of each animal in each group. n = 4 for each group. Statistical 
analysis, independent t-test was applied with significant value, p ≤ 0.05)
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4.6 Discussion 
 

Using pharmacological modulation, animals treated with flx for 10 days had higher 

numbers of proliferating cells compared to control in the dentate gyrus of hippocampus, 

and the NTS and AP regions of the DVC . Other areas that also showed the same pattern 

were raphe nuclei and inferior olives. Furthermore, in the gray matter of thoracolumbar 

spinal cord, flx-treated animals showed a greater extent of cell proliferation compared to 

control. However, the proportion of proliferating cells that had differentiated into specific 

cell types was not different between the flx-treated and control groups.  

 

4.6.1 Does modulation of 5-HT affect cell proliferation in the dentate 
gyrus? 

4.6.1.1 Consistent results in the hippocampus with different delivery 
methods of flx 

 

Flx is a commonly prescribed antidepressant drug and widely used. The mode of action 

as a SSRI, to enhance the increased level of 5-HT in the synaptic cleft. 5-HT is also 

known as the ‘happy hormone’ and SSRIs are considered successful drugs to treat 

depression (Rossi et al., 2004). Besides treating depression, flx showed other positive 

effects by improving cognitive functions and boosting the number of proliferating cells in 

dorsal dentate gyrus (Marwari and Dawe, 2018). In this study, the finding of increased 

numbers of proliferating cells in the dentate gyrus of hippocampus showed agreement 

with other papers that found similar results even though the methods of administration is 

different. Previously, researchers found that, mice administered flx (10 mg/kg) in drinking 

water for 15 days showed improved cognitive function and at the same time showed 
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higher numbers of BrdU-labelled proliferating cells in dentate gyrus in hippocampus 

(Marwari and Dawe, 2018). Faillace et al. (2015), by giving 10 mg/kg flx i.p injection for 

10 days, showed similar results and they were able to rescue the low proliferative activity 

caused by nicotine. Administration of 5 mg/kg flx daily via oral gavage for 3 weeks 

promoted higher numbers of Ki67+-labelled proliferating cells in dorsal dentate gyrus of 

hippocampus (Klomp et al., 2015). Differences in dosage, duration and methods of drug 

delivery did not change the consistent results observed in dentate gyrus of hippocampus 

with chronic administration of 5 mg/kg flx for 3 weeks  or 10 mg/kg for 10 – 15 days 

exerting similar effects (Faillace et al., 2015, Klomp et al., 2015, Marwari and Dawe, 

2018). All these findings showed that flx successfully increased cell proliferation in 

hippocampus. 

 

4.6.1.2 Functional significance of flx effects in the dorsal dentate gyrus 
(dDG) and ventral dentate gyrus (vDG) 

 

The hippocampus is a part of the limbic system and has a central role in processing long-

term memory and learning process. The hippocampus has further anatomical divisions 

including CA1, CA2, CA3 and dentate gyrus. My ROI is the subgranular part of dentate 

gyrus which is the potential area of neural stem cells showing the capability to divide and 

differentiate to other cells (Cameron and Gould, 1994, Gould et al., 1999, Kornack and 

Rakic, 1999). Emotion and stress are controlled by the vDG while the dDG has a role in 

the memory and learning process. In treating depressed patients, the target organ is the 

vDG where emotion and anxiety are being controlled (Weeden et al., 2015, Anacker et 

al., 2018). Treatment with 5-Methoxy-N,N-dimethyltryptamine (5-MeO-DMT), a 

dimethyltryptamine analogue (a hallucinogenic drug that may increase 5-HT levels) 

increased cell proliferation (BrdU+) in vDG compared to the control group. This research 

focused on the vDG since they surmised that this was the region important in emotional 
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control. In my study, in flx-treated animals there was an increase in proliferating cells in 

dDG but the vDG was not examined. However, another study by Klomp et al. (2015) had 

analysed Ki-67+ cells as the proliferating marker in subregions of dentate gyrus in both 

ventral and dorsal parts. Administration through oral gavage of flx (5 mg/kg) daily for 21 

days enhanced proliferation mainly in dDG compared to vDG in adolescent rat. 

Furthermore the R-flx stereoisomer also increased cell proliferation in the dorsal region 

of the dentate gyrus (Marwari and Dawe, 2018). Thus, administration of antidepressant 

effect can have effects on both dDG and vDG of hippocampus. 

Taken together, in my study, the increased proliferative activity was seen in dDG 

however, the vDG was not examined. 

 

4.6.1.3 Association of flx and Brain-derived neurotrophic factor (BDNF) in 
the hippocampus 

 

An important relationship between flx and expression of BDNF factor in hippocampus is 

very well-known due to the involvement of BDNF in promoting proliferative activity via 

the tropomyosin receptor kinase (TrkB) (Tauber et al., 2005). The involvement of flx in 

promoting high levels of proliferating cells might be associated with BDNF although 

BDNF levels were not measured in this experiment. Many studies proved that 

administration of flx or 5-HT precursors promotes higher expression of BDNF in 

hippocampus. In ageing rats, a high tryptophan diet for a month was able to rescue an 

age-related decline in BDNF expression in hippocampus and prefrontal cortex 

(Musumeci et al., 2015). Tryptophan is a dietary source of 5-HT, where it has to be 

converted to 5-hydroxytryptophan by tryptophan hydroxylase enzyme then the carboxyl 

group is removed by decarboxylation to form 5-HT (Tyce, 1990). Using high tryptophan 

diet promotes increased 5-HT levels and thus BDNF levels. In another study, 

administration of 18 mg/kg flx (in drinking water) in early life (postnatal day 21 of mice) 
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for three weeks increased BDNF levels that were measured using the ELISA method in 

samples collected from the hippocampal area (Dincheva et al., 2017). Therefore, flx 

increased the BDNF levels in hippocampus region in mouse. Interestingly in rat, similar 

treatment did not result in increased BDNF levels in hippocampus, although increases 

were seen in frontal cortex (Balu et al., 2008). This may suggest some degree of species 

difference. 

Even though in my study, BDNF levels were not measured, previous studies have shown 

the important relationship between administrations of flx with the level of BDNF. 

Therefore, the measurement of BDNF might be crucial in determining the possible 

mechanism underlying the increase in proliferating cells. 

 

4.6.2 Influence of 5-HT on proliferative activity in the DVC area of 
brainstem. 

 

4.6.2.1 Dense complexes of 5-Htergic fibres in DVC may be the source of 
increased 5-HT. 

 

The DVC is capable of proliferative activity since there are low basal levels of BrdU and 

Ki-67 positive proliferating cells but deafferentation through vagotomy in mice triggered 

increases in BrdU and Ki-67 positive proliferating cells (Bauer et al., 2005, Charrier et 

al., 2006). Looking at the extensive distribution of the 5-HTergic fibres in brainstem, 

especially at the DVC area, there are potentially high levels of 5-HT in that area 

compared to other regions of brainstem. The cell bodies of the 5-HT neurones are 

located in the raphe nucleus and the fibres project to the dorsal region and surround the 

central canal, the projections also ramify in the DMX, AP and NTS area (Chapter 3). This 

extensive source of 5-HT has the potential to influence neural stem cells to actively 

proliferate and differentiate. Even though the ependymal cell layer surrounding the 
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central canal did not show significant changes in numbers of proliferating cells in flx-

treated mice, the NTS and AP have shown a significantly higher level compared to 

control animals. The raphe nuclei and inferior olives also exhibited a higher extent of 

proliferative activity in response to increasing 5-HT levels with flx. Since flx requires an 

endogenous supply of 5-HT to exert its effects, through inhibition of 5-HT uptake, my 

findings indicate that this is likely to be due to release of 5-HT from these 5-HTergic 

fibres. However, it cannot be ruled out completely that some of these effects are due to 

volume transmission of 5-HT as seen in many CNS regions (Taber and Hurley, 2014). 

Volume transmission is considered to be the release of a neurotransmitter from an 

extrasynaptic site rather than from vesicles in the conventional presynaptic terminal  and 

therefore the 5-HT diffuses further to receptors away from the terminals (Fuxe et al., 

2013). This signal, which is slow and diffuses in a space larger than the synaptic cleft, 

involves a low concentration of neurotransmitters. Since 5-HT may be taken up into these 

extrasynaptic sites using 5-HT transporters, flx may also exert an effect here to increase 

5-HT away from the terminal itself. 

 

4.6.2.2 BDNF influence on proliferative activity in the brainstem 

 

Considering the mechanism of action of 5-HT in the caudal medulla in relation to the 

current results 5-HT and BDNF are two factors that are closely related to each other in 

term of neural plasticity and proliferation where 5-HT stimulates the expression of BDNF 

and BDNF helps in maintaining the growth and survival of 5-HT neurones (Lyons et al., 

1999). In relation to administration of flx for 10 days, it might promote the increased level 

of BDNF in brainstem. A previous study measured central BDNF using enzyme-linked 

immunosorbent assay (ELISA) methods in adult rats after administration of 10 mg/kg of 

flx for 1 day as acute treatment and 21 days for chronic treatment. Neither treatment 

regime elicited significant changes in BDNF in brainstem, suggesting a different 
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underlying mechanism for 5-HT induced changes in proliferation (Balu et al., 2008). It 

must be noted that these experiments were conducted in rats, which may imply species 

differences (see section on hippocampus) but again, which may be that at the present 

time we cannot be sure whether BDNF is involved but further experiments would be 

needed. It is worthwhile testing whether in brainstem of mice, BDNF levels are affected 

by flx. 

 

 

4.6.3 Modulation of proliferating cells in the spinal cord by 5-HT. 

 

Detection of 5-HTergic distribution in nestin-GFP mice showed close proximity of 5-

HTergic fibres with nestin-positive cells in the central canal regions of both spinal cord 

and brainstem. These findings suggest that 5-HT can influence the activity of nestin-

positive cells and modulating 5-HT levels may be able to modify the degree of cell 

proliferation and cell differentiation in that area. In this study, flx-treated animals did not 

show any increases in EdU-positive cells within the region of the central canal of spinal 

cord.  It is possible that the proliferating cells in central canal might migrate to the gray 

matter of thoracolumbar of spinal cord since the numbers of proliferating cells were 

higher in that area. Altman (1969) suggested that cells proliferate and migrate from 

subependymal layer of lateral ventricle to olfactory bulb in normal conditions. This same 

process that occurs in brain areas might also apply to the spinal cord area. To explore 

this further, the use of mice where ependymal cells are labelled with fluorescent markers 

for fate mapping (using a FoxJ1 promotor) would enable cells originating from the central 

canal to be visualised as they proliferate and migrate (Barnabé-Heider et al., 2010). This 

suggestion is further supported by a study on proliferative responses to injury, 

Rusanescu and Mao (2015) suggested the migration of proliferating cells happened from 

lamina X (which contains the ependymal cells) to the dorsal horn region of the gray 
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matter of spinal cord after constriction injury of sciatic nerve in rats since neuropathic 

pain can stimulate an increase in the level of 5-HT (Sommer, 2004). Another source of 

potential stem cells adjacent to spinal cord is in the meningeal layer. Bifari et al. (2015) 

successfully characterized the host cells in meningeal layer of brain that showed 

common properties of other stem cells by expressing neuronal precursor markers such 

as nestin, vimentin, sox2 and doublecortin. Since the meningeal layer that encapsulates 

brain has continuation with spinal cord meningeal layer, we postulate that they share 

similar properties. Furthermore, due to the close adherence of DH of spinal cord to the 

meningeal layer, 5-HT has the potential to influence meningeal stem cells in order to 

stimulate higher number of proliferating cells in dorsal horn. Since meninges are 

removed from our spinal cords of nestin-GFP mice when carrying out the 

immunohistochemical location of 5-HT fibres, we cannot test whether there is close 

proximity of these to the meninges.  

 

4.7 Conclusion  
 

In conclusion, application of flx increases the numbers of proliferating cells in the DG, 

NTS, AP and the gray matter of the thoracolumbar spinal cord, suggesting that higher 

levels of 5-HT can indeed increase the proliferative response in specific brain regions. 

Pharmacological application is one approach that has been used in order to investigate 

how neurotransmitters may modulate neurogenesis by increasing or reducing levels of 

a particular neurotransmitter. Flx is a selective serotonin reuptake inhibitor (SSRI) used 

in this study as it increases levels of 5-HT in synaptic cleft by blocking the reuptake of 5-

HT to the presynaptic terminals. This high level of 5-HT will give continuous stimulation 

to 5-HT receptors either via G-couple protein or ion-gated channel receptors. The 

potential influence of endogenous 5-HT in promoting high levels of proliferating cells in 

dentate gyrus of hippocampus, NTS, AP, raphe and inferior olive regions of brainstem 
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and gray matter of thoracolumbar spinal cord without knowing which receptors that may 

be involved in promoting the response has triggered a further investigation. Potential 

receptors have been identified and suggested that these may include involvement of a 

number of different receptors namely 5-HTR1A, 5-HTR2 and 5-HTR4 (Radley and 

Jacobs, 2002, Banasr et al., 2004, Grabiec et al., 2009, Pascual-Brazo et al., 2012). 

