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Epilepsy is a condition that affects about 1:200 people. Its cause is poorly understood
and currently there are no drug therapies that modify disease progression. Mesial
Temporal lobe epilepsy is the most common form of epilepsy where seizures arise
from the hippocampus. The formation of new neurons (neurogenesis) from
progenitor cells in the dentate gyrus of the hippocampus occurs throughout life, and is
important for laying down memory. Seizures have been shown to increase this
neurogenesis, although the functional role of this increase is unknown, it has been
proposed as either a native repair mechanism or part of the progression to epilepsy.

The aim of this thesis is to investigate the control of dentate neurogenesis, especially
after seizure, and to identify the principle cells involved in these processes. Ihave
used a combination of in vivo and in vitro techniques to investigate the mechanisms
and control of seizure induced dentate neurogenesis, chemoconvulsant kainate was
used to induce seizures in all seizure models, maximizing the potential for comparison
between experiments.

Initial in vitro work established conditions in which cell death and proliferation
could be accurately and reproducibly quantified in organotypic hippocampal slice
cultures. Subsequent experiments established that in immature tissue kainate induced
cell death, followed by increased neurogenesis.

In vivo experiments in adult rats using a ‘clonal’ BrdU labelling technique, where a
cohort of cells labelled prior to seizure induction were followed in recovery, found
that the prelabelled cohort contributed less to seizure induced cell proliferation than
the cohort of cells that were not dividing prior to seizures implying the recruitment of
an additional dividing cell population by seizures.

Astrocytes with a radial glial like morphology are putative stem cells for dentate
neurogenesis. To test our recruitment hypothesis, I used transgenic mice expressing
enhanced green fluorescent protein under the hGFAP promoter to readily identify a
subset of the radial glial like cells, and found their proliferation was selectively
increased (10 fold vs. 2.5 fold overall increase in proliferation) in response to
seizures.

The data obtained suggest that seizures result in either death or inactivation of a
progenitor cell population with a consequent recruitment of either quiescent or slowly
dividing stem cells, which divide to replenish the progenitor cell population and
restore neurogenesis. This work also identifies GFAP expressing cells with a radial
glial morphology as a quiescent stem cell population selectively recruited to divide by
brain injury due to seizures, and is the first report of recruitment of an identified stem
cell population in the dentate after brain injury.
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Chapter 1

General Introduction



1 Introduction

‘New neurons are continuously produced in the adult brain.” This is a statement that
is only recently gaining widespread acceptance within the scientific community.
Historically the brain was considered as a fully formed organ at birth, with subsequent
experiences resulting in modification of the circuits within the brain and using up
more capacity — presumably until the brain became ‘full’, with the loss of brain cells
being permanent. However, over 35 years ago, Joseph Altman first demonstrated the
existence of cells within the adult rat brain which are actively dividing and which
subsequently become neurons (Altman and Das, 1965). In the last 10 years research
in this field has expanded rapidly and adult neurogenesis has now been demonstrated
in among others birds (Barnea and Nottebohm, 1994), new world primates (Gould, et

al., 1998), old world primates (Kornack and Rakic, 1999) and humans (Eriksson, et
al., 1998).

1.1 Stem cells, Progenitor cells and terminally differentiated

cells

While adult neurogenesis has been observed in many species, this does not mean that
all cells in the brain have the capacity to divide. In fact the cell types in the brain that
can produce new cells are limited and relatively scarce (Temple and Alvarez-Buylla,
1999). Neurons themselves are considered terminally differentiated cells, that is they
are unable to divide further and thus they cannot contribute directly to adult
neurogenesis (they may however provide signals to other cells that neurogenesis is
required). In terms of potential to divide embryonic stem cells are the extreme
opposite to neurons; these cells can replicate themselves (proliferate) and form any
other cell type (differentiate). Proliferation can be either symmetric producing two
identical copies of the parent cell or asymmetric maintaining the parent cell and
producing a different daughter cell. Cell division can be either proliferative or
differentiative (Lukaszewicz, et al., 2002) with either expansion of the stem cell
population or one or both daughter cells adopting a more mature phenotype. All stem
cells can by definition both proliferate and differentiate and are often referred to as
pluripotent cells. That is not to say that stem cells have to be permanently in the cell

cycle, they may be able to remain quiescent or be removed from the brain by



programmed cell death (apoptosis). The latter pathway is the probable fate of most
stem cells in the developing brain, however some stem cells persist in the mature
brain (Palmer, et al., 1999). Between the extremes of stem cells and terminally
differentiated cells there are populations of cells referred to as progenitor cells, these
cells can proliferate and differentiate, however the number of cell types they can
produce is limited. This results in there being populations of progenitor cells which
can produce certain neurons, with other progenitor cells giving rise to different
oligodendrocytes (Fig 1.1; Review Temple, 2001). Astrocytes maintain the ability to
proliferate in the adult brain and they can be observed doing this in response to injury

(Hailer, et al., 1999).

Increasing differentiation

>

Uniditterentzita Terminally differentiated

/ -
\> S\:;\/'/:{ Astrocyte

Stem cell Progenitor cell\

Multi-potent committed A Oligodendrocyte

Granule cell

Fig 1.1: Stages in the generation of cells in the dentate gyrus. Showing stemcells capable of self-
replicating (symmetric division) and forming many different cell types (asymmetric division),
progenitor cells capable of self-replicating and differentiating to forma limited number of other cell
types and terminally differentiated cells that are not thought capable of further division.

In addition to the types of cell that have the potential for neurogenesis being tightly
regulated, the location of neurogenesis is not ubiquitous within the brain, but appears

to occur in several restricted sites (Fig 1.2).
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Figure 1.2: The principal regions of the embryonic and adult ner vous system from which
neural stem cells have been isolated. From Nature 414,112 - 117 (2001) Temple S. et al.

As the phenomenon of adult neurogenesis was shown to be common among
mammals, studies also began to consider the possible functions these new cells could
perform within the brain. Studies in songbirds were amongst the first to establish a
functional role for the new neurons derived from adult neurogenesis; where a dividing
population of cells in the sub-ventricular zone (SVZ) after migration contributes over
1% of the cells in the higher vocal center (HVC), daily (Hidalgo, et al., 1995). These
neurons then become functional integrated neurons within the HVC (Goldman, 1998),
a region of the songbird’s brain involved in learning songs. However the brain of the
songbird is structurally very different from humans and so understanding the
functional significance of neurogenesis in other species is required. Within mammals
there are two highly conserved regions of adult neurogenesis. One lies in the SVZ,
cells generated in this region are destined for the olfactory bulb where they
differentiate into neurons (Jin, et al., 2001; Noctor, et al., 2002) and integrate with
existing cells in this region. The other is the sub granular zone (SGZ) of the dentate

gyrus in the hippocampal formation.

1.2 Neurogenesis and the hippocampal formation

The hippocampal formation has its principle neurons arranged in a lamellar structure,

resembling two interlocking “C” shapes (Fig 1.3). The first of these “C’s” forms a



neuronal layer of granule cells, sandwiched between two layers of astrocytes and
interneurons, and is called the granule cell layer of the dentate gyrus. Cells in this
layer form synapses with pyramidal cells in the neuronal layer, again enclosed by a
mixed layer of astrocytes and interneurons, of the second “C”” — the hippocampus
proper. The size of pyramidal cells in the hippocampus changes around the “C” and
the cells in this layer are sub-divided into CA1 (Cornu Ammonis), CA2, CA3 and
CA4 pyramidal cells. The neurogenesis that is observed in the hippocampal
formation is largely restricted to the inside of the first of these “C’s” that is the dentate
gyrus, in a region referred to as the sub-granular zone. Neurogenesis also appears to

occur within the hippocampus itself albeit at a much lower rate (Rietze, et al., 2000).

CA1 xv
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Y P

Fig. 1.3: Diagram of the hippocampus showing the principal cell layers: the dentate gyrus, CA3
and CA1 cell layers and the subiculum, beyond which is the entorhinal cortex. Examples of CA1
and CA3 pyramidal neurons are shown, as well as a dentate granule cell (DG) and an intermeuron
(IN). From Progress in Neurobiology (1998) 55 (6), 537-562. Turner, DA et al.



1.3 The sub-granular zone (SGZ)

The SGZ is an arbitrarily defined band of cells, two cells deep, on the border between
the granule cell layer and the hilus. Consequently, unlike many of the other more
formal structures in the hippocampus, the SGZ cannot be readily identified by the
appearance of the cells from which it is formed. Indeed in addition to the presence of
granule cell neurons, various different astrocytes, interneurons and the supporting
vasculature, containing epithelial cells, can be found in this region. It is in this
diverse environment that a large population of proliferating cells is located in the
adult (Seaberg and van Der, 2002). The number of cells dividing in the SGZ is large
with estimates of up to 250 000 new cells per month in the rat (Cameron and McKay,
2001), this is approximately one sixth of the maximal rate of proliferation during the
formation of the dentate gyrus in the late embryonic and early postnatal period
(Lewis, 1978; Nowakowski, et al., 1989). However, while the capacity of this region
to proliferate is great, in adults, not all of these newly generated cells survive. Indeed
the majority are not present 1 month after their birth (Cameron, et al., 1993; Gould, et
al., 1999), but some survive and demonstrate many of the properties of mature granule
cell neurons including the development of dendritic trees, axonal projection,
expression of neuronal markers and electrophysiological responses (Cameron, et al.,
1993; Hastings, et al., 2001; van Praag, et al., 2002). Recent studies suggest however
that there may be some subtle differences in the responses of these cells to long-term

potentiation (LTP) and to GABAA Receptor mediated inhibition (Wang, et al., 2000).

1.4 Control of neurogenesis

The mechanisms controlling postnatal SGZ neurogenesis are largely unclear. It is
however well established that the environment modifies neurogenesis; both
developmentally and in adults. Exercise, on a wheel in the cage, results in increased
neurogenesis in mice (van Praag, et al., 1999). An enriched environment also results
in increased adult neurogenesis compared with control mice kept in normal cages
(Kempermann, et al., 1997; Young, et al., 1999). It has been known for some time
that stress causes impaired neurogenesis during development (Lemaire, et al.,
2000)with elevated levels of corticosteroids the probable cause. A decrease in adult

neurogenesis is also seen after stress (Gould and Tanapat, 1999)or if exogenous



glucocorticoids are administered (Rodriguez, et al., 1998), the opposite response is
observed if an adrenalectomy is performed (Montaron, et al., 1999; Park, et al., 2001).
Similarly in aged animals there is a decrease in adult neurogenesis, which corresponds
with an increase in corticoids concentrations in blood, and this can be abated either by
environmental enrichment or by removal of the adrenal cortex (Kempermann, et al.,
1998). Recently Gould’s lab described these two phenomena in combination, where
rats living in an enriched environment had differing levels of neurogenesis depending
on their status within the colony. The dominant rat within the cage, which spent
much of its time chasing the other rats out of a large central region of the cage, had
increased neurogenesis. Whereas the more submissive rats, which had the stress of
being chased showed decreased neurogenesis. This situation however was reversed if
the group was formed from several more dominant rats, in which case the most
dominant rat struggled to retain control and showed decreased neurogenesis (Gould,
E. FENS abstract 2002). Stress is often a requisite factor for clinical depression,
which can have associated hippocampal sclerosis and decreased neurogenesis
(Duman, et al., 1997). Antidepressant drugs, including selective serotonin reuptake
inhibitors (SSRI’s) are known to increase neurogenesis (Malberg, et al., 2000).
Recently, a study demonstrated that the time delay between initiation of
antidepressant treatment and improvement in a test designed to assess antidepressant
efficacy, novelty-suppressed feeding (NSF), correlated with an observed increase in
neurogenesis. S5 days after antidepressant treatment no difference in responses or
neurogenesis were present between placebo and drug treated mice, while by 28 days
neurogenesis had increased and the latency of the feeding response had decreased in
those animals receiving antidepressants, and that the latency response could be
eliminated by irradiation significantly ablating neurogenesis (Santarelli, et al., 2003).
Using SHT; receptor knock-out mice the same group, demonstrated that both the
antidepressive and neurogenic actions of Fluoxetine, an SSRI, were not present in the
knock-out mice whereas imipramine and desipramine, which both have noradrenergic
actions, retained their antidepressant and neurogenic potency (Santarelli, et al., 2003).
This study demonstrates that potentially there are many signaling pathways that
modulate neurogenesis, and that serotonin action on SHT ;4 receptors is among the
proneurogenic signals. Fluctuations in the circulating concentration of the hormone
estrogen can influence detected levels of neurogenesis (Tanapat, et al., 1999; Gould,

et al., 2000), and this has been shown to also be mediated by serotonin (Banasr, et al.,



2001). Observations such as this are important when planning in vivo experiments as
in mature female animals observations of neurogenesis may be complicated by
fluctuations in estrogen concentrations dependent on the estrous cycle. Neurogenesis
is also modified by seizures (Parent, et al., 1997; Gray and Sundstrom, 1998),
ischaemia (stroke)(Liu, et al., 1998) and traumatic brain injury (Dash, et al., 2001;

Chirumamilla, et al., 2002), and this will be explored in more depth later.

1.5 Possible functional roles for neurogenesis

The persistent adult neurogenesis described above in normal healthy animals is of
such magnitude that it must have a purpose as there is no evolutionary benefit to
expending the energy required for cell division if the new cells serve no purpose and
the neurogenesis is preserved in so many species. Many studies have demonstrated
that these new cells can integrate with the existing cells within the granule cell layer,
and respond to electrical stimulation in a similar manner to granule cells (Snyder, et
al., 2001; Song, et al., 2002; van Praag, et al., 2002). However, this does not indicate
a function. For some time it has been suggested that the hippocampus is involved in
learning and memory (Wagner, 2001; Rosenbaum, et al., 2001; Nestor, et al., 2002),
this belief is based on human surgical evidence, where removal / deafferentation of all
or parts of the hippocampus produces impaired learning/memory (Moscovitch and
McAndrews, 2002). This property is thought to be linked to the ability of the
neurons, in the hippocampus, to alter their responses to a stimulus or series of stimuli,
reinforcing that stimulus the next time it is received — this property is referred to as
long-term potentiation (Nakic, et al., 1998; Derrick, et al., 2000). Gould et al.
indicated a link between learning and neurogenesis, by demonstrating that successful
completion of hippocampal dependent learning tasks resulted in increased
neurogenesis (Gould, et al., 1999). The importance of this neurogenesis in some
memory formation was demonstrated by Shor ef al. who gave adult rats
methylazoxymethanol (MAM) for two weeks to significantly reduce neurogenesis.
They then tested the rats’ response to a hippocampal-dependent learning task (trace
conditioning) and a hippocampal-independent learning task (delay conditioning), and
compared these to saline treated controls. They found that hippocampal-independent

learning was unaffected by MAM treatment. However conditioned responses in the



MAM treated group were significantly lower for the trace conditioned memory task.
This effect that was not observed if the conditioning was performed 3 weeks after
MAM administration, when proliferation was able to recover, indicating the MAM
has not elicited its effect by causing damage to the hippocampus (Shors, et al., 2001).
Another group (Kempermann and Gage, 2002) found a correlation between the basal
level of neurogenesis in different mice strains and their ability to acquire spatial
memory in the Morris water maze task, a hippocampal dependant task. Generally, a
higher basal proliferation level resulted in faster spatial memory acquisition. This
experiment also raises awkward questions about comparisons we make between the
results of experiments, examining neurogenesis, carried out in not only in different
species but also in different strains within the same species. Some of the factors

known to influence neurogenesis are summarized in table 1.1.



Treatment Effect on References
neurogenesis
Age Brezun & Daszuta (2000)
Enriched Kempermann, et al. (1997); Young, et al.
environment (1999)
Exercise van Praag, et al. (1999)
Stress Gould & Tanapat (1999); Lemaire, et al.
(2000)
Hippocampal- Gould, et al. (1999)

dependent learning

Estrogen Banasr, et al. (2001)
Alcohol Pawlak, et al. (2002)
INicotine Abrous, et al. (2002)

y-irradiation

Kee, et al. (2002)

Seizure

Parent, et al.(1997); Gray & Sundstrom
(1998)

Ischaemia

Liu, et al. (1998)

Traumatic brain
injury

Dash, et al. (2001)

>
<4 | > (> > 4 (A4 B 4 > > |«
v

Corticosterone Rodriguez, et al. (1998)

Adrenalectomy A or b ;Zfraﬁ;rgg)& McKay (1999); Montaron, et
Glutamate v Gould & Tanapat (1999)

INMDA \4 Cameron, et al. (1995)

INMDA R A Gould, et al. (1994); Nacher, et al.
antagonists (2001)

Serotonin A Brezun & Daszuta (2000)

Serotonin depletion A Brezun & Daszuta (1999)

Table 1.1: Showing some of the factors that alter neurogenesis, their effect and

experiments that demonstrate each effect.

1.6 Epilepsy and seizures

Epilepsy occurs in about 1-3% of the human population and is the most common

acquired chronic neurological disorder (Shneker and Fountain, 2003). As with many

disorders, there are numerous subdivisions to which individual cases can be ascribed,
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one characteristic these cases all share is the occurrence of spontaneous seizures.
Among the more common forms of epilepsy is temporal lobe epilepsy (TLE), and in
many of these patients an initial precipitating event, such as brain infection, status
epilepticus (an acute seizure), ischemia or TBI will result in later spontaneous
seizures, characteristic of epilepsy. The period between the precipitating injury and
the onset of the spontaneous seizures is referred to as the latent period during which
epileptogenesis is thought to occur. This gap between a causative injury and
symptomatic onset provides a window for potential preventative intervention.
However, the changes that occur between injury and onset need to be understood, in
order that specific interventions can be developed, as not every potential precipitating
event will lead to onset, for example about 10% of the population will have at least
one seizure, but the incidence of epilepsy is considerably lower than this, and includes
cases derived from non-seizure precipitating events and epilepsies with a genetic basis
(Shneker and Fountain, 2003).

Some studies into the pathology associated with epilepsy have been carried out in
humans; these date back to the identification of hippocampal sclerosis in the early 19
century. From these studies localized neuronal cell death, gliosis (astrocytes
proliferating into areas of localized neuronal death), axonal sprouting and changes in
neurotransmitter release (During and Spencer, 1993) have all been detected in TLE.
However, establishing mechanisms, and especially elaborating the processes of
epileptogenesis are difficult in human tissue. This is because most studies are based
on either postmortem tissue, or surgically resected tissue. In post mortem tissue it is
difficult to establish whether pathology is cause or effect, and resected tissue is not a
random sampling process, but based on the few patients considered suitable for
surgery. More recently developed microdialysis techniques such as those used to
establish the glutamate increase (During and Spencer, 1993) could shed more light on
mechanisms, however it may have a greater value in helping to assess the validity and

accuracy of animals models of epilepsy and seizures.

1.7 Neurogenesis and seizures

Increased adult neurogenesis as a consequence of brain injury was first observed in
experimental models of seizure five years ago, in response to different

chemoconvulsants (Parent, et al., 1997; Gray and Sundstrom, 1998) and repeated
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electrical stimulation (kindling) (Bengzon, et al., 1997). As yet it has not been
convincingly reported in human epilepsy, where increased expression of an immature
neuronal marker has been described (Mikkonen, et al., 1998), and proliferation of
neural precursors is reported to be increased in resected tissue from patients aged less
than two years at time of surgery (Blumcke, et al., 2001). But proliferation is reported
to be unchanged when the same proliferation marker Ki-67 is quantified in adult
tissue (Del Bigio, 1999), and other studies report decreased neurogenesis after
seizures in children (Mathern, et al., 2002). However as in other respects these
models produce similar pathological and functional changes to those arising as a
consequence of epilepsy, and humans retain a neurogenic potential in the dentate
gyrus, it is not unreasonable to hypothesize that increased neurogenesis is a sequelae
of human epilepsy. As such it may have a detrimental effect in the developing
pathology of epilepsy through aberrant circuit formation, or it may be part of an
internal repair mechanism attempting to attenuate the detrimental effects of seizures.
While a detrimental effect arising from neurogenesis cannot be ruled out Parent
demonstrated that the mossy fiber sprouting associated with seizures, a probable cause
of aberrant network formation, occurs in the absence of seizure induced neurogenesis
(Parent, et al., 1999), indicating neurogenesis is unlikely to be the sole cause of the
progression from seizure events to epilepsy. Recently neurogenesis has been
identified after ischaemic injury (Liu, et al., 1998; Zhang, et al., 2001) and traumatic
brain injury (Dash, et al., 2001; Kernie, et al., 2001; Chirumamilla, et al., 2002).
These observations of neurogenesis in other models of brain injury, which can involve
an apparently similar cell loss in the hippocampal formation, adds credibility to the
hypothesis of neurogenesis for repair purposes, since seizures are not an inevitable
consequence of ischaemia and TBI, although they can develop after these injuries.
With more detailed understanding of the mechanisms underlying seizure induced
neurogenesis it may be possible to separate potentially beneficial neurogenesis from

potentially detrimental neurogenesis.

1.8 Cell death resulting from brain injury

Cell death has been studied in considerably more detail than neurogenesis after
seizures and other types of brain injury, and thus is a broad term that describes a

number of processes. The most general classification of different types of cell death
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has two classes, necrotic and apoptotic cell death. The precise definition of these
processes and the methods for identifying which type of cell death is occurring, in an
individual cell are still subject to considerable debate (reviewed in Dikranian, et al.,
2001). However, these studies are focused on cell death during early development,
and so have only limited relevance to this work, therefore the more simple and
concise initial definitions where, apoptosis is a controlled process of ‘self-induced’
cell death, and necrosis is an uncontrolled, unregulated cell death are used as they are
sufficient for the study of seizure induced cell death.

Necrosis is caused by a total energy failure of the cell, resulting in loss of the cells
ability to maintain its ionic homeostasis, this failure induces cell swelling, and
membrane rupture, with a subsequent loss of the cells contents to the extracellular
milieu(Lipton and Nicotera, 1998; Nicotera and Lipton, 1999), one of the
consequences of this cell lysis is an inflammatory response which tends to propagate
the cell death.

Apoptosis is a more controlled process, where the cell recognizes it is damaged
beyond repair and activates a sequence of cell death signaling cascades, these break
down DNA, and cause the cell to shrink, becoming pyknotic in appearance, and then
break into smaller fragments which retain intact membranes, and are phagocytosed
(Lipton and Nicotera, 1998; Nicotera and Lipton, 1999). Apoptosis does not cause
the same inflammatory response that follows necrotic death, however dying cells may
be able to release signaling factors prior to death (Lipton and Nicotera, 1998; Nicotera
and Lipton, 1999).

Some of the confusion pertaining to whether apoptosis or necrosis is occur in a cell
may be caused by cells that begin to undergo apoptosis, activating the cell death
signaling cascades which can then be detected. However, in some cells, before the
apoptotic process can be completed total energy failure can lead to loss of cell
membrane integrity and apparent necrosis (Covolan, et al., 2000). This concept is
further supported by the observation that N-methyl-D-aspartate (NMDA) receptor
mediated toxicity can induce either apoptotic or necrotic cell death depending on the
severity of the insult (Bonfoco, et al., 1995).

The differences in detection techniques referred to above are important, only a few
techniques are used to identify necrotic cell death, these typically use loss of cell
membrane integrity to enter the necrotic cells and permit their identification, for

example the fluorescent exclusion dye propidium iodide (PI). By contrast, there a
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considerable number of methods for detecting cells proceeding through the process of
apoptotic cell death exist. The breaks in the DNA that occur in apoptosis can be
labeled, and many of the proteins activated in the process of apoptosis are thought to
be specific to cell death, and so can be stained for, chief among these are the caspases
(Reviewed in Earnshaw, et al., 1999). Additionally both types of cell death can be
identified by their morphology.

In models of acute brain injury, such as ischemia, TBI and seizures, the process of cell
death occurs through an excitotocic mechanism. The precise mechanisms of
excitotoxic cell death are not fully understood, and changes, both intra and
extracellular, resulting from excitotoxic injury are the subject of much research.
However, the basic principle is well established, in normal conditions glutamate, the
principle excitatory neurotransmitter in the brain, is released into the synapse.
Activation of AMPA receptors, a glutamate receptor sub-type, in the synapse ensues,
and Na" ions enter the cells producing a local depolarization of the cell. NMDA
receptors require this cell depolarization in addition to glutamate binding to open their
ion channels. Once the NMDA receptors are active more Na™ ions and Ca®" jons can
enter the cell. Normally calcium is under tight homeostatic control in the cell, and
each neuron expends large amounts of energy maintaining low intracellular calcium
concentrations. A small influx of Ca®” can significantly alter the local concentration
of Ca*" ions because the local Ca®" concentration is initially very low. Increases in
Ca®" concentration elicit neurotransmitter release and thus a signal is propagated
through the brain. Simultaneously the mechanisms in the cell that maintain
homeostasis expend energy to remove the glutamate from the synapse and restore the

Ca”" and Na” ion concentrations to resting levels in the cell (reviewed in Kristian and

Siesjo, 1998).

The cell death that occurs in seizures, ischaemia and traumatic brain injury (TBI) all
result from failure of this homeostasis, as a prolonged elevation in Ca®" concentration
in the cell is toxic, although the mechanisms for this toxicity are not fully understood.
In ischaemia the supply of oxygen and glucose to the neurons is greatly reduced and
the efficiency with which glutamate is removed from the synapse and Ca” is
eliminated from the cell is reduced. In seizure the glutamate release is uncontrolled,
producing failure of the clearance mechanism. And in TBI initially the structure of the

brain is disrupted, and this can then be followed by both localized ischaemia and
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seizures (Vornov, et al., 1991; Albensi, 2001). Although this is a simplification of the
events leading to cell death in brain injury and other functions are involved, for
example K homeostasis failure, increased Ca®" ion concentration induced by
glutamate is pivotal to cell death, as blocking its entry by preventing NMDA receptor
activation is highly neuroprotective (Bennett, et al., 1990).

Initially it was thought that excitotocic cell death was entirely necrotic (van Lookeren,
etal., 1995), however recent work has demonstrated that although an initial phase of
cell death at the focus of the injury is probably necrotic, additional death occurring
either later, or at a distance from the necrotic death, is apoptotic (Bengzon, et al.,
1997; Fujikawa, et al., 2000; Liou, et al., 2003). When the mechanisms of the two
types of death are considered this appears to be logical, closest to the energy failure
cells are unable to undergo organized, controlled apoptotic death, whereas those cells
that are not subjected to as severe an energy crisis are able to ‘sacrifice’ themselves.
Although discussed as a result of seizure, this process is perhaps most clearly
described in ischemia, where an initial infarct can be observed using magnetic

resonance imaging, with a penumbra of cell death appearing later (Manabat, et al.,

2003).

1.9 Cell death and neurogenesis

Since all the acute models of brain injury described produce an early phase of cell
death it has been suggested that neurogenesis resulting from these injuries is driven by
the cell death (Gould and Tanapat, 1997). This study used a bolus of saline as a
mechanical injury, disrupting neuronal connections and ibotenic acid as an excitotoxic
injury, and then quantified cell proliferation and cell death. 24 hours after the injury
cell death was observed localized to the site of injection, and a similar localization of
increased proliferation was observed, implying a possible link between the cell death
and the neurogenesis. Although the coincidence of cell death and neurogenesis is
repeated in other experiments this does not necessarily indicate that they are cause
and effect.

Increased neurogenesis after ischaemia has been reported with no apparent cell death
in the hippocampus (Arvidsson, et al., 2001) although other studies find this level of
ischaemia produces hippocampal cell death. Perhaps more convincingly

preconditioning with a brief non-lethal ischaemic insult is known to protect the
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hippocampus from a second normally lethal insult. Neurogenesis has been observed
after both the lethal insult and using the preconditioning insult with the subsequent
normally lethal insult (Liy, et al., 1998).

Additionally electro-convulsive therapy (ECT) increases neurogenesis, but is not
reported as producing cell death (Madsen, et al., 2000), and when applied before a
kainate induced seizure significantly ameliorated apoptotic cell death, although
necrotic death was not quantified (Kondratyev, et al., 2001). In a similar experiment
to those described above, previous in vitro research in our laboratory showed that, a
pre-treatment with a non-lethal kainate dose protects against a subsequent dose of
kainate sufficient to cause cell death (Best, et al., 1996). However this model is not

yet capable of quantifying neurogenesis.

1.10 Summary

Neurogenesis is a phenomenon that persists in the hippocampus of the adult brain and
has a functional role in learning, and memory. Seizures increase hippocampal
neurogenesis, an event that appears to coincide with significant cell loss. While there
is some evidence to suggest that cell loss may induce neurogenesis, this has not been
demonstrated as a response to seizures. Importantly the cells that generate the new
neurons are as yet unidentified. Therefore, the aim of this thesis is to investigate the
control of dentate neurogenesis, especially, after seizures, and to begin to identify the

principle cells and events involved in these processes.
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Chapter 2
Proliferating cell phenotypes in

the Organotypic Hippocampal

Slice Culture
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2.1 Introduction

There are a number of in vitro techniques for considering the properties and
interactions of neuronal tissue. Primary dissociated culture is a method that has been
used for many years (Brewer, 1997) and is proving very useful in experiments
investigating the properties of stem cells (Li, et al., 1998; Doetsch, et al., 1999;
Seaberg and van Der, 2002), progenitor cells (Wolswijk and Noble, 1989; Noctor, et
al., 2002), and factors which affect the division of these cells (Palmer, et al., 1999),
their probability of survival or their eventual phenotypic fate (Shetty and Turner,
1998). Dissociated cultures also have some use when investigating the response of
cells to both chemical and mechanical injury, and adding, for example, neurons to
astrocytic dissociated cultures is widening our understanding of the ways in which
different cell types interact with each other (Song, et al., 2002). However cells in
these dissociated cultures, while they do form synapses with each other, do not form
the highly organized network of synaptic connections observed iz vivo - capable of
controlling movement, breathing, thought, memory, learning — sentient life. The
organotypic hippocampal slice culture (OHSC) is an in vitro model, which retains
much of the circuitry present in the i sifu hippocampus. The model of organotypic
hippocampal slice cultures we use was established by Stoppini over 20 years ago and
since then the method for culturing has been modified but not greatly changed
(Stoppini, et al., 1991; Pringle, et al., 1996). Cultures are obtained by dissecting the
hippocampal formation from neonatal rat brains and taking transverse sections that
are subsequently grown on a semi-permeable membrane. The organotypic slice
culture method of preparation results in the major circuitry of the hippocampal
formation being retained, although afferents to the entorhinal cortex, the commissural
pathways and some lateral connections are lost (Fig 2.1). It has also been suggested
that some aberrant networks are also formed within the cultures after longer times in
culture (Sakaguchi, et al., 1994) and a glial ‘scar’ or cap is formed over the cut face of
the slice (Fig 2.2; from (Pringle, et al., 1997)) (Del Rio, et al., 1991). In spite of these
minor defects the model responds to electrophysiological investigation in a manner
similar to acute slices prepared from hippocampal tissue and used immediately

(Gahwiler, et al., 1997).
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Fig 2.1: Structure of an organotypic hippocampal slice culture. Showing conservation of lamellar
structure observed in vivo and indicating similarities and differences to the principle hippocampal
circuitry. CA, cornu amonis and DG dentate gyrus.

One other obvious difference between organotypic cultures and the situation in vivo is
the absence of a vascular system and the blood brain barrier (although the latter is not
particularly defined in neonates). This is an advantage in simplifying the chemical
influences on the neurons in the circuits. Coupled with the benefits of closely
approximating many aspects of the real system (i.e. in vivo experimentation) OHSC’s
also retain the principle benefits of Primary dissociated cultures. Administration and
the timing of removal of compounds of interest are simple. Manipulation of the
tissues environment (i.e. temperature, pH, ion concentration, etc) is also easily

possible.
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Fig. 2.2. Glial scar formation in organotypic hippocampal slice cultures. A) thionin-stained
organotypic hippocampal slice culture after 2 weeks in vitro. The pyramidal cell fields (CA1, CA3) and
dentate gyrus granule cells (DG) are clearly recognisable (scale bar = 1 mm). B) S5um longitudinal
section from a fixed paraffin-embedded culture stained for glial fibrillary acidophillic protein (GFAP).
The membrane (M) is visible. GFAP positive cell bodies (arrow) and processes (arrow head) are visible
throughout the culture (scale bar = 100pm). From Pringle et al., 1997.

2.1.1 Identifying neurogenesis

The dentate gyrus is the last part of the hippocampal formation to form and is derived
from three distinct cell migrations. All the stem cells that produce the dentate gyrus
originate in the primary dentate neuroepithelium, located on the surface of the lateral
ventricle. The primary migration begins from the dentate neuroepithelium around
embryonic day 16 (E16), these cells form the outer shell of the granule cell layer
(closest to the hippocampal fissure and third ventricle). Atabout E18 a group of stem
cells leave the primary matrix and form the secondary matrix, located close to the
CA3 region of the hippocampus. Cells derived from this matrix then begin migrating
to the granule cell layer around E22; these cells migrate inside the older cells from the
primary migration. The primary migration finishes shortly after birth, postnatal day 1
(P1), and the secondary migration is complete by about P10. However on P2, the
tertiary matrix begins to form, from cells in the secondary migration. This tertiary
matrix is located between the blades of the dentate, in the hilus. The cells of the
tertiary matrix move out into the subgranular zone (SGZ) of the dentate gyrus over the
next 9 days until by about P13 most dividing cells are located in the SGZ, however
this migration is not complete until P30 (Altman and Bayer, 1990a; Altman and
Bayer, 1990b; Altman and Bayer, 1990c). This indicates that as the cultures are being
set-up the processes of dentate formation are almost complete. Proteins that are vital

to ensure neurogenesis during the formation of the dentate gyrus have been
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demonstrated to also be vital in adult neurogenesis (Pleasure, et al., 2000). This
suggests that although the tissue in the cultures is not mature, the signalling pathways
that regulate neurogenesis appear to be conserved between immature and adult tissue,
and thus the cultures are an acceptable model for examining adult neurogenesis.
However, in order to establish that neurogenesis is occurring two facts need to be
established. Firstly, cells have to be identified as dividing; and secondly, these new

cells, or a fraction of them, need to be identified as neurons.