Thus, the next experiment involves in-vitro investigation of which receptors may underlie 

this positive effect. 
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IDENTIFICATION OF 5-HT RECEPTORS INVOLVED IN 
POSTNATAL NEUROGENESIS 

5.1  Introduction  

 

5-HT receptors can be classified into seven major receptors that are further divided into 

subclasses of the receptor. The major receptors known for their function are 5-HT1, 5-

HT2, 5-HT3, 5-HT4, 5-HT6 and 5-HT7 (Berg et al., 2013). 5-HT action is activated when 

the neurotransmitter binds to the 5-HT receptor located at the presynaptic or 

postsynaptic membrane of the target cell involving activation of cation channels 

(ionotropic receptor) or G protein-coupled receptors (metabotropic receptor) (Tyce, 

1990). 5-HT3 receptors are ionotropic (linked to ion channels), and the only receptor that 

activates cation channels and depolarizes the cell membrane. All other 5-HT receptors 

are metabotropic (G-protein coupled). 5-HTR1 and 5-HTR5 linked with Gi/Go and 

decrease cyclic adenosine monophosphate (cAMP) intracellular concentration 

(inhibitory). However, 5-HTR4, 5-HTR6 and 5-HTR7 linked with Gs-protein coupled will 

increase intracellular cAMP (excitatory). On the other hand, 5-HTR2 linked with Gq-

protein coupled will increase intracellular inositol triphosphate (IP3) and diacylglycerol 

(DAG) (excitatory) (Figure 5.1). 
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Figure 5.1 Diagram of 5-HT receptors and their downstream signalling pathways. 
5-HTR1 and 5-HTR5 coupled to Gi/Go protein will decrease the intracellular 
concentration of cAMP. 5-HTR2 coupled to Gq protein will increase intracellular 
concentration of IP3 and DAG.  5-HTR4, 5-HTR6 and 5-HTR7 coupled to Gs increases 
intracellular cAMP. 5-HTR3 are involved in direct activation of cation channels and 
depolarisation of cell membrane (Pytliak et al., 2011). Diagram is created using 
Biorender.com. Abbreviations: IP3: inositol triphosphate; DAG: diacylglycerol; cAMP: 
cyclic adenosine monophosphate; AC: adenylate cyclase; PC: phospholipase C; ATP: 
adenosine triphosphate 
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Previous research has highlighted specific 5-HT receptors in modulating adult 

neurogenesis in the hippocampus; these are 5-HTR1A, 5-HTR2 and 5-HTR4 (Banasr et 

al., 2004, Liu et al., 2009, Klempin et al., 2010, Mori et al., 2014, Takaki et al., 2014, 

Barreiro-Iglesias et al., 2015).  

In experiments using acute treatment of 8-OH-DPAT (5-HTR1A agonist, given at 1 mg/kg 

intraperitoneally), comparisons were made in the. cell proliferation rate in the 

subventricular zone and subgranular zone with the duration of activation of the receptor. 

Activation of 5-HTR1A for 4 hours significantly increased cell proliferation (BrdU+ve 

cells) by 57% compared to control. On the other experiment, no changes in cell 

proliferation occurred when activating the receptor for 2 hours and 30 minutes. (Banasr 

et al., 2004). This is therefore important to take into account when considering the role 

of 5-HTR1A activation in cell proliferation in other regions of the CNS. 

The contribution of 5-HTR2 on cell proliferation in brain is still debatable and the previous 

results are inconsistent. Administration of a 5-HTR2C agonist (RO 600175, 2.5 mg/kg, 

i.p) increased cell proliferation in the subventricular zone while the 5-HTR2 antagonist 

(Ketanserin, 1 mg/kg, i.p) decreased cell proliferation in the subgranular zone with 4 

hours treatment (Banasr et al., 2004). However, in another experiment examining cell 

proliferation in the subgranular zone of hippocampus, acute administration of a different 

5-HTR2 antagonist, cinanserin given at 2 mg/kg increased cell proliferation in vivo.  

The 5-HTR4 has positive effects on cell proliferation in the gastrointestinal tract. Under 

culture conditions, many neurons normally undergo apoptosis. The 5-HT4 (tegaserod) 

agonists considerably increased neuronal survival and decreased apoptosis. Tegaserod 

also promoted extension of neurites in vitro (Liu et al., 2009).  

Since it is clear that activation of these specific receptors influences cell proliferation in 

other regions, this formed the focus of in vitro studies to determine if similar modulatory 

effects could be seen in spinal cord.  
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Using specific agonists that selectively activate these receptors is an approach taken by 

many researchers however, it is hard to get agonists that can work selectively on the 

target receptors. In this study, I used 8-OHDPAT, 5-CT as 5-HTR1A agonists, α-methyl-

5-HT-maleate as a 5-HT2 agonist, cisapride and tegaserod as 5-HTR4 agonists since 

these agonists have potential to increase cell proliferation. However, these agonists also 

have binding affinity to other 5-HT receptors that may also slightly contribute to the cell 

proliferation and differentiation (Table 5.1). To enable rapid assessment of the role of 

specific receptors in mediating proliferative responses, these experiments were carried 

out in vitro using spinal cord slices. Since the time course of these experiments was 

much shorter, it is likely that proliferating cells have not had time to migrate or 

differentiate. Therefore, proliferating cells will be retained in the ECL region of the spinal 

cord at this time point 

 

Table 5.1 List of drugs and receptors they bind to with agonist or * antagonist 
functions 

Drug  Receptors  

8-OH DPAT 5-HTR1A, 5-HTR7 (Hedlund et al., 2004) 

5-CT 5-HTR1A, 5-HTR1B, 5-HTR1E, 5-HTR5, 5-HTR7 (Nelson, 
2004, Papageorgiou and Denef, 2007, Pithadia and Jain, 

2009) 

α-methyl-5HT-
maleate 

5-HTR2B, 5-HTR2A, 5-HTR2C (Sasaki et al., 2003, Abzalov et 
al., 2015) 

Cisapride 5-HTR4, *5-HTR2 (antagonist), *5-HTR3 (antagonist) (De 
Maeyer et al., 2008, Keller et al., 2018) 

Tegaserod 5-HTR4, 5-HTR1, *5-HTR2B (antagonist) (Beattie et al., 2004, 
De Maeyer et al., 2008) 
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5.2 Hypothesis 
 

1. 5-HT promotes higher numbers of proliferating cells in ECL of spinal cord through 

activation of 5-HTR1A, 5-HTR2 and 5-HTR4. 

 

5.3 Aims 
 

1. To determine the extent of cell proliferation after activation of selected 5-HTRs in 

vitro using the acute spinal cord slice technique. 

 

5.4 Methods  

5.4.1 Animals  

 

Animals were obtained from the CBS. All the procedures were conducted under 

regulation of UK Home Office License and UK Animal (Scientific Procedure) Act, 1986. 

Postnatal mice age 10 – 16 days were used of either sex. All ethical aspects were 

considered in order to reduce the suffering of animals during the experiment and to 

minimize the number of animals used.  

 

5.4.2 Experimental procedure for 5-HTR1A agonists (5-CT, 8-
OHDPAT), 5-HTR4 agonist (Cisapride) and 5-HTR2 agonist 
(Alphamethyl-5HT-maleate) 

 

The animals were prepared according to the protocol described in Chapter 2, spinal cord 

slices obtained and divided into groups. The slices were incubated in vials filled with 
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aCSF (4 ml for each vial) for 30 minutes then EdU (4 μl of 1 mM) was added to each vial. 

The drugs were added to their respective vials (Table 5.2) but for each drug, there was 

a vial of just EdU to act as a control. All vials were oxygenated with 95% oxygen and 5% 

carbon dioxide and placed in a water bath at 37° Celsius. The drugs and EdU were 

changed every hour and after 4 hours treatment, the spinal cord slices were fixed in 4% 

PFA 0.1 M PB overnight (Banasr et al., 2004). The 4% PFA was changed to 0.1 M PB 

solution. Then the 500 μm slices were embedded in gelatin and were resectioned at 50 

μm before proceeding with EdU localisation.  

Two different concentrations were used for cisapride and α-methyl-5HT-maleate in order 

to find the suitable concentration that was able to enhance cell proliferation in in vitro. 

 

Table 5.2 List of ligands being used in in vitro experiments. 

Drug Receptor Dissolved in Stock 
concentration 

Volume  Final 
concentration 

8-OH DPAT 5-HTR1A water 20 mM 6 µl 30 µM 

5-CT 5-HTR1A water 10 mM 4 µl 1 µM 

Cisapride  5-HTR4 DMSO 10 mM 4 µl 1 µM 

Cisapride 5-HTR4 DMSO 10 mM 40 µl 10 µM 

α-methyl-
5HT-

maleate  

5-HTR2 water 10 mM 4 µl 1 µM 

α-methyl-
5HT-

maleate  

5-HTR2 water 10 mM 40 µl 10 µM 
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5.4.3 Experimental procedure for 5-HTR4 partial agonist (tegaserod) 

 

The protocol for preparing acute slices was slightly different in this tegaserod experiment. 

The spinal cords were sliced at 250 µm. The final concentrations used were 0.1 µM and 

1 µM (Liu et al., 2009) (Table 5.3). After the 4-hour incubation period, the sections were 

fixed in 4% PFA in 0.1 M PB followed by EdU-labelled protocol and clearing methods. 

This method was applied as a modification from the previous procedure in order to 

preserve as many sections as possible. In the previous technique the spinal cords were 

cut in 500 µm for incubation then were embedded in gelatin for resectioning to 50 µm. 

During the embedding process, the spinal cord needed to be placed as flat as possible 

and sometimes the spinal cord slices become a little bit curved after fixation. During 

resectioning, the curved slice did not cut properly, damaging the precious sections and 

fewer intact sections were left for counting, meaning more experiments needed to be 

undertaken to get enough sections. This new method did not require embedding and 

resectioning and the 250 µm sections are thicker compared to 50 µm sections, so after 

staining, a clearing method was introduced to maximise the visibility of the sections. 

 

Table 5.3 Concentrations of tegaserod used in in vitro experiments. 

Drug Receptor Dissolved in Stock 
concentration 

Final concentration 

Tegaserod 
maleate 

5-HTR4 DMSO 10 mM 0.1 µM 

Tegaserod 
maleate 

5-HTR4 DMSO 10 mM 1 µM 
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5.5 Results 

5.5.1 Proliferation in the ependymal cell layer was not affected by 
addition of two different 5-HT1AR agonists (5-CT and 8-OH 
DPAT)  

 

Proliferating cells were mapped and counted in the control, 5-CT and 8-OH DPAT 

groups. The experimental (5-CT and 8-OH DPAT) groups had similar numbers of EdU 

labelled cells compared to the control group. The mean numbers ± SEM of EdU-positive 

cells for each group were control group (7.23 ± 0.7), 5-CT (7.20 ± 0.6), and 8-OH-DPAT 

(5.93 ± 0.6). The difference between the three groups did not reach significance (Figure 

5.2). 
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Figure 5.2 No difference in the number of EdU labelled cells in the presence of 5-
HTR1A agonists. (A) Bar chart showing the average numbers of EdU labelled cells in 
central canal region of spinal cord following incubation with 5-CT and 8-OH-DPAT. There 
are no significant differences. (B-D) Schematic diagram of location of EdU-positive cells 
(red) in ependymal cell layer (ECL) that was plotted for counting for each group. (i-iii) 
Examples of immunofluorescence images showing EdU-positive cells (red) for each 
group. Blue refers to DAPI that stained cell nuclei. Scale bar: 30 µm. Black rounded dots 
on the bar graph refers to the mean value of each animal in each group. n = 4 for each 
group. Statistical analysis, one-way ANOVA was applied with significant value, p ≤ 0.05) 
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5.5.2 Selective activation of different 5-HT receptors has different 
effects on proliferation 

 

The effects of 2 different concentrations of cisapride and α-methyl-5HT-maleate were 

tested on spinal cord slices. In slices treated with 10 µM of cisapride (5-HTR4 agonist) 

there were significantly more EdU-positive cells in central canal area compared to control 

(4.0 ± 0.4 vs 2.22 ± 0.4; p = 0.019). However, there was no significant difference in 

numbers of proliferating cells treated with cisapride at 1 µM concentration compared to 

control slices. Furthermore, there were also no significant differences between control 

and treated-group for both concentrations (1 µM and 10 µM) of α-methyl-5HT-maleate 

(Figure 5.3 & Figure 5.4). 
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Figure 5.3 10 µM Cisapride increased the number of EdU labelled cells in ECL of 
spinal cord in acute slices.. (A) Numbers of EdU-positive cells after treatment with 
different 5-HTR agonists showing sections of spinal cord treated with 10 µM cisapride 
(5-HTR4 agonist) had higher numbers of EdU-labelled cells in ependymal cell layer of 
spinal cord compared to 10 µM alpha-methyl-5-HT-maleate. (B) 1 µM cisapride did not 
affect cell proliferation. Both concentrations of α-methyl-5HT-maleate also did not alter 
the extent of cell proliferation. Black rounded dots on the bar graph refers to the mean 
value of each animal in each group. n = 4 for each group. Statistical analysis, one-way 
ANOVA was applied with significant value, p ≤ 0.05) 
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Figure 5.4 Representative images of EdU labelled cells for each agonist in acute 
slices experiment. (A) Schematic diagram of spinal cord showing the selected region 
(red-dotted box) in spinal cord. (B-D) Immunofluorescence images showing EdU-positive 
cells (red) in spinal cord sections in control slices or in the presence of the 5-HTR4 
agonist (cisapride; C) or the 5HTR2 agonist (α-methyl-5HT-maleate; D) at concentrations 
of 10 µM. White-dotted line represents the region around the central canal that was 
selected for cell counting. (Bi-Di) Schematic diagram of spinal cord showing the EdU-
positive cells in ECL plotted (red) for each group. Images at 40x objective. Scale bar 20 
µm. 
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5.5.3 Activation of 5-HTR4 using tegaserod reduced the numbers of 
proliferating cells in ECL of spinal cord  

 

In acute slices, spinal cord slices were treated with 2 different concentrations of 

tegaserod maleate (5-HTR4 agonist) in a 4-hour incubation period. At a concentration of 

1 µM tegaserod, there were significantly fewer EdU positive cells in ECL of spinal cord 

compared to control group (7.02 ± 0.6 vs 13.31 ± 2.2, p = 0.04) while at 0.1 µM tegaserod 

there was no significant difference in the numbers of proliferating cells (12.95 ± 1.5) 

compared to control (13.31 ± 2.2; Figure 5.5).  
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Figure 5.5 Slices treated with tegaserod at 1 µM had significantly fewer EdU-
positive cells than control. (A) Bar chart of the numbers of proliferating cells in spinal 
cord sections treated with 0.1 µM and 1 µM tegaserod maleate shows the higher 
concentration of 1 µM reduced numbers of proliferating cells in ECL compared to control 
group. (B-C) Immunofluorescence images showing EdU-labelled cells in ECL (dotted 
line) in control and high tegaserod treated sections. Images at 40x objective. Black 
rounded dots on the bar graph refers to the mean value of each animal in each group. n 
= 4 for each group. Statistical analysis, one-way ANOVA was applied with significant 
value, p ≤ 0.05) 
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5.6 Discussion 
 

In these in vitro experiments using acute spinal cord slices, application of the 5-HTR4 

via cisapride promoted higher numbers of proliferating cells in the ependymal cell layer 

but application of another 5HTR4 agonist, tegaserod, resulted in lower numbers of EdU 

positive cells. Activation of 5-HTR1A and 5-HTR2 did not cause significant changes in 

extent of cell proliferation.  