2.1.2 Proliferating cells

The process of cell replication is cyclic and is referred to as the cell cycle. Cells that
are not dividing reside outside the cell cycle in a resting state (G, G is for gap). Cells
that are likely to divide enter the cell cycle at Gy, and progress into the S (synthesis)
phase, where replication of the DNA strands occurs, cells then progress to G, and
finally the M phase — mitosis, when the cell divides (Fig 2.3). Progression through
the cycle is tightly regulated and can be arrested at the end of the Gy, and G, phases.
The fact that large amounts of DNA are synthesized in the S-phase of the cell cycle
has been used to help identify dividing cells in the brain since the sixties (Altman and
Das, 1965), when synthetic thymidine containing the radioactive *H isotope of
hydrogen added to the diet of rats became incorporated into dividing cells. More
recent experiments examining cell proliferation have generally used 5-Bromo-2’-
deoxyUridine (BrdU) incorporation to measure cell proliferation. BrdU is a
thymidine analogue and is incorporated into DNA during the S-phase of cell division
(Nowakowski, et al., 1989). BrdU is now selected in preference to using “H-
Thymidine because it can be detected in thicker tissue sections, is not a radiation

hazard and is generally easier to use.
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Fig 2.3: Cell cycle showing BrdU
G2 incorporation phase. G0 represents a
‘permanently’ post mitotic state, G1 the
first gap phase of the cell cycle, G2 the
second gap phase ofthe cell cycle, M the
mitotic phase and S the DNA-synthesis
phase. BrdU is incorporated in the S
phase.

BrdU
incorporated

2.1.3 Cell Phenotypes

There are a number of antibodies commonly used to identify mature neurons,
including growth-associated protein (GAP-43), neuron-specific enolase (NSE),
microtubule-associated protein-2 (MAP-2), and neuronal nuclei (NeuN). GAP-43 and
NSE have been shown to be expressed in non-neuronal cells in certain conditions,
including the presence of basic fibroblast growth factor (bFGF) (Sensenbrenner, et al.,
1997), making them perhaps less suitable for use as neuronal markers. A similar
problem has been identified with MAP-2, which may stain glial cells after brain injury
(Lin and Matesic, 1994) and therefore may not be an appropriate general neuronal
marker after seizures. In addition to these potential specificity problems, the
experiments that are described here generate immature neurons that do not become
mature neurons before the experiments are terminated and thus are unlikely to express
mature neuronal markers, with the possible exception of MAP-2 some isoforms of
which also mark immature neurons (Seki, 2002). The investigation of neurogenesis
therefore requires a rapid identification of neuronal phenotype, and thus proteins that
are present in the immature neuron are of interest. Class III B-tubulin is an early
marker of immature neurons, it is expressed in neurons for about 4 weeks and thus
will also label some mature neurons (Fig 2.4)(Lee, et al., 1990; Fanarraga, et al.,
1999). Other markers of immature neurons are more transiently expressed; among
these are TUC-4, polysialylated neural cell adhesion molecule (PSA-NCAM),
neuronal determining factor (Neuro-D) and doublecortin. TUC-4’s (from

TOAD/Ulip/CRMP protein family) peak expression coincides with maximal cortical
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neurogenesis in embryonic rats, after this its expression declines until in the adult it is
only expressed in regions of neurogenesis (Quinn, et al., 1999). Normally NCAM is
involved in maintaining cell-cell adhesion, however its polysialylation results in a
reversal of this effect and is required for neural cell migration (Abrous, et al., 1997),
PSA-NCAM’s expression occurs rapidly in post-mitotic neurons permitting
migration. Neuro-D is a member of the basic Helix-loop-helix family of proteins, and
is required for normal dentate development. Mutant mice lacking Neuro-D fail to
form a mature dentate granule cell layer implying a role for Neuro-D in cell fate
determination (Schwab, et al., 2000; Liu, et al., 2000), making it a very early marker
for granule cell neurons. Cortical malformation due to incorrect neuronal migration
has been identified as a major cause of intractable epilepsy and one of the proteins
implicated in some malformations is doublecortin (Dcx) (Des, et al., 1998). In Dcx
deficient mice hippocampal development is also impaired, this is especially prominent
in the migration of CA3 pyramidal neurons (Corbo, et al., 2002), the window of Dcx
expression is probably similar to that of PSA-NCAM. The work of Seki has
demonstrated that an estimate of the approximate age of an immature neuron can be
determined by the markers expressed, Neuro-D expression occurs very early on,
followed by both PSA-NCAM and TUC-4 expression a little later and finally TUC-4
stain alone (Seki, 2002).
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Fig 2.4: Expression profile of some common cell phenotype markers. PSA-NCAM, NF-160 (160

kDa Neuro filament), U-B6 and TuJ-1 (both Class III B-tubulin markers) are neuronal markers. Nestin
stains progenitor cells, A2B35 stains oligodendrocyte precursors and vimentin is an astrocytic marker.

FromFanarraga, M.L. et al. 1999.

Since gliosis accompanies lesions in brain tissue (Crespel, et al., 2002) astrocytic

markers are also of interest. Glial fibrillary acidic protein (GFAP) and vimentin are
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the most commonly used general astrocytic markers; they are both intermediate
filament proteins (GFAP 52kD and vimentin 57kD) and as such like MAP-2, and
class III B-tubulin show only weak staining in the cell body. Vimentin is less specific
for astrocytes than GFAP as it also stains endothelial cells and fibroblasts, and so less
useful as an astrocytic marker. S100b is another marker of astrocytes and its staining
profile includes all parts of the cell, unlike GFAP and vimentin, making it easier to
quantify. S100b is also known to be released by astrocytes and has both neurotropic
and neurotrophic functions (Donato, 1999), and may have a role in responses to

seizure (McAdory, et al., 1998).

2.1.4 Aims

In order to investigate the effect of seizures on neurogenesis in an iz vitro system a
method for identifying the cells involved needs to be developed. Thus, the aims of
these experiments are threefold; to establish whether proliferation occurs under
normal conditions in OHSCs as it does in vivo, to identify markers that can
consistently label newly generated cells as neurons or other cell types, and to establish

whether there is the potential to document these species quantitatively.
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2.2 Methods

The method of culture preparation described below was followed for all the OHSC
experiments detailed in this chapter and in chapters 3, 4 and 5. In all cases,
preparation of OHSCs was carried out under home office licence 30/1639, and at all

times effort was taken to minimize animal usage.

2.2.1 Preparing Organotypic hippocampal slice cultures

The method of culture preparation described here is based on the method originally
described by Stoppini (Stoppini, et al., 1991), and modified by Pringle (Pringle, et al.,
1996). Eight-day-old Wistar rat pups were killed by decapitation, without
anaesthesia, and the hippocampi rapidly dissected out. The corpus callosum was
bisected above the thalamus and the posterior margin of each cortical hemisphere
rolled back. Each hippocampus was separated from the overlaying cortical white
matter along the natural separating line of the alveus hippocampus. Transverse
sections of hippocampus, 400 microns thick were cut on a McIlwain tissue chopper
(Mickle Laboratory Engineering Ltd, Surrey, UK) and placed into cold Gey’s
balanced salt solution (4°C; Sigma) supplemented with 28mM glucose (Sigma).
Slices were plated on Millicell-CM semi-porous membranes (0.4um pore; Millipore,
4 cultures per insert, in six well culture plates (Nunc) using plastic paddies. All
cultures were maintained iz vitro at 37°C with 100% humidity and a 5% CO,, 20%
0Oy, 75% N, atmosphere. Cultures were grown in 1.2ml of either horse serum based
medium (HS) or Neurobasal™ based medium (NB). The horse serum based medium
is comprised of minimum essential medium (MEM, 50%; Gibco), Hank’s balanced
salt solution (HBSS, 25%; ICN Biochemicals) and heat inactivated horse serum (25%;
Gibco), supplemented with glutamine (1mM; Sigma) and D-glucose (4.5mg/ml;
Sigma). The Neurobasal based medium is a completely defined medium, comprised
of Neurobasal-A (98%; Gibco), and B27 (2%; Gibco) a combination of 27 essential
salts and amino acids to aid culture growth (Brewer, Torricelli et al., 1993)
supplemented with glutamine (0.5mM; Sigma). Every three days Iml of medium was

removed from each well and replaced with fresh medium.
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2.2.2 Labelling of proliferation
After 14 days in vitro, BrdU (10uM) was added to the cultures and 2 hours later, they

were fixed in 4% paraformaldehyde. Immunostaining was carried out 24 hours later.

2.2.3 Immunohistochemistry

Tissue processed for BrdU immunohistochemistry was exposed to 2N HCL at 37°C
for 30 minutes and was subsequently washed in Boric acid (0.1M, pH 8.5) for 10
minutes. All tissue for immunohistochemistry then received multiple washes in Tris-
Buffered Saline (TBS; 0.1M, pH7.4). Non-specific peroxidase staining was
eliminated by incubating for 10 minutes with 3% H,0; in distilled water. Multiple
TBS washes were followed by overnight incubation with primary antibody to either
BrdU (rat monoclonal, 1:1000; Oxford Biotech); class III beta tubulin (mouse
monoclonal TUJI clone, 1:1000; BabCo); TUC-4 (rabbit polyclonal, 1:500;
Chemicon); S100 beta (rabbit polyclonal, 1:2000; Swant) or GFAP (rabbit polyclonal,
1:1000; Mr P. Steers); PSA-NCAM (mouse, 1:500; gift of Dr G.Rougon, University
of Marseilles, France) in TBS containing 0.1% triton and 0.05% Bovine Serum
Albumin (TBS-TS) at 4°C, tissue processed for BrdU also had 1% Normal Goat
Serum (Sigma) present with the primary antibody. Following multiple washes in
TBS, tissue was incubated in TBS-TS with the appropriate biotinylated secondary
antibody, raised against either rat (goat, 1:200; Vector); rabbit (swine, 1:500; DAKO);
or mouse (sheep, 1:200; Amersham life sciences) for 1 hour. TBS washes were
repeated and a Horseradish peroxidase conjugated Streptavidin-biotin complex (HRP-
ABC, 1:200; DAKO) in TBS-TS was applied for 1 hour, further washing in TBS was
followed by visualization with either 3,3-Diaminobenzene (DAB, brown; Vector) or
VIP (purple, Vector) and a final set of washes. Cultures were mounted on gelatinised
slides and where necessary received a light Thionine counter-stain to facilitate granule
cell layer identification. Thionine staining was obtained by placing slides in distilled
water containing 1% Thionine followed by differentiation in 90% Ethanol with 5%
Acetic acid until a consistent staining intensity was observed. All cultures were
dehydrated through 1 minute washes in alcohol (70%, 90% and 2x 100%) and then
xylene before cover-slipping with DPX (Sigma).

For double antibody staining, cultures were initially treated for BrdU as described

above and then incubated in a cocktail of primary antibodies combining BrdU with
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either class III beta tubulin, TUC4 or S100 beta in TBS-T'S containing 1% Goat serum
overnight at 4°C. Stains were then sequentially developed using the biotinylated goat
anti-rat and HRP-ABC steps as above and with Nickel-DAB (black, Vector) as the
final substrate for visualization of the BrdU, and then repeating the process using the
appropriate biotinylated secondary antibody and HRP-ABC with VIP as the final
substrate for beta-tubulin, TUC-4 or S100 beta. Cultures were then mounted and
cover-slipped as described above.

For triple antibody staining cultures were washed repeatedly in TBS followed by
incubation in a cocktail of primary antibody containing GFAP (rabbit), doublecortin
(Guinea pig polyclonal, 1:5000; Chemicon) and nestin (mouse monoclonal, 1:1000;

BD Pharmingen).
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2.3 Results

These initial experiments using whole cultures appeared to produce successful single
immunostaining for the proliferation marker BrdU, with positive cells identified
covering the entire culture (Fig 2.5). Single staining for the astrocytic markers GFAP
and s100b, and early (TUC-4 and PSA-NCAM) and more general (class-III B-tubulin)
neuronal markers was also achieved (Figs 2.5 and 2.6). It is interesting to note the
absence of neuronal process staining at the edge of the cultures (Fig 2.5), possibly
indicating part of the glial scar. Attempts at achieving double immunostaining, to
identify the phenotypes of proliferating cells, markers were less successful, BrdU
combined with s100b or B-tubulin labelling produced high background staining,
combination with TUC-4 showed clearer staining but was difficult to achicve on a
consistent basis (Fig 2.6). Subsequently multiple fluorescent dyes and confocal
microscopy were used to clearly distinguish between cell types; this permitted clear
identification of multiple cell phenotypes (Fig 2.7). The images generated using the
confocal microscope also identified that the staining was limited to two bands
approximately 20um thick on either side of the cultures, with the middle of the

cultures showing no fluorescence (Fig 2.7).
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ultures. Showing staining for the
proliferation marker BrdU (A), and the astrocytic marker GFAP (B), both visualized
with DAB (brown) and counterstained with thionine (blue) to reveal neuronal layers.
(C) and (D) show staining for PSA-NCAM a marker for migrating neurons, visualized
with VIP. In (D) it is clear that neuronal staining does not extend to the edge of the
culture, possibly indicating the ‘glial cap’. (A) is 10x magnification, all other images
are 20x magnification.
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Fig 2.6: Single and double stain immunochemistry on whole cultures. Showing
single staining for the astroglial marker s100b (A), the early neuronal marker TUC-4
(C) and a marker for mature neurons class-III B-tubulin (E), all antigens are visualized
with DAB. Corresponding double stained cultures labelled with s100b (B), TUC-4
(D) or class-III B-tubulin (F) all visualized with VIP (dark pink) and the proliferation
marker BrdU (NDAB, Black). Images A and E are10x magnification, all other
images are 20x magnification.
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2.4 Discussion

Here we have examined the potential for identifying neurogenesis in OHSCs. Whilst
the results obtained indicate that proliferating cells can be identified using BrdU, the
identification of the phenotype of these proliferating cells is not so simple. Two
factors combine to make this identification unfeasible. The organotypic cultures are
produced from very young (P 8-10) rat pups and at the time of plating the
hippocampus is only just formed, this means that early neuronal markers like B-
tubulin are still expressed in virtually all neurons as they are mostly less than 4 weeks
old. This produces a complex network of processes being labelled where
identification of cells becomes difficult. While the clarity of the staining was
sufficient with a single immunogen to permit accurate cell quantification using the
double staining protocol produced a higher level of background staining and poor
colour differentiation between the markers preventing accurate quantification. The
problem of high background staining in the tissue stained for s100b is possibly due to
detection of small quantities of the protein released from the astrocytes, since
astrocytic s100b has been reported as influencing neurons (Donato, 1999). This is
less of a problem when using in the fluorescent detection method, as there is less
amplification with this technique than with the visible chromagen method.

In vivo the locations that are permissive for neurogenesis are tightly regulated; one of
these sites is in the sub granular zone of the dentate gyrus. Similarly in the OHSCs it
is this region that would be expected to produce the neurogenesis, unfortunately
examination of the immunostained cultures revealed that the proliferating cells were
not principally in the subgranular zone, or even the granule cell layer, but were
ubiquitously distributed on the culture surface (Fig 2.5). As discussed previously
confirmation of the phenotype of these proliferating cells was not possible due to
difficulties in accurately identifying individual cells, but it is assumed that the
majority of them are part of the glial scar that forms on the top of the cultures (Fig
2.2)(Del Rio, et al., 1991).

The confocal images obtained indicated a problem for quantifying changes in the
cultures; if the antibodies are penetrating to different depths then counts of different
cell markers become biased and are not based on the unit of a culture but on the
fraction of that culture that has been stained. Variability of penetration depth between

cultures could introduce even greater errors. Having seen this phenomenon in the
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fluorescent tissue the cultures stained with DAB or VIP were re-examined, and the
positive cells did appear to be concentrated in two focal planes, but this had not been
considered as being of significance until the confocal analysis showed definitive proof
that not all the culture was being stained. Because both fluorescent and non-
fluorescent probes failed to penetrate deeply into the tissue, it was assumed that the
problem lay with the depth that the primary antibodies could penetrate into the tissue.
In order to continue using the whole culture experiments improved antibody
penetration would be needed. Increasing antibody incubation time combined with
reduced primary antibody concentrations have been shown to improve penetration
(Best, et al., 1993). This improvement would probably come at the cost of higher
background staining as increased incubation time typically increases background
staining, something that is already a problem when using light microscopy. This
would necessitate using confocal microscopy, where background staining was less of
a problem, to image the cultures. This is both labour intensive and expensive, and
combined with the fact that altering incubation times does not guarantee a sufficient
increase in antibody penetration a different approach was adopted in subsequent
experiments, with the cultures being cut in to 10pm thick sections. Cutting the
cultures into thinner sections after they have been fixed has several advantages; the
glial scar can be cut off the top of the tissue, the sections will not have antibody
penetration problems and should have lower background, and this increase in staining

clarity combined with the presence of fewer cells should permit easier quantification.
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Fig 2.7: Limited penetration of antibodies through whole cultures. Both the
orthogonal projection (A) and the gallery of confocal images (B) clearly identify
staining at the top and bottom of the culture a distance of 15-20um , with an unstained
region in the middle. Staining is for the progenitor cell marker Nestin (Green), the
immature neuronal marker doublecortin (Red), and the astrocytic marker GFAP
(Blue). Imaged at 40x magnification using a confocal microscope.
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Chapter 3
Measuring cell proliferation and
death in the granule cell layer of
Organotypic Hippocampal slice

cultures
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3.1 Introduction

In chapter 2, the potential for identifying neurogenesis in OHSCs was assessed. The
results obtained indicated that proliferating cells could be identified, but at present
neurogenesis could not. However, proliferation or ‘cell birth’ is not the only process
occurring in the immature brain, cell death is also present (Kuan, et al., 2000). Cell
death is an opposite effect to cell proliferation and thus, any model that we develop
requires the ability to quantify both cell proliferation and cell death. This is because
with any applied treatment three states for each of these parameters (cell proliferation
and cell death) can arise — 1 an increase, 2 no change, and 3 a decrease. Some of.
these changes act synergistically on the overall population i.e. decreased proliferation
and increased cell death would both act to decrease the overall population.
Alternatively, other changes could cancel each other’s effect i.e. increased
proliferation and increased cell death, which would tend to produce no change in the
overall population. In all of these examples, knowledge of the total granule cell
population per section would help to add context to the changes being observed. Thus
in order to improve the value of the model in addition to quantifying proliferation,
which is already feasible, quantification of both granule cell numbers and cell death

are desirable.