5.6.1 Opposing effects of two 5-HTR4 agonists on proliferation 

 

In this acute spinal cord experiment, activation of 5-HTR4 using cisapride significantly 

increased the numbers of proliferating cells in the ECL of spinal cord. In a 4-hour 

incubation of viable spinal cord slices using different concentrations of 1 µM and 10 µM, 

only the higher concentration of cisapride significantly enhanced cell proliferation. 

However, when a higher dose of tegaserod (1.0 µM) was given, there was a significant 

decrease in the numbers of proliferating cells. I will discuss these results, first considering 

the presence and role of the 5-HTR4 and then examining the possible reasons of the 

opposing effects. 

An important factor that contributes to this effect is whether the 5-HTR4 itself is present 

in the spinal cord. Several studies had examined topographical distribution of 5-HTR4 in 

the spinal cord using immunohistochemical methods. It revealed that at the cervical level, 

5-HTR4 are located at the ventral horn, which may include the region of the ependymal 

cell layer but this was not reported extensively and they only looked at cervical level 

(Suwa et al., 2014). A study from Pineda-Farias et al. (2017) showed the location of 5-

HTR4 in dorsal horn of lumbar spinal cord and a recent findings from Zhu et al. (2020) 

found 5-HTR4 are located at the dorsal horn of lumbar spinal cord. So far, they reported 

the location of 5-HTR4 are located at ventral horn of cervical, dorsal horn of lumbar and 
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dorsal horn of sacral of rat spinal cord (Suwa et al., 2014, Pineda-Farias et al., 2017, 

Zhu et al., 2020) 

There are still lacking of studies on this area, that reported the location of 5-HTR4 in 

spinal cord to confirm the specific location of the receptor especially in mice. Since my 

observation suggests the possibility of a role for 5-HTR4 around the central canal of 

spinal cord, future experiments confirming the location of 5-HTR4 in this central canal 

area of spinal cord would be worthwhile since this is where the potential neural stem 

cells are located.  

5-HTR4 are abundant in the gastrointestinal system where the function is to control 

gastromotility and drugs that activate these receptors are used to treat constipation and 

reduce symptoms of irritable bowel syndrome (Evans et al., 2004). However, there are 

fewer studies that examined the role of 5-HTR4 in the central nervous system especially 

related to the spinal cord. For instance, there is a study that observed increased numbers 

of proliferating cells (BrdU+) in SGZ of hippocampus with 3 days administration of 1.5 

mg/kg/day RS 67333, a partial 5-HTR4 agonist compared to control group. The drug was 

administered through osmotic minipumps (Lucas et al., 2007). There are several studies 

on cell proliferation related to the enteric nervous system showing that activation of 5-

HTR4 mediates neuroprotection and promotes neurogenesis. For example, 

incorporation of BrdU into cells was enhanced in the enteric nervous system and these 

cells became neurones that were eventually incorporated into the myenteric ganglia (Liu 

et al., 2009). However, in this study, they did not examine whether this also occurred in 

vitro and they did not use cisapride so it is not possible to compare our two opposing 

effects with their results.  
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5.6.1.1 Tegaserod vs cisapride 

 

Administration of cisapride and tegaserod in spinal cord acute slices for 4 hours 

produced very different results with respect to cell proliferation. Even though both 

agonists are thought to activate 5-HTR4, there might be other contributing factors that 

lead to different results. Both drugs are non-selective receptor agonists and have the 

potential to interact with multiple receptors which may provide an explanation for the 

difference observed. Tegaserod is also known to act as a polysialic acid mimicking agent, 

both in vitro and in vivo (Bushman et al., 2014) and it can act in this way to promote 5-

HT axon growth in a model of SCI (Pan et al., 2014). Furthermore, it is well known that 

newly formed neurones in both the DG and SVZ express PSA-NCAM (Bonfanti and Seki, 

2021), which may be involved in neuronal migration. In the ECL region of spinal cord 

however, it is expressed in the CSFcNs, not the ependymal cells (Marichal et al., 2009) 

and tegaserod in these experiments decreased rather than increased cell proliferation. 

Therefore, although it cannot be entirely ruled out, it is unlikely that tegaserod is acting 

here as a PSA-mimetic. Binding affinity is one of the explanations that might contribute 

to the result. 

Binding affinity (pKi) is the strength of binding interaction between the agonist and the 

receptors. In an in vitro study using transfected cells, tegaserod has high-affinity binding 

to 5-HTR4 (pKi = 8.4) but at the same time has affinity binding to 5-HTR2A (pKi = 7.5), 

5-HTR2B (pKi = 8.4) and 5-HTR2C (pKi = 7.0) (Beattie et al., 2004). This finding also 

shows the potential non-selective effect of tegaserod. Another interesting finding in this 

affinity study showed that when delivering the same concentration of tegaserod, it had 

an agonist effect on 5-HTR4 and an antagonist effect on 5-HTR2B (Beattie et al., 2004). 

Therefore, tegaserod has the potential to affect 2 receptors at the same time and the 

combination of agonist and antagonist activation may lead to lower numbers of 

proliferating cells in central canal of spinal cord. However, in my study, α-methyl-5HT-

maleate, the 5-HTR2 agonist had little effect on cell proliferation so it is unlikely that the 
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different effects are due to activation or antagonism of a 5-HTR2. Cisapride also has a 

different affinity towards different 5-HTRs. Cisapride has an agonist effect on 5-HTR4 

and weak antagonist effect on 5-HTR3 (De Maeyer et al., 2008). Therefore, it is possible 

that cisapride is exerting some of its effects through 5-HT3 receptor antagonism.  

However, in hippocampus, the presence of the 5-HT3 receptor is essential for exercise 

induced neurogenesis so blockade of this receptor would be expected to decrease cell 

proliferation (Kondo et al., 2015). This therefore does not explain the opposing effects of 

tegaserod and cisapride. 

The most likely explanation may come from the fact that tegaserod can also act as a 5-

HT1A, 1B and 1D receptor agonist (De Maeyer et al., 2008) since although 8-OHDPAT, 

a 5-HTR1A agonist, had no effect on cell proliferation, other effects may be exerted 

through the other 5-HTR1. Indeed, Banasr and colleagues (2004) showed that the 5-

HT1B/D agonist sumatriptan, decreased cell proliferation in SVZ so tegaserod may also 

be exerting the decrease in proliferation through activation of these receptor subtypes. 

In future, testing of tegaserod in the presence of a 5-HT1B or 1D receptor antagonist 

may enable more selective activation of the 5-HTR4 and thus a similar effect of 

tegaserod to cisapride. 

According to Katayama et al. (1995), cisapride is the most potent agonist when 

compared to other agonists which are 5-HT (1.9-fold), 5-methoxytryptamine (5-MeOT) 

(7.3-fold), mosapride (4.3-fold), zacopride (11-fold), metoclopramide (26-fold). Cisapride 

may be the best and most selective 5-HTR4 agonist however, due to proarrthymic effects 

of cisapride, the drug is not suitable to use in in vivo experiments (Rampe et al., 1997). 

Therefore, due to the selectivity of the 5-HTR4 agonist (tegaserod and cisapride), a new 

potential selective 5-HTR4 agonist needs to be used to establish the full extent of 5-

HTR4 potential to increase cell proliferation (Figure 5.6). 
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Figure 5.6 Proposed mode of action of tegaserod and suggested use of 5-HTR1B/D 
antagonist to see effect solely due to action via 5-HT4R. 
 

5.6.2 Penetration of drug in 500 µm vs 250 µm of spinal cord slices 

 

Two different thickness of spinal cord slices were used in this experiment, 500 µm and 

250 µm. The technical issue of using 500 µm slices was addressed in Chapter 2 and 

thus 250 µm spinal cord slices were used in the in vitro experiments for the tegaserod 

group. Therefore, the potential that the different thickness of the spinal cord slices affects 

drug penetration must be considered. The need to ensure an adequate drug delivery 

deep into the healthy layers of the tissue makes pharmacological spinal cord acute slice 

experiments complicated, because there is no blood supply in tissue and thus delivery 

relies solely on passive drug diffusion. The 500 µm spinal cord slice is thicker than 250 

µm spinal cord slices and we expect the penetration of drug, oxygen and nutrient into 

deep tissue in thicker slices may be different compared to thinner slices however, the 

different thickness (500 vs 250 µm) of slices were not tested for the same drug therefore 

we can’t make a conclusion on that.  

Tegaserod
- acts on 5-

HTR1A/1B/D, 5-
HTR2 and 5-HTR4

5-HTR2 (no effect on cell 
proliferation)

5-HTR1B/D 
(decreased cell 

proliferation) 
Banasr et.al, 2004)

5-HTR4 (decreased cell proliferation) 
but activation via cisapride increased 

cell proliferation

5-HTR1A (no 
effect on cell 
proliferation)

Antagonist? 
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To date, there are no studies considering how the thickness of spinal cord acute slices 

may affect results obtained. However, in general, acute slice studies using other organs 

such as liver, lung, kidney and small intestine have used slices of 100 and 250, 600, 250 

and 300 µm thickness respectively (L. Fisher et al., 2001, de Graaf et al., 2006). These 

different thickness slices still maintain the viability of the slices (Graaf et al., 2007). For 

whole cell patch clamp recording technique on spinal cord slices, researchers 

recommended the thickness for acute spinal cord slices should be no more than 600 µm 

to satisfy cell visibility (Au - Zhu et al., 2019). Therefore, the penetration of nutrient, 

oxygen and drug is unlikely to significantly differ if the different thickness of the spinal 

cord slices is less than 600 µm. However, it seems worth investigating this in future in in 

vitro experiments using spinal cord slices of different thickness to investigate if there any 

difference in cell proliferation with specific compounds. 

 

 

5.6.3 Is there a role for 5-HT1A receptors in modulating cell 
proliferation in the spinal cord? 

 

Acute activation of 5-HT1ARs using agonists that are reasonably selective for this 

receptor (5-CT and 8-OHDPAT) showed no significant increase in cell proliferation the 

the ECL region. In the acute phase, where the exposure of the drug is just 4 hours, this 

may not be enough to promote a significant change in cell proliferation due to the timing 

used here. There are mixed results observed from in vivo treatment with 8-OH DPAT 

with different timings of treatment. When the agonist was given for 14 days, it had no 

effect on cell proliferation in dentate gyrus compared to the group that received 1 month 

of treatment. BrdU and Ki67 were used as cell proliferation markers in order to see the 

cell proliferation and survival of cell proliferation (Huang and Herbert, 2005). It indicates 

that 8-OH DPAT did not enhance cell proliferation with drug exposure of less than 14 
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days. The time of drug exposure is very crucial in the treatment because the 

effectiveness of certain treatments depends on the time and amount of drug that is 

needed.  

Other researchers also proved that exposure to 5-HT1A agonist for 2 hours 30 minutes 

did not affect cell proliferation at the subgranular layer but when the 8-OH-DPAT was 

given for 4 hours via intraperitoneal injection, it produced significantly increases in cell 

proliferation (Banasr et al., 2004). In another in-vivo experiment, the use of 5-HT1AR 

antagonists to investigate cell proliferation was able to prove that 3 different antagonists 

which are NAN-190, p-MPPI (4-Iodo-N-[2-[4-(methoxyphenyl)-1-piperazinyl]ethyl]-N-(2-

pyridinyl)benzamide monohydrochloride) and WAY 100635 significantly decreased cell 

proliferation after 2 hours drug exposure by about 30% compared to the control group 

(Radley and Jacobs, 2002). Among those 3 antagonists, WAY 100635 showed the 

lowest number of BrdU-labelled cells. Exposure to buspirone, a 5-HT1AR partial agonist 

for 3-4 weeks also showed increased cell proliferation in the subventricular area, 

olfactory bulb and dentate gyrus. Partial agonists have partial efficacy at the receptor, 

and it was suggested that buspirone needs a longer time to fully activate the 5-HT1AR. 

Therefore, the studies suggested that cell proliferation depends on the activation of 5-

HT1AR and the proliferation can be seen as fast as 4 hours after exposure to 8-OH-

DPAT (Banasr et al., 2004). In a different study, animals that were injected with 8-OH-

DPAT for a day showed significant increases in cell proliferation in dentate gyrus but no 

effect after 7 days of exposure to the agonist. In the same paper but using different 

animals, WAY 100125 (5-HT1AR antagonist) significantly reduced the degree of cell 

proliferation after 7 days exposure to the drug. All the experiments were focussed in the 

brain especially at the subgranular zone and the ventricular area which are the 

established stem cell niches.  

The inconsistent results in cell proliferation that are obtained from the previous and 

current research on activation of 5-HT1AR need to be clarified by further experiments 

that are conducted for longer periods of time and at the same time other methods, such 
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as in vivo administration of drugs need to be utilised. There is also a possibility that the 

5-HT1ARs were not actually present in the central canal area of the spinal cord since the 

Allen Mouse Brain and spinal cord Atlas shows negligible expression, although it was 

detected by autoradiography (Thor et al., 1993). Therefore, further investigation needs 

to be carried out in order to confirm the findings. 

 

 

5.7 Conclusion  
 

Using 2 different agonists of 5-HTR4 led to interesting findings on the level of cell 

proliferation on ECL of spinal cord using acute in vitro experiments. Cisapride and 

tegaserod had significant effects, even though the effects were opposing each other. 

Cisapride enhanced the numbers of proliferating cells while tegaserod reduced the 

extent of cell proliferation (Figure 5.7). These findings are believed to be due to the non-

selectivity of these agonists. It would be good to know the rate of cell proliferation after 

activation of 5-HTR4 via cisapride in in vivo  however, due to the risk of cisapride causing 

cardiac arrhythmias, it is not appropriate to carry out this. Therefore in in vivo 

experiments will focus on tegaserod to determine the extent of proliferation when 5-HTR4 

are activated via tegaserod. 
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Figure 5.7 Action of SSRI and involvement of 5-HTR4 on cell proliferation  
Fluoxetine increases the endogenous 5-HT by blocking the 5-HT transporter. Activated 
5-HTR4 via tegaserod reduced the number of cell proliferation while activated 5-HTR4 
via cisapride increased numbers of proliferating cells.  
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EFFECTS OF ACTIVATION OF 5-HTR4 via TEGASEROD 
ON NEUROGENESIS IN VIVO  

6.1  Introduction  

 

In the previous 2 chapters, increasing the level of endogenous 5-HT through flx 

successfully increased numbers of proliferating cells in selected areas of the central 

nervous system and in vitro experiments revealed that application of the 5-HTR4 agonist 

cisapride increased numbers of proliferating cells, whilst the other 5-HTR4 agonist 

tested, tegaserod, reduced cell proliferation in the ECL of the spinal cord. 5-HTR4 are 

found abundantly in the enteric nervous system and are physiologically important in 

gastric emptying and intestinal motility. Application of 5-HTR4 agonists increased cell 

proliferation and differentiation in the enteric nervous system and these receptors are 

also important for maintenance and neuronal growth (Liu et al., 2009). In a transplant 

study, neural stem cells from embryos were transplanted into the tail vein of mice. 

Administration of a 5-HTR4 agonist (mosapride citrate) facilitated the formation of new-

born enteric neurones from transplanted neural stem cells transplanted to the ileum 

which had been transected and anastomosed in mice (Goto et al., 2016). The 

transplanted neural stem cells were mobilised to the anastomosed area, proliferated and 

differentiated into neurones. Since 5-HTR4 activation successfully promoted 

neurogenesis in the enteric nervous system and has significant yet apparently opposing 

effects in the ECL of spinal cord through in vitro experiments, it is worthwhile to 

investigate if 5-HTR4 agonists have significant effects in central nervous system through 
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in vivo experiments. Since cisapride might induce cardiac arrhythmias in vivo (Wysowski 

et al., 2001), I investigated how tegaserod modulates cell proliferation in hippocampus, 

brainstem and spinal cord region. 

 

6.2 Hypotheses 
 

1.  Decreased cell proliferation in the tegaserod-treated group in hippocampus, 

brainstem and spinal cord compared to control. 

2. Changes in the percentages of colocalisation of EdU-labelled cells with 

differentiation markers for astrocytes, oligodendrocytes and neurones. 

 

6.3 Aims 
 

1. To determine the levels of cell proliferation in hippocampus, brainstem and spinal 

cord in control and tegaserod-treated groups of mice.  

2. To determine the percentages of colocalisation of EdU-labelled cells with PanQKI 

(differentiation marker for oligodendrocytes), s100β (differentiation marker for 

astrocytes) or HUC/D (differentiation marker for neurones) in control and 

treatment group. 

6.4 Methods  

6.4.1 Animals 

 

Refer to Chapter 2 (2.1) 
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6.4.2 Preparation of tegaserod maleate and EdU 

 

Tegaserod maleate was prepared to give a final dose of 1 mg/kg and EdU was 

administered at 10 mg/kg. Tegaserod is soluble in DMSO at 0.5% final concentration 

and so this percentage in saline was used as the control treatment. EdU was dissolved 

in saline at 10 mM (Table 6.1). 

 

Table 6.1 Concentration of 5-HTR4 agonist and EdU 

Drug Molecular 
weight  

Concentration 
(mg/kg) 

Concentration DMSO 

Tegaserod 
maleate   

 417.46 gm 1 mg/kg  500 µM in 0.1 
ml of solution 

0.5% 

5-ethynyl-2’-
deoxyuridine  

252.22 gm 10 mg/kg  10 mM in 0.1 
ml of solution 

- 

 

6.4.3 Protocol for in vivo experiment 

 

Refer to Chapter 2 (2.3.2) 

 

6.4.4 Area for counting  

 

Quantification areas were identified and followed the same regions of interest described 

in chapter 2 (Figure 2.10). Since the 5-HTR4 were located at cervical, lumbar and sacral, 

the cell counting was extended to these regions (Suwa et al., 2014, Pineda-Farias et al., 

2017, Zhu et al., 2020). 
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6.5 Results 

 

6.5.1 Tegaserod-treated mice had fewer cell proliferation compared 

to control experiments 

 

The dorsal dentate gyrus was examined, (Figure 6.1) and in tegaserod treated animals 

there were significantly fewer proliferating cells compared to control group (32.56 ± 0.9 

vs 40.46 ± 1.7; p = 0.05).  
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Figure 6.1 Cell proliferation was lower in dDG of tegaserod-treated animals. (A) Bar 
chart showing the numbers of proliferating cells were lower in tegaserod-treated 
compared to control mice. (B-C) Representative fluorescent images of EdU-labelled cells 
(red) in control and tegaserod groups. 40x objectives. Black rounded dots on the bar 
graph refers to the mean value of each animal in each group. n = 4 for each group. 
Statistical analysis, independent t-test was applied with significant value p ≤ 0.05). 
  

A  

B C 

100 µm 
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6.5.2 The proportion of EdU-positive cells that differentiated into 

astrocytes, oligodendrocytes and neurones were not 

significantly different in dDG of tegaserod treated animals 

 

Percentages of EdU-positive cells that colocalised with differentiation markers for 

astrocytes (s100β), oligodendrocytes (PanQKI) and neurones (HUC/D) were calculated. 

In mice treated with tegaserod, there were no significant differences in the proportion of 

EdU positive cells that expressed these differentiation markers. Percentages of EdU-

positive cells that differentiated into astrocytes (3.81 ± 1.3 vs 5.10 ± 2.2), 

oligodendrocytes (3.00 ± 1.2 vs 3.27 ± 2.4) and neurones (6.22 ± 3.0 vs 8.91 ± 3.0) 

(Figure 6.2). 
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Figure 6.2 Tegaserod had no effect on cell differentiation on dDG of hippocampus  
(A-C) Bar chart showing percentages of EdU+ve cells that co-localised with 
differentiation markers in tegaserod and control groups. The differentiation markers are 
s100β (astrocytes), PanQKI (oligodendrocytes) and HUC/D (neurones). Black rounded 
dots on the bar graph refers to the mean value of each animal in each group. n = 4 for 
each group. Statistical analysis, independent t-test was applied with significant value, p 
≤ 0.05). (D) Representative images for each differentiation marker in dorsal dentate 
gyrus of hippocampus in tegaserod treated animals. EdU+ve (red), differentiation marker 
(green). 40x objective. 
  

A  B  

C  D  
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6.5.3 Tegaserod treated animals had lower numbers of proliferating 
cells in brainstem compared to control  

 

There were significantly lower numbers of EdU-positive cells in the whole brainstem of 

tegaserod-treated compared to control mice (15.81 ± 5.0 vs 29.98 ± 2.9, p = 0.018).  

Upon closer examination of specific regions, there were also lower numbers of EdU 

positive cells in DVC (7.96 ± 3.0 vs 15.16 ± 1.1, p = 0.05), NTS (3.82 ± 1.4 vs 9.32 ± 0.9, 

p = 0.006) and ECL (2.28 ± 0.3 vs 4.65 ± 0.4, p = 0.003) (Figure 6.3). There were no 

significant differences between treated and control groups in AP (2.86 ± 1.0 vs 3.70 ± 

0.4), DMX (1.21 ± 0.7 vs 2.13 ± 0.3), raphe (0.0 ± 0 vs 0.03 ± 0.03), IO (2.04 ± 1.0 vs 

4.23 ± 0.9) and pyramidal region (3.53 ± 0.9 vs 5.91 ± 0.7) (Figure 6.3). 
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Figure 6.3 There were significantly fewer proliferating cells in some brainstem 
regions of tegaserod treated mice. (A) Bar chart showing that cell proliferation was 
significantly lower in the tegaserod-treated group compared to control group in total area 
of brainstem and selective regions of interest which are dorsal vagal complex (DVC) and 
nucleus tractus solitarii (NTS). (B) Bar graph of the quantification of other brainstem 
regions reveals that the ependymal cell layer (ECL) had significantly fewer proliferating 
cells in tegaserod group than control group. Raphe, inferior olive (OI) and pyramidal area 
do not show any significant difference. Black rounded dots on the bar graph refers to the 
mean value of each animal in each group. n = 4 for each group. Statistical analysis, 
independent t-test was applied with significant value, p ≤ 0.05)  

A  
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6.5.4 In brainstem of tegaserod-treated animals, the proportion of 
EdU-positive cells differentiating into astrocytes, 
oligodendrocytes and neurones was not significantly different 
compared to control. 

 

Administration of tegaserod for seven days did not influence the proportion of 

proliferating cells that differentiated into astrocytes, oligodendrocytes and neurones. The 

percentages of co-localisation of EdU-positive cells with differentiation markers for 

tegaserod vs control animals for s100β was 9.77 ± 3.5 vs 13.57 ± 4.29, for PanQKI was 

5.54 ± 1.9 vs 3.79 ± 2.8 and for HUC/D was 21.09 ± 7.3 vs 20.64 ± 7.6 (Figure 6.4).  
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Figure 6.4 Percentages of co-localisation were not significantly different between 
groups in the brainstem. Bar chart showing that the percentages of co-localisation of 
proliferating cells with markers for (A) astrocytes, (B) oligodendrocytes and (C) neurones 
were not significantly different between groups in all regions of interest in brainstem. 
Black rounded dots on the bar graph refers to the mean value of each animal in each 
group. n = 4 for each group. Statistical analysis, independent t-test was applied with 
significant value, p ≤ 0.05) 
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6.5.5 A lower number of proliferating cells in the tegaserod-treated 
group in spinal cord  

 

Like brainstem, the spinal cord also has 5-HTergic fibres that are located in close 

proximity to nestin-GFP cells located in the cell layer surrounding the central canal of 

spinal cord at every level. Quantification of EdU-positive cells was carried out in cervical, 

thoracic, lumbar and sacral sections of spinal cord, looking specifically in the ECL, white 

matter and gray matter and total for the whole region. In spinal cord, regardless of the 

level examined, there were significantly fewer EdU-positive cells in the whole sections of 

tegaserod-treated animals compared to control, which was 55.66 ± 4.7 vs 76.87 ± 2.6; p 

= 0.008. On closer inspection of different regions, ECL (3.49 ± 0.6 vs 5.88 ± 0.7; p = 

0.05), gray matter area (21.69 ± 1.7 vs 33.67 ± 1.6; p = 0.002) and white matter (28.54 

± 2.1 vs 37.60 ± 2.0; p = 0.02) all showed lower numbers of EdU labelled cells in the 

tegaserod treated animals compared with controls (Figure 6.5). When looking into 

different levels of spinal cord, the lumbar area (37.66 ± 7.3 vs 54.68 ± 9.4; p = 0.02) and 

sacral area (53.4 ± 4.4 vs 86.05 ± 10.4; p = 0.04) showed significant fewer numbers of 

proliferating cells in tegaserod-treated group compared to control group. However, there 

were no significant differences in cervical area (79 ± 19.1 vs 102.8 ± 12.6) and thoracic 

area (51.74 ± 6.4 vs 69.32 ± 10.8) (Figure 6.5). Looking more closely at the lumbar and 

sacral region, there were changes observed in specific regions. At sacral level, the white 

matter of treated animals had significantly fewer cells, (28.3± 2.9 vs 47.4 ± 5.6; p = 0.02), 

while at lumbar level, none of the specific regions had significant differences (Figure 6.7).  
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Figure 6.5 Animals treated with tegaserod had lower extent of cell proliferation in 
selected regions of spinal cord. (A) Bar chart representing proliferating cells in the 
cervical to sacral region, showing decreased numbers of proliferating cells in whole 
section of spinal cord, ependymal cell layer (ECL), gray matter and white matter in 
tegaserod treated compared to control mice. (B) The lumbar and sacral regions showed 
reduced cell numbers in the whole section of treated animals. Black rounded dots on the 
bar graph refers to the mean value of each animal in each group. n = 4 for each group. 
Statistical analysis, independent t-test was applied with significant value, p ≤ 0.05) 

B  
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Figure 6.6 Example images of EdU-positive cells in the tegaserod-treated and 
control groups. (A) Control group has more EdU-labelled cells (red) when compared to 
tegaserod-treated group in (B) in spinal cord region. (Ai-Aii) Control group showing 
higher EdU-labelled in ECL, white matter and gray matter compared to tegaserod-treated 
group in (Bi-Bii). (Aii and Bii) close up view at the dorsal horn area of gray matter of spinal 
cord. 
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Figure 6.7 Lower numbers of proliferating cells in lumbar and sacral spinal cord in 
tegaserod-treated group. (A) Lumbar spinal cord has lower numbers of EdU-labelled 
cells in tegaserod-treated group for whole section however, not specifically in ECL, gray 
matter and white matter regions. (B) Sacral region has the same pattern of decreased 
cell proliferation in treated group, but only white matter area showed a significant 
decrease. Black rounded dots on the bar graph refers to the mean value of each animal 
in each group. n = 4 for each group. Statistical analysis, independent t-test was applied 
with significant value, p ≤ 0.05)
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Figure 6.8 Example images of EdU-positive cells in the tegaserod-treated and 
control groups. (A) Control group has more EdU-labelled cells (red) when compared to 
tegaserod-treated group in (B) in spinal cord region. Scale bar 200 µm 
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6.5.6 Tegaserod did not influence differentiation in spinal cord 

 

Administration of tegaserod daily for 7 days does not modulate the differentiation of 

proliferating cells into neurones or supporting glial cells. In the spinal cord, the 

percentages of co-localisation of markers for astrocytes (5.33 ± 0.2 vs 3.82 ± 0.8), 

oligodendrocytes (7.27 ± 2.2 vs 7.02 ± 3.4) and neurones (7.12 ± 1.8 vs 11.38 ± 2.0) in 

EdU-labelled cells in tegaserod-treated group did not differ from control group (Figure 

6.8). 
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Figure 6.9 Tegaserod did not significantly affect proliferating cell differentiation to 
astrocytes, oligodendrocytes or neurones. Bar chart showing percentages of co-
localisation of EdU+ cells with markers of astrocytes, oligodendrocytes and neurones in 
brainstem area. There were no significant differences between control and treated 
groups. Black rounded dots on the bar graph refers to the mean value of each animal in 
each group. n = 4 for each group. Statistical analysis, independent t-test was applied 
with significant value, p ≤ 0.05) 
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6.6 Discussion  
 

Administration of the 5-HTR4 agonist tegaserod significantly decreased the numbers of 

proliferating cells in dentate gyrus of hippocampus, and selective regions in brainstem 

and spinal cord. However, the proportions of EdU-positive cell becoming astrocytes, 

oligodendrocytes and neurones were not significantly different in hippocampus, 

brainstem and spinal cord region of control vs tegaserod treated animals. This suggests 

that activation of 5-HTR4 via tegaserod has a dampening effect on cell proliferation in 

hippocampus, brainstem and spinal cord. However, these results contrast with previous 

gastrointestinal work on 5-HTR4, which merits further consideration. 