The results of the previous chapter also indicated that proliferation was ubiquitously
distributed on the surface of the cultures (Fig 2.2), where a glial scar has been
reported (Del Rio, et al., 1991). This is markedly different from the situation in vivo
at this time, where proliferation is principally restricted to the SGZ and what remains
of the tertiary matrix in the hilus, possibly with a few isolated cells dividing in the rest
of the hippocampus (Altman and Bayer, 1990). In order to try and eliminate this ‘un-
organotypic’ proliferation from the analysis of the experiments it was decided to
section the cultures, an approach that has also recently been described elsewhere
(Haydar, et al., 1999). This approach will result in the initial sections of the cultures
containing the glial cap, which can be discarded, and then subsequent sections should
be representative hippocampal tissue. Sectioning the cultures will also overcome the
problem described in the previous chapter of antibody penetration, as the antibodies
used thus far have penetrated at least 20microns into the culture tissue. In addition to

solving the technical problems associated with quantifying proliferation that have
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already been identified sectioning should fit with the requirements of the model we
are developing, namely, quantification of cell proliferation, cell death and total
granule cell number. Each of these parameters can be quantified on adjacent sections

from the cultures, permitting all three parameters to be estimated in each culture.

3.1.1 Stereology as a tool for quantifying cells

One of the problems of quantitative analysis in the brain is the sheer number of cells
present in each structure. Actual cell counts are impossible, as estimates of the
number of granule cells in a 30 day old male Wister rat hippocampus range from 890
thousand to 1.2 million cells (West, et al., 1991), another study estimates there to be
approximately 15 million granule cells in the human hippocampus (Rosenbaum, et al.,
2001). All these estimates were obtained using stereological techniques or ‘probes’;
the cell counts obtained using two different probes in the hippocampus of rats in both
cases of the same age, sex and strain clearly demonstrate that cell counting is highly
variable (West, et al., 1991). Calculating the total volume of all the nuclei in the
granule cell layer and dividing this by the mean volume of a granule cell nuclei
obtained the lower estimate in the studies above. The larger estimate used an Optical
fractionator probe to estimate cell numbers. The optical fractionator combines two
sampling methods, the optical dissector and the fractionator.

The fractionator is a systematic uniform random sampling scheme for counting
objects in two-dimensions, it distributes counting frames across a region of interest
(ROI) and objects within the counting frames are noted. The object count is then
scaled by the fraction of the ROI sampled, giving an estimate of the number of objects
within the region of interest. The optical dissector counts objects in three dimensions;
a depth of focus is defined within the counting frame (typically 20 microns), any

object that comes into focus in those 20 microns is counted. Combining the two

methods into the optical fractionator permits a random sampling of cells from a large
ROI (the fractionator part) combined with an accurate count of cells due to tissue
thickness (the optical dissector part). For estimating cell counts per hippocampus, the
accurate identification of a cells location is important. When tissue is cut into
sections inevitably some of the cells are cut in half, and can therefore appear in two
adjacent sections. If a fractionator probe is used all cell’s appearing in the counting
frame are counted, and when counts from all sections are added the cells that are cut

in half will all have been counted twice, overestimating the number of cells present.
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However the addition of the optical dissector to this probe produces a more accurate
estimate because in one of the two sections cells that have been cut in half will start in
focus and so will not be counted, in the other section the cell will not start in focus but
appear in the section and so will be counted. All cells are now only counted once. It
is important to select an appropriate stereological technique, as many stereological
methods are labour intensive and may eventually produce experimental errors that are
larger than the expected change (Guillery and Herrup, 1997). The Optical fractionator
1s ideal for estimating total cell numbers in a large 3D structure. However, the
fractionator method is simpler and can be considered adequate for comparing cell
counts between single sections in different treatment conditions (Guillery and Herrup,
1997). This requires a less robust sampling as no estimate of the total population,
from multiple sections, is being made. Instead, comparisons are between sections,
and providing all groups are prepared for analysis in the same way the tissue should
be comparable. The granule cell count in the dentate gyrus can be estimated using
this technique as they are roughly evenly distributed and at a high density, but
proliferating or dying cell numbers cannot be accurately estimated as their frequency

1s low and their distribution is variable.

3.1.2 Quantifying cell death

Cell death has been more extensively studied in the culture model than cell
proliferation, our lab and others have established methods for quantifying cell death in
the principle neuronal layers of OHSCs these typically use the fluorescent exclusion
dye propidium iodide. The propidium iodide is usually added to the culture medium
during and after an insult, where it becomes incorporated into the nucleus of cells
whose membranes have become compromised (Wilde, et al., 1994). Cell death is
measured as the area of the ROI exhibiting fluorescence, typically at 24 or 48 hours
after insult, as a fraction of the area of the ROI measured from a transmission image
captured before the insult (Pringle, et al., 1996). This method has been used to
investigate cell death in mature (14 day old) cultures treated with excitotoxic
chemicals, for example, glutamate (Vornov, et al., 1991), NMDA (Vornov, et al.,
1991) and kainate (Vornov, et al., 1991; Best, et al., 1996), hypoxia (oxygen
deprivation) (Pringle, et al., 1996), hypoglycemia (glucose deprivation) (Cater, et al.,
2001), ischaemia (oxygen and glucose deprivation)(Pringle, et al., 1997); and

mechanical stress or traumatic brain injury (Adamchik, et al., 2000). In addition to
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the propidium iodide method, other markers of cell death have been used, the simplest
of these are stains such as 4’,6-diamidino-2-phenyindole (DAPI) and bisbenzimide
(Hoescht33342), these stain the nucleus of cells and dead cells can then be identified
by their morphology, the nuclei being shrunken and condensed (pyknotic) or
fragmented (blebbing). Another technique, TdT-mediated dUTP-biotin nick end
labelling (TUNEL), involves labelling the breaks in the DNA strands that form when
cell undergo apoptotic death (Nijhawan, et al., 2000). Apoptotic death is by definition
an instructed and controlled process, and as such has many potential markers; the
proteins that are up regulated or activated in the signalling cascade that ends in cell
death. Activated Caspase-3 is one such marker; a member of the effector caspases,
caspase-3 is activated by cleavage of aspartate residues a process that normally leads
to cell death (Earnshaw, et al., 1999). These markers of cell death are not all
appropriate for this model; the PI stain intensity is partly dependent on the thickness
of the cultures and this changes over time. TUNEL stain identifies strand breaks in
DNA and BrdU incorporation leads to a weakening of the DNA, possibly leading to
fragmentation and thus false positive staining. Finally, counting pyknotic cells
located amongst densely packed healthy cells is labour intensive, so although
activated caspase-3 is only an indirect marker of cell death it is the preferred marker

in these experiments.

3.1.3 Culture variability

The techniques for quantifying cell proliferation, cell death and total cell number
described above should permit the model we are developing to identify changes in the
dentates of cultures arising from an applied treatment. However, before using the
model other factors need to be considered, in vivo the dentate gyrus does not develop
in exactly the same manner along its entire length. The septal and temporal extremes
of the dentate gyrus form earlier than the mid dentate, this is associated with an earlier
decrease in proliferation observed in sections of the dentate taken from the extremities
(Bayer, 1980). This work does not attempt to quantify cell death across the septo-
temporal axis and to the best of my knowledge, nor does any other literature. The
difference in proliferation alone may be enough to induce increased variability (or
error) into the measurements obtained, potentially limiting the value of the model for

assessing changes induced by any treatment. Thus, a quantification of cell
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proliferation, cell death and total granule cell count across the entire septo-temporal
axis of the hippocampal formation is an important step in establishing and defining

the proposed model.

3.1.4 Growth media

Another factor that could affect the state of the cultures is the medium they are grown
in, different media types with different supplements are well documented as altering
the types of cell and the levels of proliferation and death observed in primary cell
cultures (Brewer, 1995; Lowenstein and Arsenault, 1996; Brewer, 1997).

The medium used when the OHSC method was established had a horse serum base
supplying many of the factors necessary for survival of the cultures (Pringle, et al.,
1996), and this is the media that previous experiments in our lab have used (Best, et
al., 1996; Gatherer and Sundstrom, 1998; Cater, et al., 2001). The chemical
constituents of horse serum have not all been identified, and the concentrations of
those growth factors, etc. that have been identified are not standardized across all
batches of the serum. Serum based growth media produces consistent levels of cell
death in injury models, where serum free medium is used for short periods of injury
induction without causing additional cell damaged medium. However, the effect of
potentially variable growth factor concentration on proliferation has not yet been
quantified. More recently a chemically defined medium has been developed for
growing primary dissociated cultures (Brewer, et al., 1993). This medium differs
from the horse serum based media in two ways; it is chemically defined and so the
variability between batches is minimized and quantified, and whilst Horse serum has
been suggested as inducing astrocytic differentiation (Brewer, et al., 1993), the
defined medium (Neurobasal/B27) is more permissive to neurogenesis (Delatour and
Witter, 2002). A comparison of these two types of medium is an opportunity to
investigate the potential of this model to measure granule cell number, cell
proliferation and cell death in the dentate gyrus. This is an important process as
currently experiments in our lab using the horse serum based medium only take
cultures from the septal hippocampus because those cultures from the temporal
hippocampus can produce variable cell death (unpublished observations). Cultures
grown in Neurobasal based medium might be viable along the entire extent of the
hippocampus, and thus fewer animals would be needed to perform subsequent

experiments, which is always an important consideration.
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3.1.5 Questions to be addressed using OHSCs

The aim is to establish a model in OHSCs, where granule cell number, cell
proliferation, and cell death can be quantified in the dentate gyrus. To achieve this a
pulse of BrdU labelling is going to be used as a proliferative marker, activated
caspase-3 will be used to identify apoptotic cells and a stereological technique, the
fractionator, will estimate granule cell number in thionine stained tissue. To further
the general aim of establishing this model the factors that can alter the homogeneity of
both cell proliferation and cell death in the cultures under control conditions need
standardizing. The principle factors that could affect these responses are the growth
media type, the part of the hippocampus from which the culture is taken. Therefore,
these experiments are designed at quantifying cell proliferation, cell death and total
cell number in two different growth media and at many different hippocampal loci.
To this end, matched cultures from all parts of the two hippocampi in a rat were taken
and place in two media types. Data from four basic parameters was obtained; granule
cell layer area, granule cell number, BrdU positive cells, and activated caspase-3
positive cells. The influence of these parameters on each other was also considered in
three 1> order derivatives; granule cell layer density, and the proportion of granule

cells that are BrdU positive or activated caspase-3 positive.
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3.2 Methods

In all the experiments in this chapter, cultures were prepared as described in chapter
2.2.1, with the method of selecting cultures for each well and the treatment the
cultures subsequently received until fixation detailed in section 3.2.1. The processing

of all the cultures after fixation is subsequently described in sections 3.2.2 —3.2.5.

3.2.1 Septo-temporal analysis of cell proliferation and death in 10-micron
sections from Organotypic Hippocampal slice cultures.

Cultures were prepared as described in chapter 2.2.1; placing cultures into the inserts
was carried out in a systematic manner such that the septo-temporal position of each
culture is known and cultures are paired between the two media types. Slices from
one hippocampus per animal are placed in NB medium and slices from the other are
placed in HS medium, effectively matching the cultures between groups for septo-
temporal position. BrdU (10uM) was added to the culture media after 5 days in vitro
and the cultures fixed in 4% Paraformaldehyde (PFA) 2 hours later (Fig 3.1). Six 8-
day-old Wistar rats were used in this experiment, with each hippocampus from the
eight-day-old Wistar rats used in these experiments cut into sixteen 400um sections
containing dentate gyrus, and every other culture was analysed. The cultures are
referred to by their position on the septo-temporal axis, with position 1 being the most
temporal (position 2 was the most temporal culture analysed as a result of the

sampling pattern) and position 16 being at the septal extreme.
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Fig 3.1: Culture plating method and Time course for septo-tempor al e xperiment. Cultures were
either grown in Neurobasal based medium or Horse serumbased medium, and BrdU (10pM) was added
to all cultures 2 hours before fixation in 4% PFA, after 5 days in vitro.

3.2.2 Cryosectioning

Following 24 hours in 4% PFA cultures are transferred to a 30% sucrose solution for
24 hours to protect cells from lysing during the freezing process. Single cultures were
placed on the flat base of a metal dish, and the excess liquid removed, the culture was
then covered in a drop of OCT (RA Lamb) and the dish containing the culture placed
in liquid nitrogen, until the OCT became frozen. The dish was quickly transferred to
the cold block (-30°C) in the cryostat, with the chamber temperature maintained
below —23°C, and the culture in OCT removed using a scalpel. A covering of about
5mm of OCT was applied to an orientating chuck that had been pre-cooled on the
cryostat’s cold block. The culture in frozen OCT was then placed, flat surface up, on
the chuck and the OCT allowed to freeze. With the culture frozen onto it, the chuck
was placed in the microtome and aligned by eye with the cutting blade. Careful
approach sections were taken, correcting the orientation of the culture until cutting
blade and culture lay in parallel planes. The initial two sections were discarded as
they generally do not contain complete hippocampi and the topmost part of the
cultures has the glial scar. The next four 10um sections were collected on separate
gelatinised slides, this process was repeated collecting another section on each slide,

and the sections stored at —74°C until needed.
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3.2.3 Immunostaining

Adjacent sections from each culture were stained with thionine, BrdU and activated
caspase-3; allowing estimation of total granule cell number, and counts of
proliferating cells and apoptotic cells respectively.

Tissue processed for BrdU immunohistochemistry was exposed to 2N HCl at 37°C for
20 minutes. All tissue processed for immunohistochemistry received multiple washes
in Tris-Buffered Saline (TBS; 0.1M, pH7.4), followed by incubation with 3% H,0O; in
distilled water for 10 minutes to eliminate non-specific peroxidase activity. Further
TBS washes were followed by overnight incubation with primary antibody to either
BrdU (rat monoclonal, 1:1000; Oxford Biotech) or activated caspase-3 (New England
Biolabs.) in TBS containing 0.1% triton and 0.05% Bovine Serum Albumin (TBS-TS)
at 4°C, tissue processed for BrdU also had 1% Normal Goat Serum (Sigma) present
with the primary antibody. Following multiple washes in TBS, tissue was incubated
in TBS-TS with the appropriate biotinylated secondary antibody, raised against either
rat (goat, 1:200; Vector) or rabbit (swine, 1:500; DAKO) for 1 hour. TBS washes
were repeated and a Horseradish peroxidase conjugated Streptavidin-biotin complex
(HRP-ABC, 1:200; DAKO) in TBS-TS was applied for 1 hour, further washing in
TBS was followed by visualization with 3,3-Diaminobenzene (DAB, brown; Vector)
and a final set of washes. Cultures were mounted on gelatinised slides and where
necessary received a light Thionine counter-stain to facilitate granule cell layer
identification. Thionine staining was obtained by placing slides in distilled water
containing 1% Thionine followed by differentiation in 90% Ethanol with 5% Acetic
acid until a consistent staining intensity was observed. All cultures were dehydrated
through 1 minute washes in alcohol (70%, 90% and 2x 100%) and then xylene before
cover-slipping with DPX (Sigma).

3.2.4 Cell counting and stereology

For all quantification, slides were coded and counts carried out with the examiner
blind to the experimental condition of each section. A mask of the granule cell layer
was generated with the contour tool in Stereolnvestigator™ (Ver. 5.0;

Microbrightfield) software package; using the thionine stained section as a template
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(Fig 3.2 A and B). The mask was then superimposed onto adjacent sections from the
same OHSC, which had been immunostained for either BrdU or activated caspase-3
and exhaustive counts carried out within the area defined by the mask. Estimation of
total cell number was carried out using the fractionator probe in StereoInvestigator™;
the software controlled a motorized stage (LEP) attached to a light microscope
(Dialux 22, Leitz), live video images obtained with a Flashpoint3D graphics card
(Ver. 1.54; Integral Technologies), through a CCU, DEI-750D digital camera and
controller (Optronics).

Examination of the thionine-stained section, under low magnification (10x; Fig 3.2),
allowed the granule cell layer to be outlined using the contour feature in
Stereolnvestigator, this became the region of interest (ROI). A virtual grid with
spacing of 100pm x 100um was thrown over the ROI, with a randomised orientation
and starting location, this grid contained counting frame 25um x 25um located in the
upper left corner of each square (Fig 3.2).