 

6.6.1 High-affinity binding, high efficacy and desensitisation of 5-
HTR4 to tegaserod  

 

Tegaserod has high-affinity binding to 5-HTR4 and is used in treating irritable bowel 

syndrome with constipation in women although this is not yet established in men 

(Wagstaff et al., 2003, Cole and Rabasseda, 2004). Some agonists (even partial 

agonists) have the potential to develop desensitisation when the receptors are 

continuously activated (Charlton, 2009). Desensitisation is a process that diminishes the 

positive effect and can occur through repeated treatment or very high concentrations of 

drug. The possible mechanisms may involve receptor phosphorylation by G-couple 

protein receptor kinases (GRK) and G-protein uncoupling. In the gastrointestinal system 

(GIT), tegaserod desensitisation has been associated with G-protein coupled receptor 

kinase. Tegaserod mediated desensitisation has been proved by Nedi et al. (2011) using 

the desensitisation protocol (in vitro) from Rondé et al. (1995) and applying it to 

oesophagus (tunica muscularis mucosae) and distal colon. They showed that when 10 
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µM (no data in mg/kg provided) of tegaserod was added, after 20 minutes the effect on 

muscle contraction was reduced. In the same study, to confirm which GRK receptors 

were involved in desensitisation, a desensitisation protocol followed by co-

immunoprecipitation in western blot was carried out. It revealed that desensitisation of 

5-HTR4 by tegaserod is regulated by GRK2 and GRK6 in rat oesophagus and distal 

colon respectively (Nedi et al., 2011). In a different study, acute administration of 5 mg/kg 

intraperitoneal injection of tegaserod did not affect the expression of GRK2 and GRK6 in 

the same regions (Nedi et al., 2018). These studies suggested tegaserod did not change 

the expression of GRK2 and GRK6 and they concluded that the basal level of GRK2 and 

6 was sufficient to cause desensitisation to tegaserod. These studies provide a possibility 

that in my study, administration of tegaserod desensitised the 5-HTR4 through activation 

of GRK2 and GRK6.  

In in vitro studies using distal colon, tegaserod showed a desensitisation effect at 

concentrations as low as 5 nM and the effect increased with higher concentrations up to 

5 µM (Grider, 2006). In control they use mucosal brush stroke to provoke the contraction 

(Figure 6.10). Even in the recovery phase, when the tegaserod is being washed out, the 

contraction appeared again revealed that the desensitisation was solely caused by 

tegaserod. 
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Figure 6.10 In vivo experiment of dose-dependent desensitisation(Grider, 
2006).Recordings were from rat colon, with ascending colon contraction and descending 
colon relaxation stimulated by mucosal brush strokes. The responses were reduced in 
the presence of tegaserod. 
 

In my study, the concentration of tegaserod is higher (1 mg/kg (500 µM), so the 

occurrence of desensitisation is highly plausible. The experiment by Grider (2006) was 

an in vitro study where even a small amount of tegaserod was able to trigger 

desensitisation while in this in vivo experiment, the concentration might be different 

because the agonist needs to go through the whole pharmacokinetic process in order 

reach the target cells. Another point to consider is that most of the desensitisation studies 

to date used gastrointestinal organs while in central nervous system, the concentration 

of tegaserod that can trigger desensitisation is still unknown, therefore, 1mg/kg of 

tegaserod might be able to trigger desensitisation in brain and spinal cord. The 

desensitisation of tegaserod on 5-HTR4 is regulated by GRK2 and GRK6 and depends 

on dosage that has influence on the degree of desensitisation. Thus, the desensitisation 

may reduce the ability of receptors to stimulate the downstream mechanism leading to 

lower levels of stimulation and potentially reducing the rate of proliferative activity in 

hippocampus and spinal cord region. However, due to lack of research in desensitisation 

of tegaserod in central nervous system especially in brain and spinal cord, it is important 

Tegaserod 
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to establish in future studies whether the desensitisation shares the same mechanism 

as in gastrointestinal system with central nervous system. One proposed method to test 

this would be a desensitisation protocol applied to acute brain slices or acute spinal cord 

slices. Since 5-HT 4 receptors are abundantly expressed in the dorsal raphe nucleus, 

(Waeber et al., 1995), patch clamp recordings could be made from these neurones and 

the effects of increasing doses of tegaserod on spontaneous action potential firing 

frequencies investigated 

 

6.6.2 Tegaserod also activates 5-HTR1 (agonist) and acts at 5-HTR2 
(antagonist)  

 

Tegaserod is a partial agonist for 5-HTR4. As discussed in Chapter 5, tegaserod also 

activates 5-HTR1A/1B/1D and 5-HTR2. The same explanation may therefore be applied 

to my in vivo experiments.  Findings from my in vitro experiments revealed that activation 

of 5-HTR1A did not produce any effect on cell proliferation. Furthermore, activation of 5-

HTR2 also has no significant effect on cell proliferation. However, activation of 5-

HT1B/1D in acute slice experiments was not carried out. Even though the experiment 

was not performed, previous studies using sumatriptan as an agonist for 5-HTR1B/1D 

showed decreased cell proliferation in subventricular zone and GR127935, an antagonist 

for 5-HTR1B/1D, increased cell proliferation at the same region. However, both drugs 

did not have an effect on numbers of proliferating cells in subgranular zone (Banasr et 

al., 2004). Activation of 5-HTR1B/1D via tegaserod in my experiment may mimic the 

activation of the same receptor using sumatriptan which significantly reduced the number 

of proliferating cells. In order to get the full effect of tegaserod on 5-HTR4, using 

GR127935 as an antagonist of 5-HTR1B/1D could be useful in future proliferation 

studies.  
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6.6.3 Minimal penetration across the blood-brain barrier 

 

Methods of drug delivery determine the level of effectiveness of the drug. Oral 

administration of drug has lower absorption due to the first-pass effect in the liver before 

the drug enters the systemic circulation. Tegaserod has better absorption when taken 

without food compared to with food (Appel-Dingemanse et al., 2000). Therefore, to 

achieve the effectiveness of the drug to the maximum level, tegaserod was delivered 

using intraperitoneal injection to reach the systemic circulation through the peritoneal 

membrane and then cross the blood-brain barrier. A further issue may be penetration of 

tegaserod through the blood-brain barrier, due to the size and polarity of tegaserod, 

however, in a randomised control study, people prescribed tegaserod suffered from side 

effects like headache and migraine along with diarrhoea (Tack et al., 2005, Quigley et 

al., 2006). Therefore, it seems that tegaserod does indeed cross the blood-brain barrier. 

However, to date, there are not many studies that investigate the extent of penetration 

of tegaserod across the blood brain barrier, so the statements are inconclusive. Since in 

this study, tegaserod has an effect on cell proliferation in hippocampus and spinal cord, 

this indicates the potential of tegaserod to cross the blood brain barrier. It is worth 

knowing the rate of tegaserod penetration across the blood-brain barrier in order to 

determine the exact dose that can act effectively on the receptor.  
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6.7 Conclusion 
 

In general, activation of 5-HTR4 via tegaserod in vivo reduced the numbers of 

proliferating cells in the dentate gyrus of hippocampus and selective regions of spinal 

cord. Interestingly, there was no effect on any brainstem region. However, the extent of 

differentiation into neurones, astrocytes and oligodendrocytes was not significantly 

different between groups. Lower expression of 5-HTR4 in central nervous system 

compared to the gastrointestinal system, desensitisation and minimal penetration 

through blood-brain-barrier are potential reasons for a smaller effect of tegaserod on 

numbers of proliferating cells in different regions of the central nervous system. For 

example, if there are no receptors in the brainstem region then no effect would be 

expected. 
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Chapter 7  

DOES FLUOXETINE REVERSE THE REDUCTION OF 
CELL PROLIFERATION IN MICE ON A HIGH-FAT DIET? 

7.1  Introduction  
 

Reductions in cell proliferation in the hippocampus happen in certain conditions such as 

prenatal stress, alcohol consumption, nicotine and high-fat diet (Jang et al., 2002, 

Kawamura et al., 2006, Lindqvist et al., 2006). Several studies have attempted to reverse 

the reduction of cell proliferation, for example by using physical activities like exercise, 

or pharmacological treatment. Obesity is one of the factors that can reduce the numbers 

of proliferating cells in the hippocampus (Jackson-Guilford et al., 2000, Lindqvist et al., 

2006). In my study, I used C57Bl/6 mice that were given a high-fat diet for eight weeks 

to promote obesity or glucose intolerance. At the same time, flx was given to help in 

modulating changes in cell proliferation. In previous studies using mice on normal diets, 

flx successfully increased cell proliferation in hippocampus, brainstem and spinal cord 

(see intro relevant section). Therefore, administration of flx in high fat-diet mice may help 

reverse the reduction of cell proliferation observed in high-fat diet. 

 

7.2 Hypothesis 
 

1. Administration of flx in drinking water can reverse or ameliorate the reduced 

numbers of proliferating cells in high-fat diet condition. 
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7.3 Aims 
 

1. To determine the metabolic changes such as glucose levels after glucose 

tolerance test (GTT) and insulin tolerance test (ITT), weight gain, food intake, 

water intake in the low-fat diet group, high-fat diet group, high-fat diet with the 

administration of flx for four weeks and high-fat diet with administration of flx for 

eight weeks. 

2. To determine the extent of cell proliferation in all groups. 

3. To determine the percentages of colocalisation of s100β (astrocytes), PanQKI 

(oligodendrocytes), HUC/D (neurones) and Iba1 (microglia) with Edu-labelled 

cells (proliferating cells) in all groups. 

 

7.4 Methods  
 

C57/Bl6 male mice, aged 5 weeks, were housed in 4 cages, five animals per cage. Other 

methods were described in Chapter 2 (2.5) 

Table 7.1 List of experimental group and number of animal in each group 

Groups  Number of animals 

Low-fat diet 5 

High-fat diet 5 

High-fat diet with 4-weeks of fluoxetine 5 

High-fat diet with 8-weeks of fluoxetine 5 
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7.5 Results 
 

7.5.1 Administration of fluoxetine did not improve glucose levels 
after Glucose Tolerance Test (GTT) 

 

Glucose measurements were taken before the start of the experiment (Week 0), in the 

middle of the experiment (week 4) and the final week of the experiment (week 8). The 

result showed glucose levels during GTT were higher in all three groups that had a high-

fat diet compared to the low-fat diet group. This was observed at all times tested. Normal 

glucose levels should be below 7.8 mmol/L after 120 minutes of GTT. If the glucose level 

is between 7.9 – 11 mmol/L, the condition is considered as impaired glucose tolerance, 

and if it is more than 11 mmol/L, this is a diabetic state. The results showed that after 

eight weeks’ consumption of high-fat diet only and high-fat diet with four weeks 

administration flx, the mice were in an impaired glucose tolerance state, while in high-fat 

diet mice with eight weeks administration of flx, they were in a diabetic state (Figure 7.1). 

The glucose levels at 120 minutes, are shown in Table 7.2. 

Table 7.2 Glucose levels at 120 minutes after glucose tolerance test (GTT) 

 Glucose level (mmol/L) at 120 minutes of GTT 

Group Week 0 (±SEM) Week 4 (±SEM) Week 8 (±SEM) 

Low-fat diet  7.6 ± 0.83 5.5 ± 0.18 6.38 ± 0.37 

High-fat diet  7.70 ± 0.71 7.32 ± 0.59 10.58 ± 0.84 

High-fat diet + 4 
weeks of flx 

8.08 ± 0.51 8.92 ± 0.71 11.0 ± 0.86 

High-fat diet + 8 
weeks of flx 

6.56 ± 0.35 10.22 ± 0.41 11.5 ± 0.74 
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Figure 7.1 Fluoxetine did not improve glucose levels in the high-fat diet group.  (A) 
Glucose levels in low-fat diet groups. (B) Glucose levels in the high-fat diet group. (C) In 
the high-fat diet group with administration of four weeks of flx, at week 8, the mice were 
in impaired glucose tolerance state. (D) High-fat diet with eight weeks of treatment were 
treated with flx, where the mice reached a diabetic state in week 8. 
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7.5.2 Glucose levels did not improve with flx treatment during 
Insulin Tolerance Test (ITT) 

 

Animals fasted for 2 hours before the procedure. Fasting blood glucose was considered 

as time 0 (basal measurement); after the injection of insulin, the measurement was taken 

every 30 minutes until 120 minutes. The glucose levels (mmol/L) varied across the 

groups (Figure 7.2) but flx did not improve the levels in the high fat diet group. 
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Figure 7.2 The glucose levels did not improve in the ITT with the administration of 
flx for eight weeks. (A) Glucose levels in low-fat diet group. (B) In the high-fat diet group, 
the insulin response was less sensitive at weeks 4 and 8 compared to week 0. (C) In the 
high-fat diet group with administration of flx for four weeks, the insulin sensitivity at t120 
remains the same over the weeks. (D) In the high-fat diet group that received 8 weeks 
of flx, there was little variation in insulin sensitivity from week 0 to week 8. 
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7.5.3 Increased weight gain in the high-fat diet groups, regardless of 
flx. 

 

The high-fat diet groups significantly increased weight over the weeks when compared 

to the low-fat diet group. Indeed at the end of 8 weeks, all the high-fat diet groups had 

significantly increased weight gain compared to the low-fat group (Table 7.3). However, 

there was no significant change in weight between all three high-fat diet groups, 

regardless of whether they had been administered flx (Figure 7.3). 

 

Table 7.3 Mean (± SEM) for weight variant at week eight. 