Counting frames within the ROI were then examined under higher magnification
(63x) and cell bodies, which lay within the counting frame or touched the green lines
of the counting frame were marked on the virtual grid, any cell which touched a red
line was not counted (Fig 3.2). The software then generated an estimate of cell
numbers and the associated error (Scheaffer coefficient of error) for the whole ROL
Estimated cell counts obtained from multiple cultures were then expressed as a mean
and the associated error of sampling calculated using both the Scheaffer coefficient of
error, a value heavily dependant on variation between counting frame counts, and the
Gunderson coefficient of error, a value principally governed by variation between

cultures. A coefficient of error of less than 0.15 was considered acceptable.
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Figure 3.2: Unbiased stereology showing thionine stained dentate granule cell layer
and hilus at low (10x) magnification (A), with the region of interest marked (B), a
computer generated randomly positioned and orientated 100um x 100pm grid
containing 25um x 25pum sampling frames (C) and a high (63x) magnification image
of a counting frame placed over the granule cell layer with 3 counted cells marked (D)
Note; overlays on images are for demonstration and not necessarily to scale.

3.2.5 Statistical analysis

Statistical analysis was used to investigate each of the seven factors; Area, cell count,
cell density, BrdU positive cells, activated capsase-3 positive cells and the proportion
of the granule cells that were either BrdU or activated caspase-3 positive. Two-way
ANOVA was used to investigate the overall contributions of media type (column
factor), septo-temporal position (row factor) and interaction between row and column
factors on data variance; Bonferroni post hoc test compared media types at each
position where the cultures are paired between with one hippocampus per animal
contributing cultures to each media type. Comparison between sections of different
position in the same medium was by one-way ANOVA with Bonferroni post hoc test;
these cultures were not matched to the same extent as comparisons between media
types at each position. Statistical significance is expressed at the 0.05, 0.01 and 0.001

levels. Two of the factors investigated are ratios with a range limited to between 0
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and 1. These factors were subjected to a Kolmogorov-Smirnov test to ensure that

they approximated to a Gaussian distribution prior to ANOV A analysis.
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3.3 Results

Cultures in this experiment are paired between media types, so at each position the
number of cultures analysed is the same for each medium; if one of the pair of
sections was incomplete then both of the sections were excluded from the results.
The exception to this is at position 8 in tissue stained for activated caspase-3 where
only cultures grown in Neurobasal medium are analysed, as all the remaining sections
(after cell counts and BrdU counts had been completed) of cultures grown in horse
serum medium were incomplete. Culture area, cell count and density are averages of
4 cultures (positions 4, 6, 8, 14 and 16), except at position 2 and position 10 (both 3
cultures) and position 12 (5 cultures). BrdU cell counts and proportions are taken
from a subset of these cultures, typically with an average of 3 cultures (positions 2, 6,
8, 12, 14 and 16), with position 10 (2 cultures) and position 4 (4 cultures) being
exceptions. Similarly, activated caspase-3 cell counts and proportions are taken from
a subset of the cultures used for total cell counting, typically with an average of 2
cultures (positions 2, 4, 10, 12, and 14), with position 10 (3 cultures) and positions 6

and 8 (4 cultures) the exceptions.

3.3.1 Area and cell counts increase in a temporal to septal direction but density is
unchanged in the cultures grown in horse serum

There is a trend for increasing granule cell layer area and granule cell number as
cultures become more septal when they are maintained in HS medium. The GCL of
cultures from positions 12 and 14 (0.158+0.022mm? and 0.163+0.088mm?) have a
significantly larger area than those in position 2 (0.069+0.013mm?), the mean GCL
area of cultures from position 14 is also significantly larger than that at position 6
(0.075+£0.024mm?). Significantly, fewer cells were observed in temporal horse serum
cultures than in cultures taken from the septal hippocampus and a trend for increasing
granule cell numbers as cultures became more septal was also evident. Position 2 had
significantly fewer cells (555+88 cells) than positions 12 and 14 (18624356 cells and
1884+1242 cells; Fig 3.3). The combination of these parallel trends resulted in a
density of cells in the GCL that did not change significantly depending on the position
sampled (p=0.47; One-way ANOVA,; Fig 3.3).
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Fig 3.3: Measurements from 10pum thick sections
(o)) of cultures grown in horse serum based medium
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3.3.2 BrdU and the proportion of BrdU positive cells are highly variable in
cultures of different septo-temporal loci grown in horse serum medium

The septo-temporal BrdU profile of cultures grown in horse serum was much more
varied than area or cell count; significantly more BrdU positive cells were observed at
position 12 (57.7+11.0 cells) than at positions 2 (27.3%6.7 cells; p<0.05), 4 (18.8£2.5
cells; p<0.01), 6 (24.7£4.0 cells; p<0.05), 10 (24.0%1.4 cells; p<0.01) and 14
(14.3£8.0 cells; p<0.001). In addition to having significantly fewer cells than the
cultures from position 12, cultures from position 14 also had fewer cells than cultures
from position 8 (44.0+26.2 cells; p<0.05) and position 16 (47.7+28.0 cells; p<0.01).
Unlike the results for area and cell count, which demonstrated a tendency for larger
values in septal cultures, BrdU positive cell counts showed no trend relative to septo-
temporal position (Fig 3.4).

Another way of examining changes in BrdU labelling is to consider the fraction of the
whole granule cell population, which is BrdU positive. This measure minimizes
differences between the cultures caused by changes in granule cell number; the value
of this effect is discussed in section 3.4. In the HS cultures, the proportion of cells
labelled with BrdU varies quite considerably. Cultures from position 2 (5.06+1.7% of
cells) have a significantly higher proportion of BrdU positive cells than those from
position 4 (2.17£1.0% of cells; p<0.05), position 10 (1.76+0.1% of cells; p<0.01), and
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position 14 (1.05£0.3% of cells; p<0.001), cultures from position 14 also have a

significantly lower proportion of BrdU positive cells than cultures from position 8

(4.03£2.2% of cells; p<0.01; Fig 3.4).
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Fig 3.4: BrdU measurements from 10pm thick sections of cultures grown in horse serum based
medium for 5 days. Position refers to the location on the septo-temporal axis of the hippocampus that
the culture is taken from, with section 2 being at the temporal extent and 16 being most septal.
Showing mitotic activity in the granule cell layer identified by BrdU immunochemistry, as absolute cell
counts (A) and as a proportion of the cells present (B). Values are expressed as mean £ SEM, from 2
(position 10), 3 (positions 2, 6, 8, 12, 14 and 16) or 4 (position 4) cultures. Asterisks denote significant
differences determined by One-way ANOVA with Bonferroni post hoc test (* p<0.05, ** p<0.01, ***

p<0.001).

3.3.3 Caspase-3 activation is not changed by hippocampal locus in cultures

grown in horse serum medium

Levels of caspase-3 activation in the cultures grown in HS medium were not greatly
altered by septo-temporal position. There are no significant differences between the
numbers of activated caspase-3 positive cells at any position and the only significant
change in the proportion of activated caspase-3 positive cells is between position 4
(0.6x£0.9% of cells) and position 16 (3.914.4% of cells; p<0.05). No analysis could be
performed on sections from position 8 as none of the sections in this group had

complete dentate granule cell layers (Fig 3.5).
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Fig 3.5: Activated caspase-3 measurements from 10pm thick sections of cultures grown in horse
serum based medium for 5 days. Position refers to the location on the septo-temporal axis of the
hippocampus that the culture is taken from, with section 2 being at the temporal extent and 16 being
most septal. Showing apoptotic cell death identified by activated caspase-3 immunochemistry, as
absolute cell counts (A) and as a proportion of the cells present (B). Values are expressed as mean +
SEM, from 2 (positions 2, 4, 10, 12 and 14), 3 (position 10) or 4 (position 6) cultures, no cultures from
position 8 were assessed. Asferisks denote significant differences determined by One-way ANOVA
with Bonferroni post hoc test (* p<0.05, ** p<0.01, *** p<0.001).

3.3.4 Area and cell counts and density are lower in temporal cultures grown in
Neurobasal medium

Cultures grown in NB medium, like those grown in HS medium, have a trend for
increasing granule cell layer area and granule cell number as they become more
septal. The GCLs of cultures from positions 2 and 4 (0.130+0.049mm? and
0.13610.036mm?) are significantly smaller than those in positions 12, 14 and 16
(0.340+0.11 1mm?, 0.310+0.138mm” and 0.300+0.123mm? respectively). Similarly
significantly fewer cells were observed in cultures from positions 2, 4 and 6 (933+587
cells, 13721376 cells and 17084288 cells respectively) than position 12 (3933£1559
cells); cultures from positions 2 and 4 also had fewer cells than position 14
(3468+1825 cells) and counts from position 2 and 16 (3276%1121 cells) are also
significantly different (Fig 3.6). This suggests the septo-temporal change in these
cultures is quite dramatic, both for area and especially for granule cell counts.

The density of cells also changed significantly across the granule cell layer (p<0.01;
one-way ANOVA). The most temporal cultures (position 2, 650342617 cells/mm®)
had significantly lower granule cell densities than cultures from positions 8 and 12
(129663901 cells/mm?” and 1153042724 cells/mm®) when grown in Neurobasal

medium. The cell densities in all the other cultures are similar to those and day 12
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(ranging between 10 and 12 thousand cells/mm?), indicating that although there are
differences between some sections the general trend is for a consistent density across

cultures grown in NB medium (Fig 3.6).
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Fig 3.6: Measurements from 10pm thick sections
C) 20000- of cultures grown in Neurobasal medium for 5
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2 4 8 8 . _10 21818 determined by one-way ANOVA with Bonferroni
Position post hoc test (* p<0.05, **p<0.01, *** p<0.001).

3.3.5 BrdU cell counts increase in a temporal to septal direction but the
proportion of cells incorporating BrdU is unchanged in the cultures grown in
Neurobasal medium

The profile of BrdU incorporation across the septo-temporal axis in NB cultures
shows significantly fewer BrdU positive cells were detected at position 2 (32.0£1.0
cells) than position 10 (63.5£20.5 cells; p<0.05) and position 16 (69.0£13.9 cells;
p<0.01). Additionally as with the granule cell count data there was also a trend for
increased BrdU positive cell counts as cultures became more septal. However, the
position a culture grown in Neurobasal medium is taken from does not significantly

alter the proportion of BrdU positive cells observed (Fig 3.7).
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Fig 3.7: BrdU measurements from 10pm thick sections of cultures grown in Neurobasal medium
for 5 days. Position refers to the location on the septo-temporal axis of the hippocampus that the
culture is taken from, with section 2 being at the temporal extent and 16 being most septal. Showing
mitotic activity in the granule cell layer identified by BrdU immunochemistry, as absolute cell counts
(A) and as a proportion of the cells present (B). Values are expressed as mean + SEM from 2 (position
10), 3 (positions 2, 6, 8, 12, 14 and 16) or 4 (position 4) cultures. Asterisks denote significant
differences determined by One-way ANOVA with Bonferroni post hoc test (* p<0.05, ** p<0.01, ***

p<0.001).

3.3.6 Cultures from both extremes of the hippocampus had significantly higher
caspase-3 activation than those in the centre when grown in Neurobasal medium
The cultures grown in NB medium have significantly more activated caspase-3
positive cells at both extremes of the septo-temporal axis than in the centre. The most
temporal cultures examined, position 2, had significantly more activated caspase-3
positive cells than any of the other sections (position 2, 100.0£33.9 cells vs. position
4, 18.5+7.8 cells; position 6, 30.5£6.8 cells; position 8, 25.5+10.0 cells; position 10,
18.5%4.9 cells; position 12, 9.5+4.9 cells; position 14, 17.5+7.8 cells, all p<0.001; and
position 16, 69.7£19.6 cells, p<0.05). Cultures from the septal extreme, position 16,
in addition to having significantly fewer activated Caspase-3 positive cells than
position 2, have significantly more positive cells than all the other positions (all
p<0.001, except position 6, p<0.01; Fig 3.8). When the proportion of cells expressing
activated caspase-3 is considered cultures from the septal extreme (position 16) are
not significantly different from the bulk of the cultures, however cultures from
position 2 retain a significantly higher proportion of activated caspase-3 positive cells
(19.6£14.2% of cells) than cultures from any other position (4, 1.7£1.1% of cells; 6,
1.8£0.7% of cells; 8, 0.9+£0.3% of cells; 10, 0.7+0.1% of cells; 12, 0.4+0.2% of cells;
14, 0.5+0.1% of cells; and 16, 1.9£0.2% of cells; all p<0.001; Fig 3.8).
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Fig 3.8: Activated caspase-3 measurements from 10pum thick sections of cultures grown in
Neurobasal medium for 5 days. Position refers to the location on the septo-temporal axis of the
hippocampus that the culture is taken from, with section 2 being at the temporal extent and 16 being
most septal. Showing apoptotic cell death identified by activated caspase-3 immunochemistry, as
absolute cell counts (A) and as a proportion of the cells present (B). Values are expressed as mean *
SEM, from 2 (positions 2, 4, 10, 12 and 14), 3 (position 10) or 4 (positions 6 and 8) cultures. Asterisks
denote significant differences determined by One-way ANOVA with Bonferroni post hoc test (*
p<0.05, ** p<0.01, *** p<0.001). In (A) sections 2 and 16 are *** compared with all other sections.

3.3.7 What does a two-way ANOVA do?

Analysis up until now has been by one-way ANOVA with Bonferroni post testing, the
one-way ANOVA requires at least three groups and considers the question: If the
means of these groups are equal what is the probability of observing the experimental
result obtained? The post hoc test compares the means of each group and can identify
those groups where the means have a low probability (less than 5%) of being the
same. In the above analysis these groups are the septo-temporal position of the
cultures (8 groups), however the effects of media type cannot be considered in the
same manner as septo-temporal position, as only 2 types of medium were used.

So comparisons between media were made by two-way ANOVA with Bonferroni
post hoc testing; the two-way ANOVA can be used to determine how a response is
affected by two factors. In these experiments, the responses tested are area, cell
count, BrdU count, etc. and the two factors being investigated are the media type, and
the septo-temporal position. The two-way ANOVA simultaneously asks 3 questions
of this data, does the media type affect the means? Does the position affect the
means? And do media type and position interact? Interaction tests for consistency
between the differences arising from media type at each position, i.e. interaction
becomes significant when the difference between media types changes at different
positions. When interaction is statistically significant, it becomes difficult to interpret

any effect on media type or position.
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3.3.8 Area and cell counts are greater when cultures are grown in Neurobasal
medium but density is unchanged by media type

The mean GCL areas and mean granule cells counts for cultures grown in NB and HS
medium differ significantly (both p<0.001); two-way ANOV A). The difference in the
areas is significant at positions 12, 14 and 16, at all these loci growth in NB medium
results in cultures with larger GCL areas; position 12 (NB, 0.340£0.11 1mm? and HS,
0.158+0.022mm?; p<0.01), position 14 (NB, 0.310+0.138mm? and HS,
0.163+0.088mm?; p<0.05), and position 16 (NB, 0.300£0.123mm? and HS,
0.131£0.046mm?; p<0.05). Similarly, the number of granule cells present in each
dentate gyrus is also significantly greater in cultures grown in NB medium at
positions 12 (NB, 393311559 cells vs. HS, 1862+356 cells; p<0.01) and 16 (NB,
327611121 cells vs. HS, 142414895 cells; p<0.05) than those grown in HS medium
(Fig 3.9). The significant increases in GCL area (positions 12, 14 and 16) and cell
count (positions 12 and 16) in cultures grown Neurobasal medium are reflected in the
trends of all the other positions sampled along the septo-temporal axis (Figs 3.9A and
B). A consequence of the matching of these trends in area and cell count is that the
densities of the cells in the dentate gyrus are not significantly different between the

media (p=0.85 two-way ANOVA; Fig 3.9C).
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3.3.9 BrdU cell counts differ significantly but the proportion of cells
incorporating BrdU is unchanged in the cultures grown in the different media
types

The average number of BrdU positive cells observed in cultures grown in each media
type differs significantly (p<0.001), and at position 14 cultures grown in NB have
significantly more BrdU positive cells (NB, 55.7+22.3 cells vs. HS, 14.3£8.0 cells;
p<0.05). However, the growth medium used does not significantly affect the mean

proportion of cells that are BrdU positive (p=0.916; two-way ANOVA; Fig 3.10).
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Fig 3.10: Comparison of BrdU measurements from 10pm thick sections of cultures grown in
Neurobasal E# or horse serum [ ] based medium for 5 days, cultures were matched for position
and animals. Position refers to the location on the septo-temporal axis of the hippocampus that the
culture is taken from, with section 2 being at the temporal extent and 16 being most septal. Showing
mitotic activity in the granule cell layer identified by BrdU immunochemistry, as absolute cell counts
(A) and as a proportion of the cells present (B). Values are expressed as mean + SEM from 2 (position
10), 3 (positions 2, 6, 8, 12, 14 and 16) or 4 (position 4) cultures. Asferisks denote significant
differences between groups determined by two-way ANOVA with Bonferroni post hoc test (* p<0.05,

#4p<0.01).

3.3.10 Cultures take from the hippocampal extremities have significantly higher
caspase-3 activation when grown in Neurobasal medium

Comparison of overall differences between activated caspase-3 positive cells between
media type was not possible as significant interaction between the growth media and
hippocampal locus (p<0.001) was observed, i.e. the quantity of immunostaining
observed at different hippocampal loci was not consistent for each media and the
number of positive cells observed for each media type was not consistent at each
locus. When the two factors in the two-way ANOVA interact the results for the
individual factors can be misleading, however the post hoc tests are still valid.
Cultures that were taken from position 2 (NB, 100£33.9 cells and HS, 4.5£6.4 cells;
p<0.001) and position 16 (NB, 69.7£19.6 cells and HS, 22.3+19.4 cells; p<0.01) had
significantly more activated caspase-3 positive cells when grown in Neurobasal
medium (Fig 3.11).