Group Mean ± SEM p-value Significant  

HF vs LF  14.00 ± 1.8 vs 5.68 ± 0.5 0.001 **Yes  

HF + 4 wks flx vs LF 14.68 ± 1.0 vs 5.68 ± 0.5 0.002 **Yes  

HF + 8 wks flx vs LF  16.22 ± 2.1 vs 5.68 ± 0.5 0.002 **Yes  

** significant p ≤ 0.001, one-way ANOVA statistical test 
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Figure 7.3 Increased weight gain over the weeks. (A) Increases in weight gain for all 
groups on high-fat diet regardless of flx administration compared to the low-fat group. 
(B) Percentages of body weight increased from week 1 to end of study plotted as % 
increase from initial weight. The weight gain was significantly greater in high-fat diet 
groups compared to low-fat diet group regardless of additional treatment. Two-way 
ANOVA statistical test was applied.  
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7.5.4 Increased weight in all groups over the eight weeks 

 

The weight gain for individual mice for every week was plotted to observe the increased 

weight gain pattern in all groups. In low-fat diet group, the increases for each mouse 

were quite flat and did not exceed 10 g at the end of the experiment. However, in the 

high-fat diet group, all the groups showed a rapid increase in weight gain including flx-

treated group especially after week 4 and week 5. Therefore, flx did not change the 

rapidly increased weight gain caused by the high-fat diet (Figure 7.4). It was clear that, 

there was a high degree of variability in weight gain in each individual mouse for high-fat 

diet and high-fat diet with 8 weeks flx compared to other groups. 
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Figure 7.4 Fluoxetine did not show an anorexigenic effect. (A) Low-fat diet group 
showed expected weight gain over the eight weeks, while (B) high-fat diet showed rapid 
increases. (C-D) High-fat diet groups given flx for four weeks and eight weeks also had 
the same trends in weight gain as (B) but there was a high degree of variability between 
mice. 
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7.5.5 Variations in food intake for each group 

 

The amount of food intake was measured to know how much the consumption of food 

varied per group per day. Food intake did in fact vary amongst groups, although due to 

the group housing conditions to reduce stress in mice, it was not possible to obtain data 

on this for individual mice. Mice on the high-fat diet with eight weeks treatment of flx 

consumed significantly lower amounts of food compared to mice on high-fat diet with four 

weeks flx (87.81 ± 2.0 gm/group/week vs 275.8 ± 32.2 gm/group/week, p-value = 

0.0001). Similarly, those on high-fat diet with eight weeks flx treatment had significantly 

lower food consumption compared to high-fat diet only (87.81 ± 2.0 gm/group/week vs 

280.3 ± 16.5, p-value = 0.0001). Those on high-fat diets had significantly higher food 

intake compared to low-fat diet group (280.3 ± 16.5 gm/group/week vs 87.81 ± 2.0 

gm/group/week, p-value = 0.0001) while those on high-fat diet with 4 weeks flx also had 

significantly higher food intakes compared to low-fat diet group (275.8 ± 32.2 

gm/group/week vs 89.77 ± 2.0, p-value ≤ 0.0001) (Figure 7.5). 
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Figure 7.5 Variation in food intake amongst groups. (A) The bar graph shows the 
control low-fat diet group consumed significantly less food compared to groups on high-
fat diet and high-fat diet with 4 weeks of flx (p-value = 0.0001). The high fat diet with 8 
weeks of flx group overall consumed lower amounts of food intake compared to high-fat 
diet and high-fat diet with treatment of 4 weeks of flx. However, intake between low-fat 
and high-fat diet with 8 weeks of flx is not significantly different. (B) The bar graph showed 
the pattern of food intake between groups from week 1 until week 8. The control group 
and high-fat diet group showed quite similar patterns with food intake approximately 100 
gm per week. However, the high-fat diet group and high-fat diet with 4 weeks of flx 
showed fluctuations in the pattern of food intake starting from week 1 until week 8. 
Overall, the pattern in the high-fat diet and high-fat diet with 4 weeks of flx indicated more 
food consumption compared to control group and high-fat diet with 8 weeks of flx. The 
statistical analysis, one-way ANOVA with significant p-value < 0.05.  
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7.5.6 No difference in the amount of water intake amongst high-fat 
diet groups  

 

Flx was administered via drinking water using the water bottle. Using this method can 

reduce stress to mice in terms of handling and injection. A non-significant difference in 

the amount of water intake amongst the high-fat diet groups showed the mice on flx 

consumed the same amount as control high-fat diet group. However, in the control low-

fat diet group, mice consumed significantly more water compared to high-fat diet groups. 

The mean ± SEM of each group is given (as ml/group/week) : LF vs HF (167.5 ± 7.3 ml 

vs 130.6 ± 3.2 ml, p ≤ 0.0016), LF vs HF + 4 weeks of flx (167.5 ± 7.3 ml vs 126.3 ± 6.9, 

p = 0.0004), LF vs HF + 8 weeks of flx (167.5 ± 7.3 ml vs 106.9 ± 7.0, p = 0.0001) (Figure 

7.6). 
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Figure 7.6 Administration of flx in drinking water did not change the amount of 
water consumption in the high-fat diet groups. (A) The amount of water consumption 
per group per week showed a significantly higher water intake in a low-fat diet compared 
to high-fat diet groups. However, amongst three groups of high-fat groups, the water 
intake was not changed. (B) the amount of water intake over eight weeks showed that 
water intake did not significantly change among the high-fat diet groups. Significant p-
value ≤ 0.05, statistical analysis one-way ANOVA. n = 5 animals in each group. 
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7.5.7  Fluoxetine did not affect cell proliferation in the dorsal 
dentate gyrus of the hippocampus 

 

Firstly, there was no significant difference in the numbers of proliferating cells in the 

hippocampus between low-fat diet group and any of the high-fat diet groups. 

Administration of flx via drinking water for eight weeks or four weeks in the high-fat diet 

group did not significantly affect the numbers of proliferating cells. Mean and SEM values 

for each group; low-fat group as control (26.22 ± 7.6), high-fat diet group (18.79 ± 7.4), 

high-fat with four weeks of flx (19.84 ± 7.3) and high-fat with eight weeks of flx (19.64 ± 

8.0) (Figure 7.7A). Since the weight of individual mice in each group was highly variable, 

the correlation between weight gain and numbers of proliferating cells for each animal in 

each group was determined. However, there was no significant correlation between 

individual weight gain and individual extent of proliferation for animals in each group 

(Figure 7.7B – 7.7F).  
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Figure 7.7 No effect on numbers of proliferating cells in flx-treated high fat diet 
groups. (A) Extent of cell proliferation in each group of the experiment showed there is 
no significant difference amongst groups. Black rounded dots on the bar graph refers to 
the mean value of each animal in each group. n = 5 for each group. Statistical analysis, 
one-way ANOVA was applied with significant value, p ≤ 0.05). (B-F) Correlation between 
cell proliferation and weight gain were plotted and analysed. (B) showed the correlations 
were not significant in all experimental groups. (C-F) showed no correlation for each 
group. Statistical analysis Pearson correlation was performed with significant value, p ≤ 
0.05.  
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7.5.8 Administration of flx did not affect cell differentiation in the 
dorsal dentate gyrus of the hippocampus in all groups  

 

Neither high-fat diet nor additional flx in high-fat diet affected cell differentiation. The 

percentages of mean and SEM for each type of cells were shown (Table 7.4). The 

proportions of proliferating cells that differentiated into astrocytes, oligodendrocytes, 

neurones or microglia were not significantly different in each group of the experiment 

(Figure 7.8).  

 

Table 7.4 Mean (± SEM) percentages of EdU-positive cells that were colocalised 
with differentiation markers in the dDG 

 
Types of cells 
identified (with 

associated 
antibodies)   

LF 
(n) 

(% of EdU 
+ve cells that 
were double 
labelled for 

each marker) 

HF 
(n) 

HF + 4 week 
of flx 
(n) 

HF + 8 
weeks of flx 

(n) 

Astrocytes 2.04 ± 1.6 (5) 5.10 ± 2.6 (5) 2.29 ± 1.0 (5) 1.00 ± 1.0 
(5) 

Oligodendrocytes 2.89 ± 2.9 (5) 1.24 ± 1.2 (5) 6.25 ± 2.1 (5) 5.33 ± 3.4 
(5) 

Neurones 2.46 ± 1.5 (5) 1.89 ± 0.9 (5) 3.09 ± 1.5 (5) 1.68 ± 1.2 
(5) 

Microglia 0.00 ± 0.0 (5) 7.54 ± 4.6 (5) 1.82 ± 1.8 (5) 2.17 ± 1.4 
(5) 
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Figure 7.8 Flx did not cause significant changes in extent of cell differentiation in 
the high fat diet groups in hippocampus. (A-D) Scatter plot graphs showing, no 
significant changes in cell differentiation in all groups. Many sections showed no cells 
differentiating into the different cell types, thus many points for each graph are at 0%. 
Black rounded dots on the bar graph refers to the mean value of each animal in each 
group. n = 5 for each group. Please note differing y-axis scales. Statistical analysis, one-
way ANOVA was applied with significant value, p ≤ 0.05) 
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7.5.9 Fluoxetine did not cause any effect on cell proliferation and 
differentiation in the brainstem region of high fat diet groups  

 

In the brainstem, administration of flx did not affect cell proliferation in the whole 

brainstem (Figure 7.9A) nor indeed in any specific region of the brainstem, such as 

ependymal layer region, area of postrema, nucleus tractus solitarii, dorsal motor of vagus 

nerve, raphe, inferior olive and pyramid area. Furthermore, there is no correlation 

between there was no significant correlation between individual weight gain and 

individual extent of proliferation for animals in each group (Figure 7.9B – 7.9F). 

Moreover, in the differentiation quantification, none of the differentiation markers showed 

any significant changes in proportion of double-labelled cells in the group (Table 7.5, 

Figure 7.10) 
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Figure 7.9 Flx did not affect cell proliferation in brainstem. (A) The scatter plot 
graphs show non-significant changes in numbers of proliferating cells in brainstem. Black 
rounded dots on the bar graph refers to the mean value of each animal in each group. n 
= 5 for each group. Statistical analysis, one-way ANOVA was applied with significant 
value, p ≤ 0.05). (B-F) Line graph of correlation between weight gain for each animal and 
numbers of proliferating cells. (B) showed no significant correlation between cell 
proliferation and weight gain in all groups, while (B-F) showed no correlation in each 
group. Statistical analysis pearson correlation was performed with significant value, p ≤ 
0.05.  
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Table 7.5 Mean (± SEM) value of percentages of EdU-positive cells that were 
colocalised with differentiation markers in the brainstem region. 

 
Type of cells 

examined with 
antibodies 

LF  
(n) 

(% of EdU 
+ve cells that 
were double 
labelled for 

each marker) 

HF 
(n) 

 

HF + 4 week 
of flx 
(n) 

 

HF + 8 weeks 
of flx 
(n) 

 

Astrocytes 
(s100β) 

3.46 ± 1.8 
 (5) 

3.12 ± 1.3 
 (5) 

4.46 ± 2.7  
(5) 

5.71 ± 3.1 
 (5) 

Oligodendrocytes 
(PanQKI) 

6.52 ± 4.4 
 (5) 

7.52 ± 4.0 
 (5) 

9.23 ± 4.2 
 (5) 

14.47 ± 7.1 
 (5) 

Neurones 
(HUCD) 

0.84 ± 0.7 
 (5) 

0.83 ± 0.8 
 (5) 

0.15 ± 0.1  
(5) 

1.14 ± 0.5  
(5) 

Microglia 
(Iba1) 

4.66 ± 2.4 
 (5) 

5.91 ± 2.7 
 (5) 

4.92 ± 2.3  
(5) 

6.22 ± 3.2 
(5) 
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Figure 7.10 The extent of cell differentiation was not affected by the administration 
of flx in mice on high-fat diet in brainstem. (A-D) Percentages of co-localisation of 
Edu-positive cells with differentiation markers were not significantly different in all groups. 
Black rounded dots on the bar graph refers to the mean value of each animal in each 
group. n = 5 for each group. Statistical analysis, one-way ANOVA was applied with 
significant value, p ≤ 0.05).  
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7.5.10 Administration of fluoxetine has no effect on cell 
proliferation in the thoracic spinal cord of high fat diet fed 
animals. 

 

Administration of flx has no effect on the numbers of proliferating cells in the groups fed 

a high fat diet. The numbers of proliferating cells in control group, high-fat diet group, 

high-fat diet with 4 weeks of flx and high-fat diet with 8 weeks of flx are 32.32 ± 1.0, 31.33 

± 2.8, 35.79 ± 2.6, 36.28 ± 1.8 respectively (Figure 7.11A). Furthermore, there is no 

correlation between cell proliferation and weight gain in all groups (Figure 7.11B – 

7.11F). 
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Figure 7.11 Administration of flx did not significantly change the number of 
proliferating cells in spinal cord in high fat diet fed groups. (A) The bar chart shows 
similar extents of cell proliferation in every group. Black rounded dots on the bar graph 
refers to the mean value of each animal in each group. n = 5 for each group. (B) Line 
graph of correlation between weight gain for each animal and numbers of proliferating 
cells. Statistical analysis, one-way ANOVA was applied with significant value, p ≤ 0.05). 
(B-F) Line graph of correlation between weight gain for each animal and numbers of 
proliferating cells. (B) showed no significant correlation between cell proliferation and 
weight gain in all groups, while (B-F) showed no correlation in each group. Statistical 
analysis pearson correlation was performed with significant value, p ≤ 0.05.  
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7.5.11 Fluoxetine did not influence the differentiation of cells in 
the thoracic spinal cord  

 

Administration of flx did not significantly promote proliferating cells to become astrocytes, 

oligodendrocytes, neurones or microglia (Table 7.6, Figure 7.12). 

Table 7.6 Mean (± SEM) percentages of EdU-positive cells that were colocalised 
with differentiation markers in the spinal cord 

 
Type of cells 

identified (with 
associated 
antibodies 

LF 
(n) 

(% of EdU 
+ve cells that 
were double 
labelled for 

each marker) 

HF 
(n) 

HF + 4 
weeks of flx 

(n) 

HF + 8 
weeks of flx 

(n) 

Astrocytes 

(s100β) 

0.80 ± 0.4 (5) 0.95 ± 0.4 
(5) 

0.51 ± 0.3 (5) 0.77 ± 0.5 (5) 

Oligodendrocytes 

(PanQKI) 

9.12 ± 4.5 (5) 10.46 ± 4.9 
(5) 

13.32 ± 7.1 
(5) 

14.73 ± 8.0 
(5) 

Neurones 

(HUCD) 

2.82 ± 1.2 (5) 6.01 ± 3.6 
(5) 

6.01 ±3.2 (5) 4.40 ± 2.1 (5) 

Microglia 

(Iba1) 

7.20 ± 3.6 (5) 9.77 ± 2.1 
(5) 

9.06 ± 0.6 (5) 12.55 ± 3.5 
(5) 
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Figure 7.12 Fluoxetine did not affect cell differentiation in spinal cord of high fat 
diet animals. (A-D) Percentages of proliferating cells differentiating into astrocytes, 
oligodendrocytes, neurones and microglia were counted and none of them were 
significantly different amongst groups. Black rounded dots on the bar graph refers to the 
mean value of each animal in each group. n = 5 for each group. Statistical analysis, one-
way ANOVA was applied with significant value, p ≤ 0.05) 
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7.6 Discussion 
 

The current investigation showed that administration of flx for 4 weeks or 8 weeks, did 

not improve the glucose tolerance level in the high-fat diet groups. Weight increases 

reached significance in all high-fat diet groups compared to the low-fat diet group. Even 

though the weight increased, the food intake was different in each group; for example in 

high fat diet + 8 weeks of fluoxetine group, they ate less but gained some weight. Water 

intake was slightly less in the high-fat diet groups compared to low-fat diet group. 

However, amongst all three high-fat diet groups, water consumed was not different, 

which indicated that the amount of flx consumed is similar between groups. 

When considering the extent of cell proliferation, consumption of high-fat diet and 

administration of flx did not show any significant different in the hippocampus, brainstem 

and thoracic spinal cord. Furthermore, this amount of flx concentration did not affect the 

cell differentiation in any of those areas. 

 

7.6.1 Fluoxetine did not improve glucose levels during GTT 

 

Obesity is one of the most important risk factors that can lead to type-2 diabetes. This 

condition is characterised by abnormal elevation of blood glucose levels. It is due to 

resistance of insulin-stimulated glucose uptake and gross decompensation of systemic 

glucose metabolism (Adeghate, 2001). In normal conditions, glucose from dietary intake 

stimulates the secretion of insulin from the pancreas to help cells to take in the glucose 

to be used as energy. Then insulin will signal the liver to store glucose in the form of 

glucagon (Aronoff et al., 2004). In a chronic over-feeding example, consumption of high-

fat diet triggers an inflammatory response that leads to alteration in the signalling of 

peripheral insulin-receptors thus affecting the sensitivity of insulin. These events result 
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in increased glucose levels in the blood and impaired glucose tolerance (Moreno-

Fernández et al., 2018). 

In my study, in the high-fat diet group, 8 weeks of high-fat diet consumption showed the 

expected result when the glucose levels increased over the weeks. Moreover, in the 

other high-fat diet groups that received flx for 4 weeks and 8 weeks the same patterns 

of elevated glucose level were observed. Thus, administration of flx did not help in 

improving the glucose levels. This is similar to one study that investigated the effect of 

different SSRIs (Imipramine, moclobemide, clonazepam, flx and sertraline) given acutely 

(30 minutes before the GTT) on fasting blood glucose levels. They showed that non-

diabetic rats given 20 mg/kg of flx had higher fasting blood glucose levels than the control 

group that received vehicle (Gomez et al., 2001b). 

Furthermore, in the same study but another experiment, they also checked on the fasting 

glucose level in streptozocin-induced diabetic mice after receiving flx. The flx was 

administered 30 minutes before the GTT procedure. The glucose level was higher 

compared to the non-diabetic group. Therefore, flx did not improve the glucose level in 

GTT in the non-diabetic and diabetic group, but sertraline did reduce the glucose level in 

both non-diabetic and diabetic mice by increasing the plasma insulin level (Gomez et al., 

2001a) However, they didn’t mention how they administered the flx (Gomez et al., 

2001b). 

In a human study, flx was given 60 mg once daily (oral) to obese patients with non-

insulin-dependent diabetic mellitus (NIDDM) for a month. In the control group, patients 

were given a placebo. Fasting blood glucose testing revealed that, there were non-

significant differences between control obese and treatment group on flx, suggesting that 

flx did not have a role in reduced or increased fasting blood glucose in human. (Maheux 

et al., 1997). However, they did not perform GTT on the patients. 

However, another study investigated the effect on blood glucose levels of administration 

of flx in normoglycemic mice and alloxan-induced hyperglycaemic mice. After 21 days 
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administration of flx (30 mg/kg i.p injection), the plasma glucose levels were reduced in 

the flx-treated group compared to the control group. Furthermore, in a clinical case 

report, patients with type-1 diabetes mellitus presented with hypoglycaemia after the 

introduction of flx (20 mg once daily) to treat the depressive symptoms. After several 

episodes of hypoglycaemia, the flx was stopped, and the insulin requirements of the 

patient returned to normal. This study therefore showed an association of flx with 

hypoglycaemic conditions (Biagetti and Corcoy, 2013). 

To sum up, there are inconsistent results in the effect of flx to help control the fasting 

blood glucose levels. It is worth looking at other SSRIs, for example sertraline, since this 

had an effect on improved glucose levels after acute administration. 

 

7.6.2 Fluoxetine did not show an anorexigenic effect  

 

Flx is often associated with reductions in weight (Gomez and Garcia-Garcia, 2017, 

Scabia et al., 2018). However, in my study, all high-fat diet groups regardless of 

treatment, showed increased weight gain over the 8 weeks compared to the low-fat diet 

group. When examining the data more carefully, considering each animal in turn, it was 

clear that there was considerable variability in the weight gain of individual mice 

particularly within the high fat diet and high fat diet + flx for 8 weeks group. This may 

have some bearing on the overall effects on cell proliferation since there were similar 

variations in extent of cell proliferation between mice in each group. However, in the 

analysis of correlation between weight gain and cell proliferation, there was no significant 

correlation observed in any region for any group and this will discuss in more detail later.  

In a cohort study, the data based on UK Clinical Practice Research Datalink (CPRD) 

were used to investigate the utilisation and incidence of weight gain during 10 years’ 

follow up. People that were prescribed antidepressants showed ≥ 5% increased weight 

gain regardless of the type of antidepressant. The incidence of new episodes of ≥ 5 % 
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weight gain in participants prescribed antidepressants was 11.2 per 100 people 

compared to participants NOT prescribed antidepressants (8.1 per 100 people) so, in 

general, antidepressants caused weight gain (Gafoor et al., 2018). 

Interestingly, another clinical study showed the changes of weight gain in acute treatment 

versus chronic treatment of flx. The subjects were patients that had remitted after 12 

weeks of 20 mg/kg flx treatment and they were randomly assigned to continue receiving 

flx or placebo. The treatment was divided into 14-week trial, 26-week trial, 38-week trial 

and 50-week trial. The result showed that, during the initial period of flx therapy (4 

weeks), weight decreases were observed in patients but the weight increased with the 

continuation of the treatment until 50 weeks (Figure 7.13) (Michelson et al., 1999). 

 

 

Figure 7.13 Decreased weight after the initial treatment of flx, followed by 
increased weight  Graph adapted from (Michelson et al., 1999) showed that after 12 
weeks, the weight gain increased with the prolong treatment of flx. 
 

However, in this study, the group that received placebo also had the same pattern of 

increased weight as the group that received flx, thus it is more likely due to the placebo 

effect. The placebo effects need to be considered in studies involved in depression, sleep 

disorders, pain and many more. However, most of the studies solely investigated the flx 



 

 
199 

and weight gain, so whether or not there will be the same pattern of weight increases in 

subjects that are already obese is still inconclusive. 

There was a different story in the animal studies, administration of 14.2 mg/kg/day flx in 

drinking water for 3 weeks was able to reduce weight in flx-treated mice compared to the 

control group. In another experimental setting, the mice were fed with a high-fat diet for 

8 weeks and received flx (10.8 mg/kg/day in drinking water) at week 6 after the high-fat 

diet was started. It showed the weight gain reduced in flx-treated group compared to the 

control group. This suggested that flx has an anorexigenic effect in both groups 

consuming a normal diet and high-fat diet and the effect required BDNF receptors which 

are neurotrophic tyrosine kinase receptor, type 2 (TrkB) (Scabia et al., 2018). Moreover, 

in another study, rats were examined for cumulative body weight gain after acute 

administration of flx (10 mg/kg, i.p) for 3 days. In flx-treated animals, the bodyweight 

changes were lower than the control group (Gomez and Garcia-Garcia, 2017). In 

conclusion, using animal studies, acute or chronic treatment of flx showed reduced 

weight gain, and flx has the potential to have anorexigenic effects in the animal. 

However, in my study, the results contradicted this and fit here with human data.  

Taken together, the discussion suggested that the data from human and animal studies 

were not consistent. Therefore, the anorexigenic effect of flx is still inconclusive. It is 

worthwhile to continue the research in this area by using a different amount of flx and 

different method of administration to establish the association between flx and 

bodyweight. 

 

7.6.3 High-fat diet and administration of fluoxetine in high-fat diet 
condition did not affect cell proliferation 

 

These findings address the impact of high-fat diet consumption on the neurogenic effects 

of the antidepressant fluoxetine. Mice from high fat diet group received flx daily in a 
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dosage for 4 weeks and 8 weeks leading to relevant plasma concentrations that has 

potential to increase cell proliferation. In flx study (Chapter 4), we could confirm that 

fluoxetine promotes cell proliferation in normal conditions. When comparing numbers of 

proliferating cells between the 2 studies, there were clearly fewer EdU +ve cells here 

than in Chapter 4. This is most likely due to the fact that the animals survived for 2 weeks 

after the final EdU injection, compared to the original experiments when brains were fixed 

one day following the final injection. It is likely that newly proliferated cells will only survive 

if there is a function for them and many are lost through natural apoptosis, which may be 

the case here (Taylor et al., 2008). In this study the fluoxetine also did not affect cell 

proliferation in high-fat diet condition. Once more, this might be due to the balance 

between the cell proliferation and apoptotic activity. There is also no correlation between 

cell proliferation and weight gain in all groups, therefore it seems that the variability in 

weight gain does not influence cell proliferation significantly in this study. This is 

obviously an issue with such variability in weight gain over the groups, therefore perhaps 

a further study with a larger cohort of animals may be worthwhile to see if this correlation 

exists. It is also worthwhile considering whether a further experiment should individually 

house mice to be able to monitor exact fluid and food intake but this is turn raises 

concerns about stressing animals with single cage housing.  

Even though 10 mg/kg flx successfully enhances cell proliferation in hippocampus, 

selected areas of brainstem and spinal cord regions in normal conditions, the dosage did 

not affect cell proliferation in the high-fat diet group. The proliferative activity might be 

present due the neurogenic effect of the flx, however, the cell proliferation was 

compensated by increasing of apoptotic activity due to the high-fat diet consumption 

since high-fat diet could induce apoptosis of neurons and a reduction in arcuate and 

lateral hypothalamic synaptic inputs (Moraes et al., 2009).  

Another possible explanation is the effect of high-fat consumption on the levels of 5-HT 

in the body. In the recent study by Labban et al. (2020), they measured the brain 5-HT 

of rats after four weeks on high-fat diet and reported remarkably lower 5-HT levels 



 

 
201 

compared to control group. In another study using C57BL/6 mice, bioanalysis of 

serotonin showed significantly decreased serotonin levels in high-fat diet group when 

compared to normal diet. The mice were fed for 8 weeks (Kim et al., 2013). These 

indicate that the high-fat diet group mice are in state of lower 5-HT in the body, so even 

with the administration of 10 mg/kg flx, the concentration of 5-HT may not reach high 

enough levels to promote cell proliferation as they did in the normal mice.  

Various factors can be proposed for the lack of effects of fluoxetine on neurogenesis in 

high-fat diet study. For example, the fluoxetine treatment paradigm used may not be 

enough to make up for the high fat dietary reduction of the levels of 5-HT. Since the high-

fat can reduce the concentration of brain 5-HT, it may be worthwhile modifying the 

amount of flx given or the other alternative is to give supplementation of 5-

hydroxytryptophan (5-HTP) as a precursor for 5-HT synthesis. 

 

7.7 Conclusion  
 

In conclusion, the administration of flx in drinking water was not able to affect cell 

proliferation in high-fat diet condition in the hippocampus, selected brainstem regions 

and thoracic spinal cord. Furthermore, it also did not influence cell differentiation. 

Regarding metabolic changes, the flx did not improve the fasting blood glucose levels 

and did not reverse the increased bodyweight. 
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Chapter 8  

GENERAL DISCUSSION 

 

8.1  Summary 
 

Research on stem cells continues to address knowledge of how an organism develops 

from a single cell and how healthy new cells may replace damaged or degenerated cells 

in the adult organism. This fascinating area of research raises scientific questions 

regarding how proliferation and differentiation of new cells on the postnatal central 

nervous system may be modulated through endogenous and exogenous influences, 

which in turn generates discoveries and potential new therapeutic avenues. My study 

investigated the influence of the neurotransmitter 5-HT on cell proliferation and 

differentiation in the brainstem and spinal cord of adult and obese mice. In the brainstem, 

cells located at the border of between NTS and AP or around the central canal are 

proposed as neural stem cells (Bauer et al., 2005). The same neural stem cell properties 

may apply to the ependymal cells surrounding the central canal of the spinal cord 

following the first identification of these as potential endogenous neural stem cells 

(Hamilton et al., 2009). 

Therefore, this thesis focused on investigating the influence of increased levels of 5-HT 

in the synaptic cleft or on activation of specific 5-HT receptors on cell proliferation and 

differentiation in the brainstem and spinal cord in normal adult and obese mice. My 

studies provided evidence that cell proliferation in the adult spinal cord and brainstem is 

significantly enhanced in vivo by increased 5-HT levels through activation of non-

specified 5-HT receptors. I also showed for the first time, that ependymal cells showed 
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different behaviours through activation of selected 5-HTRs in an in vitro experimental 

set-up. There is a lesser extent of proliferation with activation of 5-HTR4 via tegaserod, 

although there were increased numbers of proliferating cells with activation of 5-HTR4 

via cisapride. Furthermore, in in vivo experiments, fewer cells proliferated following 

activation of 5-HTR4 through tegaserod. Therefore, by activation of 5-HTR4 through 

tegaserod, very few cells proliferated in both in vivo and in vitro experiments. 