Two-way ANOVA analysis of the proportion of cells that are activated caspase-3
positive also showed significant interaction between growth media and hippocampal
location (p<0.01). Post hoc analysis demonstrated that cultures from the most
temporal position (2) grown in Neurobasal medium have a significantly higher
proportion of activated caspase-3 positive cells than cultures from the same position
grown in horse serum medium (NB, 19.6£14.2% of cells and HS, 0.9£1.2% of cells;
p<0.001; Fig 3.11). All cultures from position 8 were excluded from the two-way
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ANOVAs involving activated caspase-3 because there were no complete sections

from cultures grown in HS medium in this group.
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Fig 3.11: Comparison of activated caspase-3 measurements from 10pm thick sections of cultures
grown in Neurobasal B or horse serum T based medium for 5 days, cultures were matched
for position and animals. Position refers to the location on the septo-temporal axis of the
hippocampus that the culture is taken from, with section 2 being at the temporal extent and 16 being
most septal. Showing apoptotic cell death identified by activated caspase-3 immunochemistry, as
absolute cell counts (A) and as a proportion of the cells present (B). Values are expressed as mean &
SEM, from 2 (positions 2, 4, 10, 12 and 14), 3 (position 10) or 4 (positions 6 and 8 (NB only)) cultures.
Asterisks denote significant differences between groups determined by two-way ANOVA with
Bonferroni post hoc test (* p<0.05, **p<0.01).

3.3.11 Identifying a stable culture population

The mid-septal cultures (sampled positions 8,10,12 and 14) appear to be the most
consistent in both media types, and so were re-analysed using the two-way ANOVA.
In cultures from these 4 positions the mean does not change significantly due to a
cultures position in any of the parameter considered (area, p=0.094; cell count,
p=0.193; density, p=0.560, BrdU positive cells, p=0.162; activated caspase-3 positive
cells, p=0.489; and the proportion of cells that are BrdU or activated caspase-3
positive, p=0.209 and p=0.499 respectively; note: only positions 10, 12 and 14 were
considered for activated caspase-3 cell count and the proportion of activated caspase-
3 cells as there were no complete dentates in the cultures grown in horse serum at
position 8).

Culture growth in the different media types still produces significant changes in the
means area (p<0.001), cell count (p<0.001) and BrdU count (p<0.01; all two-way
ANOVAs), but importantly density, and the proportions of cells that are BrdU or

activated caspase-3 positive are not affected by media type in these cultures.
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3.4 Discussion

Cultures taken from different positions on the septo-temporal axis of the hippocampus
show considerable variability, independent of the media they are grown in. There are
also significant differences between cultures from the same locus grown in the
different media. However, it is possible to minimize the variability between septo-
temporal positions by selection of cultures from a smaller a region of the
hippocampus and the use of 1% order derivatives in addition to raw data can allow

direct comparison between media types.

3.4.1 Septo-temporal effects

We found that independent of the growth medium, the dentate gyrus gets larger both
in area and in cell number, as it becomes more septal. This is also observed in the
mature animal iz vivo. When the cultures are prepared, the whole hippocampus is
removed and then sectioned flat, perpendicular to the septo-temporal axis. A different
procedure is generally used when fixed brains from in vivo experiments are analysed;
where the whole brain is sectioned coronally, sagitally or horizontally. The
hippocampus, when in situ, curves around the mid brain and can be divided into two
halves, ventral and dorsal. Cultures (and sections thereof) taken from the temporal
end are in the ventral hippocampus and are effectively cut in a horizontal plane,
whereas cultures taken from the septal end are in the dorsal hippocampus and are
effectively cut in a sagital plane. Comparison of the dorsal sagitally sectioned septal
dentate (plates 49-51, from Paxinos and Watson, 1982) and the ventral horizontally
sectioned temporal dentate (plates 57-62, from Paxinos and Watson, 1982) clearly

show the septal granule cell layer area is larger in vivo.

One of the concerns this experiments was designed to address was the in vivo
observation that different parts of the dentate gyrus develop at different times, with
one report describing a temporal to septal development (Schlessinger, et al., 1975),
and another describing development from both extremes to the middle (Bayer, 1980).
Both these studies considered proliferation at various perinatal and postnatal times,
and evaluated time points close to the age of our cultures (equivalent to P15). They
found that by P15 proliferation was lower at the temporal extreme than in the mid-

dentate, this agrees well with our in vitro results where numbers of BrdU positive
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cells were generally lower in the more temporal cultures. This would seem to indicate
that the cultures continue to develop in a similar manner to tissue examined from a

similar position in the intact brain.

3.4.2 Media effects

While the observed differences in cell number and area along the septo-temporal axis
could be expected based on iz vivo observations (Paxinos and Watson, 1982), when
cultures were initially prepared and in the subsequent analysis of the experiment
everything possible was done to ensure that the cultures grown in each medium group
at any position are as similar as possible. The cultures were initially plated in a
systematic manner so they were paired between the two media types, with slices from
one hippocampus per animal placed in NB medium and slices from the other in HS
medium, effectively matching the cultures between groups for septo-temporal
position. This matching was then carried through to the analysis where only pairs of
cultures were included, if in either medium at a particular position analysis of one
sections was not possible both that section and the matched section grown in the other
media type were excluded. Bearing this in mind it is therefore interesting to note that
both the cell count and GCL area of cultures grown in NB medium are larger than
those grown in HS medium. Thus, growth medium must alter the properties of the
cultures, and further to this, evaluation of density, which is unchanged between media
types, demonstrates that the medium does not change the distribution of the cells in
the GCL. Horse serum medium is reported as driving astrocytic proliferation and
Neurobasal medium is reported to be neuro-proliferative (Brewer, et al., 1993), these
different responses might cause the significant change in granule cell number
observed.

In these experiments a short pulse of BrdU was used to label dividing cells, only
identifies cells that are in the S-phase of the cell cycle for at least part of the 2 hours
during which the BrdU was applied. As cultures were fixed at the end of this time
BrdU labelled cells have not had time to complete mitosis and are all still in the cell
cycle, and assumed to be undergoing division, at the end of the experiment. This
method does not label all dividing cells. A complete cell cycle has been reported as
taking between 16 and 25 hours in rats depending on their age (Lewis, 1978; Cameron
and McKay, 2001), and the S-phase of this process takes roughly 8 hours, indicating
that probably between a third and half of the total number of cells in the cycle are
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labelled. If in one medium the cell cycle is about 16 hours and in the other it is about
24 hours, both values within the iz vivo biological range, then BrdU would label about
half of the proliferating cells in the first medium and a third of the cells in the second
medium. Thus, similar levels of BrdU incorporation could be observed in cultures
where actual cell proliferation differs by 50%, although a difference of this magnitude
is unlikely, as extreme values have been used here to illustrate the point. Therefore,
the results of this experiment are not sufficient to establish whether media effects on
proliferation or cell death are sufficient to produce the observed differences in cell
number in this experiment, as both the proliferation and death are ‘snapshot’
measurements and cannot identify changes that have occurred in the preceding 5 days
in vitro. The levels of proliferation, or death, at earlier times may differ dramatically
between media types or alternatively, the cultures could thin and spread out at
different rates. Thinning out of cultures over time has been described previously
(Gahwiler, et al., 1997), and cultures in our lab which are prepared at 400um thick are
estimated to shrink to about 100-150um thick by 14 days in vitro; however an actual
profile of culture thickness over time or between media types has not been reported.
A time course experiment is required to try to identify which of these possible

changes is the cause of the differences between media types.
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Chapter 4
Time course experiments in

OHSCs
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4.1 Introduction

The previous chapter demonstrated that the model we are developing is capable of
quantifying BrdU positive cells, activated caspase-3 positive cells and the total
number of granule cells present in the sections of cultures. Although not absolute
measures of cell proliferation and death, these observations were sufficient to
determine similarities, between in vitro tissue and previous in vivo studies
(Schlessinger, et al., 1975; Bayer, 1980), related to the position on the septo-temporal
axis of the hippocampus. The experiments also identified a region of the
hippocampus comprising cultures 8-15 (mid-septal) of the 16 loci considered in which
area, cell count, cell density, BrdU positive cells, activated caspase-3 positive cells
and the proportion of cells expressing either BrdU or activated caspase-3 were stable.
However, the comparison of media types undertaken in that experiment clearly
indicated that, after 5 days in vitro, growth media significantly changed the number of
granule cells and cross-sectional area of the dentate gyrus. There are three possible
reasons for this observed difference, different numbers of proliferating and dying cells
between the two media types, different cell cycle times and differing structural
stability. These three possibilities are all time dependent and so changes in the

cultures over time need to be considered.

4.1.1 Postnatal dentate gyrus development

A consideration of the changes occurring over time in the cultures is important for
defining the control conditions in the model. Any experiment investigating the effects
of a treatment on cell numbers, proliferation, and death will need to consider more
than one time point. Changes in cell proliferation and cell death are likely to occur at
different rates, possibly in an ordered or sequential manner (Liu, et al., 1998;
Nakagawa, et al., 2000; Nacher, et al., 2001). It is also important to examine the
behaviour of the cultures over time as the dentate gyrus has been shown to develop
largely postnatally (Altman and Bayer, 1990). Although this development is almost
complete by around P10 (when the cultures are prepared), it has been variously
reported to persist to the end of the second postnatal week (Schlessinger, et al., 1975),
into the third postnatal week (Bayer, 1980) and even beyond (Altman and Bayer,
1990). Some of these differences arise from the fact that neurogenesis persists in the

SGZ of the dentate gyrus throughout adult life (Hastings, et al., 2001), and so
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identifying when dentate development becomes on going neurogenesis is not a finite

point. It is important for our model, however, to be aware of any differences over

these times.

4.1.2 Modelling the effects of different cell cycles on granule cell number
Factors that affect the cell cycle potentially significantly influence how the cultures
change over time, by altering the rate at which cells are added to the granule cell
layer. It is possible to estimate the maximum increase in granule cell number that
could arise in a period (for example 24 hours), as a direct consequence of cell
division. This estimate is of course dependent upon some assumptions, which are

detailed and explained below.

1) Organisation of cell division

In the embryo each round of cell division is tightly regulated, all cells divide
simultaneously, this means that all the cells complete the M-phase of the cell cycle
together and all the dividing cells start a new cell cycle simultaneously, and enter the
S-phase simultaneously (O'Farrell, et al., 1989). Many of the factors responsible for
regulating these steps have been identified and all the embryonic cells respond in the
same manner because they all share the same microenvironment. It might be possible
for partial simultaneous or synchronous cell division to occur in the organotypic
cultures, however it is unlikely that completely synchronised cell division could
occur. This can be inferred from the fact that in all the previous experiments
described in chapters 2 and 3, where a two hour pulse of BrdU was used to label cells
in the S-phase, labelling was always observed. If all the cells entered and exited S-
phase in a synchronised fashion then BrdU addition would either label all dividing
cells (as all are in S-phase) or no dividing cells would be detected (all cells are in G1,
G2 or M-phase). Partial synchronisation of cell division could occur where clusters of
dividing cells share the same microenvironment and so division is synchronised
within the cluster but is not synchronised with the rest of the culture. The other
possibility is there is no synchronisation of cell division; all cells are at random points
in the cell cycle relative to each other. The most likely of these is probably the partial
synchronisation model but this is difficult to describe mathematically. However, as

the number of sites with clusters of synchronously dividing cells gets larger the partial
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synchronisation model approaches that of the random model. Therefore, we have

assumed that cell division occurs in a random fashion.

i1) Cell cycle length

The minimum reported in vivo cell cycle time in the rat dentate gyrus occurs during
formation and is 16 hours (Lewis, 1978) and this declines to about 25 hours in young
adult rats (9-10 weeks) (Cameron and McKay, 2001). This demonstrates that the total
cell cycle time can be modulated, and potentially could be affected by factors in the
growth media. Our cultures are taken from just after the time when cell cycle length
is shortest, and so probably still have a cycle time (T¢) close to 16 hours, but again
this could change over time. Unfortunately, estimation of cell cycle time is a complex
and time-consuming process. Lewis used pulses of BrdU administered every 2 hours
for 12 hours; animals were also sacrificed at two hour intervals, 30 minutes after each
of the BrdU injections. They then measured the proportion of cells labelled as
proliferating at each time point, and demonstrated that the gradient of this increase in
the proportion of labelled cells is equal to the inverse of cell cycle time (Lewis, 1978).
To estimate the maximum increase in granule cell number that could arise in a period
(for example 24 hours), as a direct consequence of cell division it is necessary to
assume that the cell cycle is of a length that results in the maximum number of new

cells. This is dependant on two factors described below.

iii) Dynamics of BrdU labelling

The protocol used by Lewis can also be used to estimate the length of the S-phase of
the cell cycle (Ts); the period during which BrdU is incorporated. Although Lewis
and Cameron reported different cell cycle times, between the age groups, the length of
S-phase was unchanged at 8-10 hours. Having assumed that cell division occurs
randomly the relationship between TC and TS becomes valuable, as the number of
BrdU positive cells (Ng) can be related to the total number of dividing cells (Np),

Equation 1.
Equation I: Np=Ng * T/ Ts

The above equation assumes an instantaneous pulse of BrdU will label all of the cells

in the S-phase at that moment. However an instant pulse is not possible as cells need
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time for BrdU uptake and incorporation into DNA to occur, thus longer pulses are
used this adds another variable to Equation 1, the length of the BrdU pulse (Ts), this

can be seen in Equation 2.
Equation 2: Np =N * Tc/ (Ts + Tg)

Unfortunately, this does not fully describe the labelling dynamics, because a pulse of
BrdU has to be used in order that cells are detected since cell labelling is not instant.
This value is the time required for BrdU to be present before it can be detected in a
cell (Ty), and produces adds a further variable to number of dividing cells, Equation 3.
T appears twice in this equation because those cells leaving the S-phase during T;
will not be labelled and those cells entering the S-phase for less than T; will not be

labelled.
Equation 3: Np =N * T/ (TS +Tg ~ 2TI)
Ty must lie within a range of values, bounded at a minimum by instant labelling

(T1=0) and at a maximum by the length of the applied BrdU pulse (T1=Tg), as

otherwise no cells would be detected, therefore the number of dividing cells lies in the

range.
Ng *Te/(Ts+Tg) SNp <N * Tc/(Ts — Tg)

A pulse of X hours has been reported to result in BrdU positive cells defining an
upper limit for Ty, we shall assume that this is the actual value of Ty, which means that

the range described above can be resolved, Equation 4.

Equation 4: Np=Ng * Tc/ (Ts +Tg - 2X)
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A) G2

BrdU
incorporated

Fig 4.1: The duration of BrdU incubation of time affects the number of dividing
cells labeled. The cell cycle (A), is cut in the G1-phase and represented in a linear
fashion (B), with cells® residing at all possible points of the cell cycle, a cell that has
just completed mitosis is marked @ so its progress can be followed over time. Addition
of BrdU theoretically labels all cells in the S-phase® at that time (C). Continued
incubation results in BrdU labeled cells from the S-phase moving into G2 and new
unlabeled cells entering from G1 and becoming labeled (D) and (E). Once labeled
cells complete division (exit M-phase) it is not possible to calculate the fraction of the
total dividing population that is labeled, as some labeled cells could have left the cell
cycle and become post mitotic (GO).
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iv) Mechanisms of cell division

There are a number of possible outcomes from a cell division. At the most simple

level 3 permutations are possible from the division of a single stem cell undergoing

one division.

1) The stem cell divides asymmetrically maintaining itself and producing a terminally
differentiated neuron as a daughter cell.

2) The stem cell divides symmetrically producing two identical stem cells.

3) The stem cell divides symmetrically producing two identical terminally
differentiated neurons.

Combining many sequential cell divisions of the first type results in a steady state

model of proliferation (Fig 4.2A) the number of new cells (csm) generated is equal to

the number of cell cycles (n) completed; cgm = n.

Combining many sequential cell divisions of the second type results in an exponential

model of proliferation (Fig 4.2B), the number of new cells (cem) = 2"-1.

It is not possible to obtain sequential divisions of third type as this division eliminates

the dividing cell type.

If only one cell division is considered these models will appear to generate the same

number of cells since if n=1, 2"-1=1. However, if more than 1 cell cycle is completed

then the steady state model produces fewer cells than the exponential model. For

example, with 3 cell cycles n=3, therefore, cen= 3 and Cem=2°-1=17.

Thus, we will assume an exponential model of cell division for estimating the

maximum increase in cell number that could arise in a period (for example 24 hours),

as a direct consequence of cell division.

67



After 4 cell cycles
4 new cells added.

After 4 cell cycles
15 new cells added.

Fig 4.2: Simple models of cell proliferation. A stem cell . dividing
asymmetrically adds one neuron‘ per cell cycle to the granule cell layer (A), this is
the steady state model of proliferation described by Nowakowski et al.(1989). The
model at the opposite extreme is exponential division (B), where stem cells undergo
symmetrical divisions generating up to (2" — 1)/n new stem cells per cell cycle (where
n is the number of cell cycles occurring).

v) Combining effects to generate a model of maximal proliferation, with defined

assumptions
So far we have established that the number of cells dividing at any point Np = Ng *
Tc/ (Ts + Tg - 2X) and that the number of new cells generated per cell cycle, Cem =

2"-1. In order to determine the maximal increase in cell numbers resulting from cell

proliferation a few more calculations are required.
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In any given length of time (t) the number of new cells generated (C,) is dependent
on the number of dividing cells per cell cycle (Np) and the length of the cell cycle
(T¢), such that:

Ct - ND *t1/ TC
In the same length of time (t) the number of cell cycles complete (n) is also dependent
on the length of the cell cycle (T¢), thus the number of newly generated cells per
dividing cell (c.m) is also dependent on Tc, such that:

Com = 2(t/ Tc) _ 1

And the number cells generated from each BrdU positive cell N is equivalent cep,.