The lineage of these newly proliferated cells was also investigated. Under normal 

conditions, following the exposure to flx, there was no change in the proportion of cells 

expressing astrocytic, oligodendrocytic or neuronal markers.  

I also investigated, using a high-fat diet study, whether increasing 5-HT levels could 

modulate the extent of cell proliferation and differentiation in the brainstem, hippocampus 

and spinal cord. However, in flx-treated obese animals, there was no change in the 

proliferative activity compared to both control low-fat diet and high-fat diet groups. 

Furthermore, there was no change in the proportion of newly proliferating cells that 

expressed markers for astrocytes, oligodendrocytes, and neurones. 

Overall, my data indicate a role for specific 5-HT receptors in modulating levels of cell 

proliferation in the intact spinal cord but these have limited effects in a model of obesity. 

 

8.2 Applicability of these findings to neurogenesis 
 

8.2.1 Ependymal cells proliferate in normal conditions, a process 
that can be enhanced by endogenous 5-HT modulation 

 

It is clear from research conducted by various research groups (Johansson et al., 1999, 

Meletis et al., 2008, Barnabé-Heider et al., 2010) that the ependymal cells in the spinal 

cord exhibit plasticity after injury. In the normal adult mice, the ependymal cells are in a 
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dormant state, but can be activated when there is an injury, therefore the aim of this 

study was to determine if it was possible to transform the dormant cells to the proliferative 

state by increasing ambient 5-HT levels or by activating specific 5-HT receptors. This will 

provide a better understanding of adult neurogenesis and propose methods that can 

modulate cell proliferation by a pharmacological approach. 

In my study, the identification of newly proliferating cells was using EdU, the thymidine 

analogue, in the adult mice in vivo. My experiment revealed significantly higher numbers 

of proliferating cells in the DVC region, inferior olives and raphe nuclei of the brainstem 

and the gray matter of the thoracolumbar spinal cord in the flx-treated group compared 

to the control, however, there were no differences in the extent of proliferation in the ECL 

itself. There may be a number of reasons for this, as discussed in chapter 4. Increased 

5-HT and activation of non-specified 5-HTRs may have transformed the quiescent cells 

to proliferate and which could in turn trigger the migration of these cells to the DVC area 

in the brainstem and gray matter of the thoracic spinal cord. This suggestion is  consistent 

with Meletis et al. (2008) who showed the capability of ependymal cells to proliferate and 

migrate to the site of spinal cord injury and Rusanescu and Mao (2015), who suggested 

that sciatic nerve constriction injury may trigger proliferation and migration of new cells 

from the ECL region to the grey matter of dorsal spinal cord. Even though I am not using 

the injury mouse model, the principle of proliferating and migrating of ependymal cells is 

still relevant here and could be further tested using fate mapping of FoxJ1 positive ECL 

stem cells as carried out by Barnabé-Heider et al. (2010). However, it is important to 

bear in mind that, in the brainstem area, another source of potential neural stem cell are 

nestin-GFP cells located in the border between AP and NTS region. These nestin-GFP 

cells in the AP, NTS regions also receive extensive innervation of 5-HTergic fibres and 

thus may proliferate and migrate to other DVC regions in the presence of flx. Further 

experiments using the fate mapping procedures in both regions would be an important 

step to discover the origin of these newly proliferated cells in both brainstem and spinal 

cord.  
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However, the proportion of proliferating cells that had differentiated into specific cell types 

was not different between the flx-treated and control groups. Indeed the proportion of 

EdU cells that had differentiated into the specific cell types investigated in this study was 

low in both groups (around 10-25% in different brain regions). This may be due to them 

becoming different cell types such as pericytes (Barnabé-Heider et al., 2010) or that they 

had not differentiated sufficiently. 

 

 

8.2.2 Activation of specific 5-HTRs resulted in differing levels of 
proliferating cells  

 

Direct targeting of specific receptors for selective activation would be the best therapeutic 

approach and thus can reduce any undesirable side effects and enable a better control 

of the direction of modulation.  This could enable specific drugs to induce an increase in 

proliferation (which could replace lost cells such as oligodendrocytes in multiple sclerosis 

Gao et al 2015) or a decrease in proliferation (which could reduce recurrence of spinal 

ependymomas post-surgery in children, for example, Lundar et al. (2021). Therefore, 

further investigation of selected receptors was carried out. Globally increasing 5-HT by 

flx significantly increased the numbers of proliferating cells compared to the control group 

without knowing which receptors were activated. Several receptors that have the 

potential to increase cell proliferation were identified and tested. The receptors are 5-

HTR4, 5-HTR1A and 5-HTR2 (Banasr et al., 2004, Liu et al., 2009). 

Interestingly, ependymal cells acted differently towards different agonists. I investigated 

2 types of 5-HTR4 agonist which were cisapride and tegaserod, and these triggered 

opposing proliferative activities. Activation of 5-HTR4 via cisapride increased the 

numbers of proliferating cells, however, activation of 5-HTR4 via tegaserod led to a lower 

extent of cell proliferation in central canal of spinal cord. Moreover, the numbers of 
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proliferating cells did not change after activation of 5-HTR1A and 5-HTR2, which 

indicated that these receptors did not contribute to the changes in the proliferative 

activity, at least in this in vitro setting. 

The possible explanation on how the activation of 2 different 5-HTR4 agonists acted 

differently was already discussed in Chapter 5. As mentioned before, even though 

cisapride successfully increased the proliferative activity, this agonist was not suitable to 

use for in vivo since it develops cardiac arrhythmias (Wysowski et al., 2001). 

Desensitisation of ependymal cell responses to tegaserod is relevant here. Direct 

activation by tegaserod of the ependymal cells may develop desensitisation, so that the 

cells were no longer responding to the tegaserod (Grider, 2006). The same effect may 

have happened in the in vivo experiments, since the tegaserod-treated group had fewer 

numbers of proliferating cells in hippocampus, DVC and spinal cord, compared to the 

control group. 

Administration of tegaserod, through intraperitoneal injection or direct to the cells, 

showed a lower extent of cell proliferation when 5-HTR4 was activated. However, 

activation of 5-HTR4 still has potential to promote cell proliferation, as observed with 

cisapride in vitro, and another 5-HTR4 agonist should be investigated. 

 

8.3 Can our findings be employed as therapeutic strategies? 

8.3.1 Therapeutic strategies in the overall healing process 

 

In reference to my study, the success of flx in promoting proliferation of cells 

demonstrates potential benefits in treating injury, for example spinal cord injury. Since 

flx has been shown to exhibit anti-inflammatory effects and has the ability to reduce the 

release of pro-inflammatory factors, it also may help boost the healing process. In one 

interesting study on the wound healing of skin, endogenous 5-HT has been shown to 
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enhance keratinocyte and fibroblast proliferation and migration for adequate wound 

(Sadiq et al., 2018). Therefore treatment with flx may have multiple sites of action to 

enhance recovery after injury. Furthermore in conditions such as multiple sclerosis (MS) 

which also have a strong inflammatory response, leading to loss of oligodendrocytes 

(Thompson et al., 2018), there could be a two-fold effect of enhancing 5-HT levels, as 

an anti-inflammatory mediator and potentially to boost production of new cells that may 

become oligodendrocytes in a model of MS. 

It is important however, to consider that in my studies, flx did not change the extent of 

differentiation of the newly proliferated cells into oligodendrocytes and this is something 

that needs addressing in the future.  There are a number of potential ways reported 

previously to drive maturation of oligodendrocyte precursor cells to fully functioning 

oligodendrocytes and thus enable remyelination (reviewed in Lubetzki et al. (2020). 

These include compounds such as the selective estrogen receptor (ER) modulator 

bazedoxifene, which is already approved for clinical use  and the muscarinic antagonist 

clemastine, which has been proven clinically to enhance myelin repair in people with MS, 

even following prolonged damage (Green et al., 2017). Furthermore, recent studies in 

aged stem cells has indicated that metformin, the clinically approved diabetic drug, can 

restore the regenerative capacity of these cells, which is important in those older people 

with MS (Neumann et al., 2019). Therefore, it would be of clinical relevance to test if 

combinations of flx, which is also clinically approved for use in many conditions, with 

other pro-myelinating compounds could further increase remyelination and functional 

recovery in models of MS.    

 

8.3.2 Therapeutic strategies in cancerous conditions 

 

In my reference to my in vivo and in vitro study of tegaserod, the capability of tegaserod 

to inhibit cell proliferation, demonstrates the potential benefit in cancerous conditions. 
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Tegaserod inhibits cell proliferation and could potentially inhibit the rapid growth of 

cancerous lesions. In a study on melanoma, Liu et al. (2020) reported tegaserod 

functions effectively as an anti-cancer drug that induces apoptosis in human malignant 

cell lines. Besides that, tegaserod also exhibits anti-metastatic effects through inhibition 

of the phosphatidylinositol 3-kinase / serine/threonine protein kinase B / mechanistic 

Target of Rapamycin (PI3K/Akt/mTOR) pathway. Perhaps most relevant to this project 

is consideration of paediatric spinal ependymomas, which involve ependymal cells of the 

spinal cord, since there is a high propensity for these ependymomas to further 

disseminate along the neural axis, even after the original ependymoma has been 

removed (Abdallah et al., 2020). Indeed in a study that involved extended follow-up of 

cases where children and young adults were diagnosed with paediatric ependymomas, 

unexpected and late recurrences were reported. Therefore, it may be possible to 

combine resection surgery with a drug such as tegaserod to inhibit proliferation post-

surgery and thus reduce chances of a recurrence of the tumour. To date, my research 

was confined to the intact spinal cord conditions, so it is worth understanding the 

mechanism underlying the reduction in cell proliferation and then carry out further study 

using cancer cell lines which involve brain, brainstem, and spinal cord areas.  These 

could include ependymoma or glioma cell lines to test the efficacy of tegaserod in 

reducing proliferation. Recent advances in characterisation of these cell lines indicate 

that they are suitable for testing of novel therapeutics to reduce relapse rates of 

ependymomas that can be as high as 50% (Amani et al., 2017). 

 

8.4 Technical considerations and implications 
 

All experiments conducted in this project were carefully designed and carried out under 

the best technical conditions possible. However, the limitations of the study need to be 

considered. 
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8.4.1 In-vitro experiments 

 

The acute slice technique is an experimental model that allows us to test a variety of 

drug responses on tissue from the same animal thus reducing the number of animals 

required and minimising the variability in the study. This method is less expensive and 

time-consuming than in vivo experiments. However, due to the loss of tissue viability 

over time periods longer than one day, this method only allows a short incubation period 

which might be an issue for drugs that require a longer time to produce significant effects. 

Cultured spinal cord slices would be a useful way to determine longer term effects of 

drugs whilst still reducing numbers of animals required. Both these methods involve 

preparation of slices that would be considered an excessive type of spinal cord injury so 

to test these drugs in an intact situation, in vivo experiments are still the best option. 

 

8.4.2 Cell Counts 

 

Manual counting was used in this thesis for several reasons such as issues in obtaining 

images for automated counting due to difficulties in obtaining images of high enough 

resolution with multiple tile-region and Z-stack images. This technique also is time-

consuming and expensive since each section needs to be captured. Manual cell counting 

is still considered a method of choice in many studies since there were no significant 

differences between manual and automated cell counting (Cadena-Herrera et al., 2015, 

Zeidler-Erdely et al., 2016, Kaufhold et al., 2018). González-González et al. (2016) 

suggested that automated cell counting can be applied when appropriate calibrations are 

obtained but many studies have reported lower standard deviations between manually 

counted groups carried out by different scientists compared to those using image 

analysis software. However, in manual counting, human error cannot be eliminated, and 

several precautions were implemented such as one person counting to reduce variability 
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between experimenters and blinded experiment, so that the person did not know the 

identity of the condition or groups when counting and this was not revealed until after 

statistical analysis.  

 

 

 

 

8.4.3 Timing of drug and EdU administration  

 

In all my in vivo experiments, the timing of drug delivery and EdU administration has a 

different time frame. Since different drugs have different pharmacodynamic and 

pharmacokinetic properties, the individual experiment was designed and adapted from 

previous studies that proved to be successful in increasing neurogenesis and each of 

these is discussed and justified in the relevant chapters. The reasons are to obtain the 

exact timing of each individual drug to get the positive effect.  

 

8.5 Future work 
 

The aim of this project is to provide an alternative and efficient treatment for patients 

suffering from spinal cord injuries and/or multiple sclerosis. Since my study describes the 

potential of flx in promoting increased cell proliferation, it is important to further explore 

this area to gain a deeper understanding of its full effects as a potential therapeutic 

treatment.  

Since my study suggested but did not emphatically prove that ependymal cells are the 

cells proliferating and migrating in response to flx in the spinal cord, it is important to 
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employ the use of transgenic fate mapping in normal intact spinal cords to trace the 

individual cell lineage together with EdU to label proliferating cells in future experiments. 

This method will allow us to trace the source of proliferating cells, for example, using 

transgenic mice FoxJ1-CreER, Cx30-CreER and Olig2-CreER lines that provide 

recombination in ependymal cells, astrocytes and oligodendrocytes respectively 

(Barnabé-Heider et al., 2010). 

Another interesting aspect to look at is the apoptosis events in experiments where there 

is reduced cell proliferation. Whether or not apoptosis is the possible underlying 

mechanism is worth exploring. As cell death occurs in several pathways, multiple 

apoptosis markers need to be examined to confirm the mechanism of cell death in future 

experiments (Smyth and Berman, 2002, Karmakar and Lal, 2021). 

 

8.6 Conclusion 
 

Overall, this study provided evidence that cells surrounding the central canal respond to 

increases in endogenous 5-HT and activation of 5-HTR4. Furthermore, cells in the 

brainstem respond to increases in endogenous 5-HT and respond to the activation of 5-

HTR4. The proliferative responses were confined to selective areas in brainstem and 

spinal cord. Since, in the high-fat diet experiment, we do not get any significant difference 

in the proliferative activity of ependymal cells, therefore some modification on the amount 

of flx given, may produce positive effect. We postulate that, these results provide another 

therapeutic avenue for future investigations in treating spinal cord injury or conditions 

where there are changes in number of cell proliferation. 
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