These generate the equation:

Ct= QYT 1)* Tc / (Ts + T - 2X)
By considering the number of cells added in a 24 hour period (i.e. t = 24hrs), with a 2
hour pulse of BrdU, and the time required for the label to be detected (X) is 1 hour,

the cell cycle times identified by Lewis and Cameron (about 16 and 24 hours) can be

compared, since both experiments found similar S-phase durations (Ts = 8 hours).
If T =16 hours

Caa= (22419 % 24 24y / (8 + 2 — 2*1) cells

Cas = 5.5 cells per BrdU cell labelled (4.4)

And if Tc = 24 hours

Caa= (2% %24 24y / (8 +2 —2*1) cells

Ca4 = 3 cells per BrdU cell labelled (2.4)
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Therefore the assessment of the maximum number of cells that can be added to the
granule cell layer 24 hours after a two hour pulse of BrdU was begun will use the
following assumptions.

1) The initial position of all dividing cells within the cell cycle is random.

2) Cell division follows an exponential model.

3) The length of the cell cycle is 16 hours.

4) Dividing cells require at least 1 hour in the S-phase with BrdU present to be

detected.

It is important to note that this is not being proposed as an actual model of cell
proliferation in the cultures; rather it describes the largest possible increase in cell

numbers within the granule cell layer if proliferation is the only factor that changes.

The final assumption in the above model is that no cell death occurs. However
inaccurate this assumption is, it is in keeping with the aim of discovering what the
maximum change in cell numbers due to proliferation is, because any cell death
would reduce the number of cells added. Unfortunately the markers of cell death
available do not have known expression times, so unlike with BrdU it is not possible
to calculate the total number of cells dying in a 24 hour period from the number of

cells expressing activated caspase-3 at any one time.

4.1.3 Structural changes in cultures

The third factor that could be a major influence on the size of the granule cell layer,
arises from the fact that the cultures are well documented as thinning over time
(Gahwiler, et al., 1997). The cultures are prepared as 400um thick slices, after 14
days in vitro cultures grown in horse serum medium are approximately 150um thick
when grown on semi-porous membranes and 50um thick when grown using the roller
method developed by Gahwiler (Gahwiler, et al., 1997). Cultures may also spread out
in the x-y plane at different rates i.e. their density can change because of dispersion of
the granule cell layer, (experiments in our labs growing cultures on different
membranes noted that cultures spread out differently (Cater, unpublished
observation)). Both of these changes, and the way that they interact, could affect the

area, cell count and density of granule cells observed in the cultures (Fig 4.3).
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Whole culture day 0 EEE) Whole culture day 2

Sections cut inxy plane
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Overhead views of 10um sections

Fig 4.3: Changes in section area and cell count, without a change in density, as a
result of culture thinning. Cultures when initially prepared are 400um thick (A) and
have certain dimensions in the xy plane (C), with time these cultures become thinner
(B) and also expand in the xy plane (D). In the example here, the number of cells in
the whole culture is unchanged, onday 0 x=5, y=4 and z=6; total 120 cells, and on
day 2 x=6, y=5 and z=4; total 120 cells. The cells all remain the same size so density
is unchanged. This could be inaccurately interpreted as an increase in cell number and
area over time due to cell proliferation.

4.1.4 Questions to be addressed

The aim is to establish a model in OHSCs, where granule cell number, cell
proliferation, and cell death can be quantified in the dentate gyrus. To achieve this a
pulse of BrdU labelling is going to be used as a proliferative marker, activated
caspase-3 will be used to identify apoptotic cells and a stereological technique, the
fractionator, will estimate granule cell number in thionine stained tissue. To further
the general aim of establishing this model the factors that can alter the homogeneity of
both cell proliferation and cell death in the cultures under control conditions need
standardizing. Some of the factors that could affect these responses have already been
investigated, in the previous chapter, a part of the hippocampus which produces

consistent cultures was identified, but the influence of media type on the model could
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not be fully characterized without considering what happened in the time between
plating and examination. Therefore, these experiments are designed at quantifying
cell proliferation, cell death and total cell number in two different growth media and
at different times. To this end, matched cultures from the mid-septal part of the two
hippocampi in a rat were taken and placed in different media types. Data from four
basic parameters was obtained; granule cell layer area, granule cell number, BrdU
positive cells, and activated caspase-3 positive cells. The influence of these
parameters on each other was also considered in three 1% order derivatives; granule
cell layer density, and the proportion of granule cells that are BrdU positive or

activated caspase-3 positive.
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4.2 Methods

In all the experiments in this chapter, cultures were prepared as described in chapter
2.2.1, with the method of selecting cultures for each well and the treatment the
cultures subsequently received until fixation detailed in sections 4.2.1. The

processing of all the cultures after fixation is subsequently described in sections 3.2.2

-3.25.

4.2.1 Analysis of cell proliferation and death as a function of age in 10-micron
sections from Organotypic Hippocampal slice cultures.

Cultures were prepared as described in chapter 2, and systematically placed into the
inserts such that cultures were paired between the two media types, with slices from
one hippocampus per animal placed in NB medium and slices from the other in HS
medium. Cultures from the mid-septal hippocampus (positions 8-15 in the previous
chapter) were used and contributed equally to each experimental time point. The two
experiments differed only in the time points examined. In the first BrdU (10uM) was
added to the culture media 2 hours prior to fixation in 4% PFA on days 1,3,5,7 and 14
in vitro. In the second experiment, BrdU (10uM) was added to the culture media 2
hours before fixation in 4% PFA afterl, 2, 3 and 5 days in vitro. Additionally, in this
second experiment a group of slices were not plated or exposed to BrdU but were
fixed immediately as time O controls (Fig 4.4), this group was compared with all other

points with a one-way ANOVA and Dunnett’s post hoc test.
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A) Cultures plated
Group 1 Group 2 Group 3 Group 4 Group 5

fixed fixed fixed fixed fixed

Froror
a S AN S AR R

Group 1 Group 2 Group 3 Group 4 Group 5
BrdU added BrdU added BrdU added BrdU added BrdU added

B) Cultures plated

Group 2 Group 3 Group 4 Group 5
fixed fixed ﬂied ﬁied
Day 0 1 2 3 5
| | 'I |
Group 1 Group 2 Group 3 Group 4 Group 5
fixed BrdU added BrdU added BrdU added BrdU added

Fig 4.4: Time courses for comparision of Neurobasal and Horse serum based media. Showing the
times that cultures were fixed in the long survival (A), and short survival (B) experiments. Cultures
were either grown in Neurobasal based medium or Horse serum based medium, and BrdU (10uM ) was
added to all cultures 2 hours before fixation in 4% PFA, with the exception of cultures fixed at 0 hours
in the short survival experiment (B) which did not receive any BrdU.

74



4.3 Results

4.3.1 Changes in the dentate granule cell layer over time

In two separate experiments cell number, cell proliferation and cell death were
quantified. In the first the time points considered were 1,3,5,7 and 14 days after
plating and in the second 1,2,3 and 5 days were examined, additionally in this
experiment cell number and cell death were examined immediately after preparation,
proliferation at this time could not be calculated as this requires exposure to BrdU for
2 hours prior to fixation. The approach used in the previous chapter, to describe the
dentate gyrus is taken, with a combination of area, cell count and density describing
the physical state of the cultures. BrdU cell counts and the proportion of cells
incorporating BrdU describe the proliferative state of the cultures, and activated
caspase-3 cell counts and the proportion of cells expressing activated caspase-3
describe some of the facets of cell death in the cultures. As the cultures in both these
experiments are sampled using the same method and there are three time points
common to both experiments, these time points were also used to assess the

reproducibility of individual results between experimental repeats.

4.3.2 Long time course experiment considering up to 14 days in vitro in cultures

grown in horse serum

i) Area and cell counts are variable over time in cultures grown in horse serum
medium, density decreases after the first week.

The general profile of granule cell number in cultures grown in HS medium was a rise
from day 1 to day 5 and then a fall to day 14, with the initial and final cell counts
being similar. This profile resulted in several significant changes in cell counts with
cultures fixed on days 3 and 5 (1880+869 cells and 2432168 cells respectively)
having significantly more cells in a section than those on day 1 (9602430 cells;
p<0.05 vs. day 3 and p<0.001 vs. day 5) and those on day 14 (888+57; p<0.01 vs. day
3 and p<0.001 vs. day 14), cultures from day 5 also had significantly more cells than
those from day 7 (123214563 cells; p<0.01; Fig 4.5B).

Initially area follows a similar temporal profile to the cell count; an increase in area to
day 5 followed by a decline. Cultures on day 1 have significantly smaller GCLs
(0.093+0.028mm?) than day 3 (0.150£0.040mm?; p<0.05) and day 5
(0.179£0.001mm*;p<0.001); day 5 cultures also have significantly larger GCL areas

75



than those from day 7 (0.120+0.026mm?; p<0.05). However, the pattern by day 14 is
different from that seen in with cell counts, instead of a continued decrease in area the
granule cell layer appears to get bigger and at day 14 is significantly larger than on
day 1 (day 14, 0.154+0.044mm?; p<0.05 vs. day 1; Fig 4.5A).

These two factors combine with the resultant cell density relatively constant from day
1 to day 7, although it rises slightly to day 5 and then falls none of these changes are
significant, however subsequently density falls significantly by day 14 compared with
all other cultures (day 14, 5951+1347 cells/mm® vs. day 1, 1012342019 cells/mn?’,
p<0.05; day 3, 1232943625 cells/mm?, p<0.001; day 5, 13553%402 cells/mm?,
p<0.001; and day 7, 997042358 cells/mm?, p<0.05; Fig. 4.5C).
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Fig 4.5: Examination of the variability over 14

days of cultures grown in Horse serum medium,
15000 . . .

using measurements from 10um thick sections.

—= Showing granule cell layer area (A), estimated
16000+ granule cell count obtained using the fractionator
method (B) and density of the cells in the granule cell

\% layer (C). Values are expressed as mean = SEM,
5000+ from 2 (days 5 and 14) or 4 (days 1, 3 and 7) cultures.
Asterisks denote significant differences determined by
o * — One-way ANOVA with Bonferroni’s post hoc test (*
0 1 2 3 : 2 p<0.05, **p<0.01, ***p<0.001).
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ii) In horse serum cultures BrdU counts and the proportion of BrdU positive

cells decreased during the first 5 days the absolute count then stabilised and the

proportion increased.
In cultures grown in HS medium the number of BrdU positive cells declines from day

1 to day 5 and then remains fairly stable until day 14. This decrease is significant on
both day 5 and day 7 (day 1, 68.3£45.4 cells vs. day 5, 25.0+9.9 cells and day 7,
27.0+2.2 cells; both p<0.01; Fig 4.6A). The profile obtained for the proportion of
cells incorporating BrdU is initially similar to that of the BrdU cell counts. A
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decrease from day 1 to day 5, but then due to the smaller cell counts on days 7 and 14
the proportion of BrdU positive cells tends to increase again, although only the initial
decline is of statistical significance. The result of this is that the proportion of BrdU
positive cells is significantly greater on day 1 (7.0£3.9 % of cells) than on day 3
(3.0+1.4 % of cells; p<0.01), day 5 (1.0£0.4 % of cells; p<0.001) and day 7 (2.5+£0.4
% of cells; p<0.01; Fig 4.6B).
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Fig 4.6: 14 day proliferation profile of cultures grown in horse serum medium, using
measurements from 10um thick sections. Showing absolute numbers of BrdU positive cells (A), and
the proportion of granule cells detected as also incorporating BrdU (B). Values are expressed as mean
+ SEM, from 2 (days 5 and 14) or 4 (days 1, 3 and 7) cultures. Asterisks denote significant differences
determined by One-way ANOVA with Bonferroni’s post hoc test, (* p<0.05, **p<0.01, ***p<0.001).

iif) Caspase-3 activation decreased over the first 5 days and then increased in
cultures grown in horse serum.

HS cultures show a general trend for declining caspase-3 activation from day 1 to day
14, with the exception of day 7 in which the number of activated caspase-3 cells
observed was high. However none of these changes were significant, and overall day
did not significantly affect caspase-3 activation (p=0.084; one-way ANOVA; Fig
4.74).

While the number of activated caspase-3 positive cells detected in cultures grown in
HS medium were unchanged over time the proportion of cells showing caspase-3
activation did change significantly; initial declining from day 1 (8.4+4.2 % of cells) to
day 3 (3.6£1.3 % of cells; p<0.05) and day 5 (1.6£0.5 % of cells; p<0.001) and then
increased at day 7 (6.8+2.1 % of cells; p<0.01 vs. day 5; Fig 4.7B).
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Fig 4.7: 14 day activated caspase-3 profile of cultures grown in horse serum medium, using
measurements from 10pm thick sections. Showing absolute numbers of activated caspase-3 positive
cells (A), and the proportion of granule cells that expressed activated caspase-3 (B). Values are
expressed as mean = SEM, from 2 (days 5 and 14) or 4 (days 1, 3 and 7) cultures. Asterisks denote
significant differences determined by One-way ANOVA with Bonferroni’s post hoc test, (* p<0.05,
*#p<0.01, ***p<0.001).

4.3.3 Long time course experiment considering up to 14 days in vitro in cultures
grown in Neurobasal medium

i) Area and cell counts are variable over time in cultures grown in Neurobasal
medium, but density decreases after the first week.

The number of granule cells in sections from cultures grown in NB medium did not
change significantly over time and remained relatively constant over time (Fig 4.8B).
Similarly, the area of the GCL does not vary significantly between individual times.
However, the profile is of decreased area between day 1 and days 3 and 5 followed by
increased area from day 5 to day 14 results in significant variance in the means over
time (p<0.05; one-way ANOVA), although no individual difference is significant (Fig
4.8A). Density in the NB cultures remains relatively constant until day 5, then beings
to decline. It is significantly lower on day 7 (10191£1960 cells/mm?) than on day 3
(16267+3111 cells/mm”; p<0.05) and significantly lower on day 14 (708113846
cells/mm?) than on day 1 (1297442221 cells/mm?; p<0.05), day 3 (p<0.001), and day

5 (142765381 cells/mm?; p<0.01; Fig 4.8C).
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0 . Fig 4.8: Examination of the variability over 14
20000+ days of cultures grown in Neurobasal medium,
using measurements from 10pm thick sections.
Showing granule cell layer area (A), estimated
granule cell count obtained using the fractionator
10000+ method (B) and density of the cells in the granule cell
\{ layer (C). Values are expressed as mean = SEM,
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ii) BrdU incorporation is unchanged over 14 days in cultures grown in
Neurobasal medium.

NB cultures show a general trend for declining BrdU incorporation from day 1 to day
14, with the exception of day 7 in which the number of BrdU positive cells observed
was high. None of these individual means were significantly different, but overall the
means did vary significantly (p<0.05; one-way ANOVA; Fig 4.9A).

The proportion of cells incorporating BrdU was slightly, but not significantly,
decreasing from day 1 (2.8+1.7 % of cells) to day 5 (1.66x 0.4 % of cells), and then as
with the absolute number of BrdU positive cells on day 7 an increase was observed
(4.0£2.8 % of cells), and the proportion finished on day 14 (2.7£3.0 % of cells) at a
similar level to day 1 (Fig 4.9B). It is important to note that while none of these
changes are statistically significant, and indeed overall the means do not differ
significantly (p=0.28; one-way ANOVA), this is probably due to the increase in the
variability of the cultures responses at day 7 and especially day 14. On day 14 the
standard deviation is approximately 110% of the mean making a Gaussian distribution
unlikely, despite the data passing the Kolmogorov-Smirnov test for Gaussian

distribution, this is probably caused by only having two data points here.
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Fig 4.9: Proliferation profile of cultures grown in Neurobasal medium, using measurements from
10um thick sections. Showing absolute numbers of BrdU positive cells (A), and the proportion of
granule cells detected as also incorporating BrdU (B). Values are expressed as mean + SEM, from 2
{days 5 and 14) or 4 (days 1, 3 and 7) cultures.

iif) Caspase-3 activation was unchanged over time in cultures grown in
Neurobasal medium for up to 14 days.

In the cultures grown in NB medium both the actual numbers of cells expressing
activated caspase-3 and the proportion of cells showing caspase-3 activation were

unchanged at all the times examined in this experiment (Fig 4.10).
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Fig 4.10: Activated caspase-3 profile of cultures grown in Neurobasal medium for up to 14 days,
using measurements from 10um thick sections. Showing absolute numbers of activated caspase-3
positive cells (A), and the proportion of granule cells that expressed activated caspase-3 (B). Values
are expressed as mean * SEM, from 2 (days 5 and 14) or 4 (days 1, 3 and 7) cultures.

4.3.4 Comparing cultures grown in different types of media for up to 14 days

i) Area and cell counts are generally greater when cultures are grown in
Neurobasal medium but density is unchanged by media type.

When cultures are grown in either NB or HS medium for up to 14 days the media the
cultures are grown in significantly affects the expected mean area and cell count of
the GCL in the cultures (both p<0.05; two-way ANOVA). This difference in the

expected means does not manifest itself as a significant difference between the two
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media types at any particular time point in the experiment, but rather it reflects a trend
for the measured area and estimated cell counts to be larger in those cultures grown in
NB medium. Although the results show a very substantial change on both area and
cell counts between media types on day 1, these differences are not significant,
possibly due to the post test used as the Bonferroni test is considered conservative
when large numbers of groups are compared. The increases in area and cell counts
observed in NB cultures are both of a similar magnitude as the density of cells in the
cultures grown in either medium is similar (p=0.102 for media and p=0.684 for

interaction; Fig 4.11).
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Fig 4.11: Long time course profile the general
) condition of cultures, grown in Neurobasal @ or
20000~ ;

horse serum [} medium. Measurements are from
10pm thick sections, and position matched between
media. Showing granule cell layer area (A),
40000 estimated granule cell count obtained using the

fractionator method (B) and density of the cells in
the granule cell layer (C). Values are expressed as
mean * SEM, from 2 (days 5 and 14) or 4 (days 1, 3
and 7) cultures.
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ii) BrdU incorporation was unchanged by media type at any of the points
examined overl4 days.

Overall, both media types incorporated BrdU into a similar number of cells during the
two hour application prior to fixation (p=0.427; two-way ANOVA; Fig 4.12A), and
no differences were detected at any of the individual time points within the
experiment. These observations also held true when proportion granule cells that had

incorporated BrdU were considered (p=0.312; two-way ANOVA; Fig 4.12B).
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Fig 4.12: Long time course profile of BrdU incorporation in cultures, grown in Neurobasal & or
horse serum {1 medium. Measurements are from 10pm thick sections, and position matched between
media. Showing absolute numbers of BrdU positive cells (A), and the proportion of granule cells that
incorporated BrdU in the 2 hours prior to fixation (B). Values are expressed as mean + SEM, from 2
(days 5 and 14) or 4 (days 1, 3 and 7) cuitures.

iii) Caspase-3 activation is higher in cultures grown in horse serum medium.
Mean numbers of cells demonstrating caspase-3 activation differed significantly
between media types (p<0.001; two-way ANOVA). Significantly more activated
caspase-3 positive cells were detected in cultures grown in HS medium on day 1 (NB,
17.0+6.7 cells vs. HS, 78.5£40.4 cells; p<0.05) and day 7 (NB, 22.3+8.4 cells vs. HS,
89.3%£59.0 cells; p<0.05) than in those grown in NB medium. This trend was evident
but not statistically significant at the other time points (Fig 4.13A).

The proportion of activated caspase-3 positive cells, demonstrated significant
interaction between the medium cultures were grown in and the time at which the
cultures were fixed (p<0.05; two-way ANOVA), thus the differences between media
types were not the same at every time point examined. However, cultures grown in
horse serum medium had a greater proportion of activated caspase-3 positive cells
than cultures grown in Neurobasal medium on day 1 (NB, 0.7+£0.3 % of cells vs. HS,
8.4+4.2 % of cells; p<0.001) and on day 7 (NB, 1.2+0.4 % of cells vs. HS, 6.84+2.1 %
of cells; p<0.01) and this trend holds on days 3 and 14, but on day 5 levels of caspase-
3 activation appear very similar (Fig 4.13B).
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Fig 4.13: Long time course profile of caspase-3 activation in cultures, grown in Neurobasal Il or
horse serum [] medium. Measurements are from 10um thick sections, and position matched between
media. Showing absolute numbers of activated caspase-3 positive cells (A), and the proportion of
granule cells that expressed activated caspase-3 (B). Values are expressed as mean + SEM, from 2
(days 5 and 14) or 4 (days 1, 3 and 7) cultures. Blue asterisks denote significant differences between
media types determined by two-way ANOVA with bonferroni’s post hoc test, (* p<0.05, **p<0.01,
**%p<0.001).

4.3.5 Short time course experiment considering up to 5 days in vitro in cultures
grown in horse serum medium
i) In horse serum cultures area, cell count and density all increased with age, the

change in density was immediate but was delayed in both area and cell count

measurements.

In the short time course experiment the number of cells in the GCL increased steadily
from day 1 through to day 5, with cultures from day 5 having significantly more cells
(17574501 cells) than those on day 1 (948+197 cells; p<0.001) and day 2 (131586
cells; p<0.05; Fig 4.14B).

In contrast to the cell count, the area of the GCL remained constant for the first three
days in culture before increasing significantly between day 3 (0.083+0.009mm?) and
day 5 (0.110+0.028mm?; p<0.05; Fig 4.14A).

These two effects combine with the result that cell density increases significantly
between day 1 (10987+1553 cells/mm?) and day 2 (14963+1265 cells/mm?; p<0.01)
and remains constant and significantly elevated thereafter (day 3, 1601612753
cells/mm?; and day 5, 159531366 cells/mm?; both p<0.001 vs. day 1; Fig 4.14C).
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ii) BrdU incorporation was unchanged by growth for up to S days in horse serum
medium.

In the cultures grown in HS medium, neither the actual number of cells incorporating
BrdU nor the proportion of the total number of cells that these cells represent was
significantly altered by the age of the cultures (p=0.051 and p=0.070 respectively;
one-way ANOVA). In both cases, BrdU detection was highest on day 2 and then fell,
but none of the changes are significant (Fig 4.15).

=
L]

&0 0.04+
2 40- 3
] $ 003
Er ER)
T © 8 0.02
2 204 29
32 2
o =2
104 E 0.01
G T T T T T 000 T T T T T
0 1 2 3 5 0 1 2 3 5
Days in vitro Days in vitro

Fig 4.15: 5 day proliferation profile of cultures grown in horse serum medium, using
measurements from 10pm thick sections. Showing absolute numbers of BrdU positive cells (A), and
the proportion of granule cells detected as also incorporating BrdU (B). Values are expressed as mean
+ SEM, from 4 (day 1), 5 (days 3 and 5), 6 (day 2), or 20 (day 0) cultures.
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iiif) Caspase-3 activation is unchanged by growth for up to 5 days in horse serum
medium.

The number of activated caspase-3 positive cells was not significantly different over
time in this experiment (p=0.249, one-way ANOVA) and nor was the proportion of
cells in which caspase-3 was activated (p=0.380, one-way ANOVA; Fig 4.16).
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Fig 4.16: 5 day activated caspase-3 profile of cultures grown in horse serum medium, using
measurements from 10pm thick sections. Showing absolute numbers of activated caspase-3 positive
cells (A), and the proportion of granule cells that expressed activated caspase-3 (B). Values are
expressed as mean = SEM , from 4 (day 1), 5 (days 3 and 5), 6 (day 2), or 20 (day 0) cultures. N.B. day
0 tissue is not included in statistical analysis.

4.3.6 Short time course experiment considering up to S days iz vitro in cultures
grown in Neurobasal medium

i) The density of cells in cultures grown in Neurobasal medium decreased over
time, but area and cell count were unchanged.

Cultures grown in NB medium were not significantly affected by age when both area
and cell count were considered (p=0.476 and p=0.916 respectively; one-way
ANOVA). However a significant decrease in the density between day 1 (15367+£1196
cells/mm?) and days 2 (12728+1310 cells/mm?; p<0.05) and 5 (1271441076
cells/mm?; p<0.05), would indicate that the slightly, but not significantly, smaller area
measured on day 1, combined with a slightly larger estimated cell count on the same

day produces a significant change in the packing of the cells (Fig 4.17).
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Fig 4.17: Variability of cultures grown in
Neurobasal medium for up to 5 days, using
measurements from 10um thick sections.
Showing granule cell layer area (A), estimated
granule cell count obtained using the fractionator
method (B) and density of the cells in the
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day 0 tissue is not included in statistical analysis.

o4

ii) BrdU incorporation is maximal early in cultures grown in Neurobasal and

then declines.

BrdU incorporation declined significantly between day 1 (45.0+28.9 cells) and day 3

(19.846.5 cells), with BrdU positive cell counts on days 2 and 5 similar to, but

slightly higher, those on day 3 (Fig 4.18A). This trend was exactly mirrored by the

proportion of cells incorporating BrdU, which fell significantly between day 1
(2.9£1.7 % of cells) and day 3 (1.4£0.9 % of cells; p<0.05; Fig 4.18B), this is to be

expected as the cell count between day 1 and day 5 is unchanged.
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Fig 4.19: Activated caspase-3 profile of cultures grown in Neurobasal medium for up to 5 days,
using measurements from 10pum thick sections. Showing absolute numbers of activated caspase-3
positive cells (A), and the proportion of granule cells that expressed activated caspase-3 (B). Values
are expressed as mean £ SEM , from 4 (day 1), 5 (days 3 and 5), 6 (day 2), or 20 (day 0) cultures. N.B.
day 0 tissue is not included in statistical analysis.

iii) Caspase-3 activation is unchanged over 5 days when grown in Neurobasal
medium.

The number of activated caspase-3 positive cells was not significantly different over
time in this experiment (p=0.121, one-way ANOVA) and nor was the proportion of
cells in which caspase-3 was activated (p=0.208, one-way ANOVA). In both cases
the trend is for an increase from day 1 to day 2, with the means then remaining
relatively constant on days 3 and 5. The lack of a significant change is probably
caused by the high variability in each group, especially noticeable on day 3 where the

standard deviation is larger than the mean (activated caspase-3 cell count, 55.0+61.4

cells, and proportion 4.315.5 % of cells; Fig 4.19).
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Fig 4.19: Activated caspase-3 profile of cultures grown in Neurobasal medium for up to 5 days,
using measurements from 10um thick sections. Showing absolute numbers of activated caspase-3
positive cells (A), and the proportion of granule cells that expressed activated caspase-3 (B). Values
are expressed as mean + SEM , from 4 (day 1), 5 (days 3 and 5), 6 (day 2), or 20 (day 0) cultures. N.B.
day 0 tissue is not included in statistical analysis.
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4.3.7 Comparing cultures grown in different types of media for up to 5 days

i) Media type had variable effects on area, cell count and density; area is larger
in Neurobasal cultures, cell count is unchanged and density changes over time.
The number of cells in the GCL was not significantly altered by the medium the
cultures were grown in (p=0.078; two-way ANOVA; Fig 4.20B), in this experiment.
Cultures grown in Neurobasal medium tended to have significantly larger GCL areas
(p<0.01; two-way ANOVA), this is a general trend and did not result in a significant
difference at any particular time point (Fig 4.20A). The density of cells in this
experiment showed significant interaction between day and media type (p<0.001;
two-way ANOVA), and this resulted in significant differences between the cell
densities of cultures grown in the different media types. On day 1 cultures grown in
Neurobasal medium had a significantly higher cell density than those grown in horse
serum medium (NB, 153671196 cells/mm’ vs. HS, 10987+1553 cells/mm?; p<0.01).
Conversely, on day 5 cultures grown in horse serum medium had a significantly

higher cell density than those grown in Neurobasal mediuvm (NB, 127141076
cells/mm’ vs. HS, 1595341366 cells/mm?; p<0.05; Fig 4.20C).
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ii) Overall BrdU incorporation was not different between media types, but more
positive cells were detected in cultures grown in Neurobasal medium initially.
On day 1 there were significantly more cells incorporating BrdU in cultures grown in
NB medium than in those grown in HS medium (NB, 45.0+£28.8 cells vs. HS,
14.3+11.1 cells; p<0.05). However overall the mean number of BrdU positive cells
detected in the cultures did not differ between media types (p=0.129; two-way
ANOVA; Fig 4.21A). When differences between the total number of cells present in
the cultures was taken into consideration the difference between media types on day 1
was not significant (proportion of BrdU +ive cells; NB, 2.9+1.7% of cells, vs. HS,
1.6£1.3% of cells) and no overall difference was present (p=0.558; two-way

ANOVA; Fig 4.21B).
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Fig 4.21: Short time course profile of BrdU incorporation in cultures, grown in Neurobasal Il or
horse serum [] medium. Measurements are from 10pm thick sections, and position matched between
media. Showing absolute numbers of BrdU positive cells (A), and the proportion of granule cells that
incorporated BrdU in the 2 hours prior to fixation (B). Values are expressed as mean + SEM, from 4
(day 1), 5 (days 3 and 5), 6 (day 2), or 20 (day 0) cultures. Blue asterisks denote significant differences
between media types determined by two-way ANOVA with bonferroni’s post hoc test, (* p<0.05,
**p<0.01, *¥**p<0.001).

iii) Media type did not affect activated caspase-3 detection over 5 days in culture.
Overall, the mean number of activated caspase-3 positive cells detected in the cultures
did not differ between media types (p=0.311; two-way ANOVA), and neither did the
proportion of cells in which caspase-3 activation was detected (p=0.481; two-way

ANOVA; Fig 4.22).
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Fig 4.22: Short time course profile of caspase-3 activation in cultures, grown in Neurobasal ll or
horse serum [] medium. Measurements are from 10um thick sections, and position matched between
media. Showing absolute numbers of activated caspase-3 positive cells (A), and the proportion of
granule cells that expressed activated caspase-3 (B). Values are expressed as mean + SEM, from 4
(day 1), 5 (days 3 and 5), 6 (day 2), or 20 (day 0) cultures. Black and red astzerisks denote significant
differences from control tissue, determined by One-way ANOVA with Dunnett’s post hoc test, (*
p<0.05, **p<0.01, ***p<0.001).
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iv) The time zero tissue differs greatly in GCL area, cell count, density and
especially caspase-3 activation from cultures grown in either media type.

In addition to the groups of cultures grown in each media type for 1, 2, 3, or 5 days, in
this experiment a further set of cultures were not grown in any culture medium but
fixed immediately after preparation. These cultures were not analysed with all the
other tissue as they don’t necessarily belong to either media type, however subsequent
to the main comparisons between media types all cultures were compared with this
control group with a one-way ANOVA and Dunnett’s post hoc test.

All cultures grown in Neurobasal medium had significantly more granule cells than
the day 0 tissue (day 0, 889+229 cells, vs. day 1, 1560+278 cells, day 2, 14961326
cells, day 3, 1638+672 cells, and day 5, 15234297 cells; all p<0.01; Fig 4.20B), but
only cultures from day 1 had a significantly higher cell density (day 0, 11802+2084
cells/mm” vs. dayl, 15367+1196 cells/mm?; p<0.01; Fig 4.20C). This is reflected in
the fact that the GCL area increased significantly in the cultures from day 2
(0.118+0.026mm?), day 3 (0.117+0.038mm?) and day 5 (0.120+0.023mm?) but not on
day 1, compared with day 0 (0.076£0.017mm?; all p<0.01; Fig 4.20A). Possibly
suggesting that initial settling of these cultures results in a compression of the GCL in
the z-direction, and then expansion in the xy-plane, or proliferation is having a
significant influence on tissue structure. Cultures grown in horse serum medium had
significantly increased density on day 2 (14963+1265 cells/mm?), day 3 (160162753
cells/mm?) and day 5 (15953£1366 cells/mm?) compared with the day 0 (1180212084
cells/mm?; all p<0.01; Fig 4.20C) tissue, and this was mirrored by alarge cell count
on day 3 (day 0, 889+229 cells vs. day 3, 1334£284 cells) and significantly increased
cell counts on days 2 and 5 (day 2, 1315286 cells; p<0.05 vs. day 0; and day 5,
1757£501 cells; p<0.01 vs. day 0; Fig 4.20B). Unlike with the Neurobasal cultures
the change in cell counts was not accompanied by a significant change in GCL area
until day 5 (day 0, 0.08+£0.02mm? vs. 0.11+0.03mm’; p<0.05; Fig 4.20A), possibly
indicating that the process of compression and expansion takes longer in the cultures
grown in horse serum, a hypothesis that is further supported by the lack of a change in
granule cell number between day 0 and day 1 in these cultures. The number of
activated caspase-3 positive cells detected in the freshly prepared day 0 tissue was
very low (1.942.3 cells), this represents the minimal levels of apoptosis in vivo in the

postnatal rat . Increases over this initial level of activated caspase-3 expression were
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observed in both media types and at all time points, with the increase reaching
statistical significance on day 2 (45.8424.0 cells; p<0.01) and day 5 (39.8+16.0 cells;
p<0.05) in Neurobasal medium and on day 3 in both media (NB, 55.0+61.4 cells; and
HS, 42.2+35.6 cells; both p<0.01; Fig 4.224).

The proportion of cells showing caspase-3 activation was also very low in the day 0
tissue (0.21£0.25 % of cells) and the increases over this initial level of activated
caspase-3 expression were observed in both media types and at all time points, with
the increase reaching statistical significance on day 2 in Neurobasal medium (3.2+1.9

% of cells; p<0.05) and on day 3 in both media (NB, 4.3+5.5 % of cells; p<0.01; and
HS, 3.0+2.0 % of cells; p<0.05; Fig 4.22B).

4.3.8 Reproducibility across time course experiments

The inter experiment variability in the cultures was examined by comparing the time
points that overlapped in both time course experiments, days 1, 3, and 5. All cultures
grown in HS medium were considered with two-way ANOVA, and Bonferroni post
hoc tests permitted comparisons between experiments on individual days. The same

analysis was also applied to all cultures grown in NB medium.

4.3.9 Reproducibility between experiments in horse serum based medium

i) Reproducibility of area between experiments was poor in cultures grown in
horse serum medium, but cell counts and density did not differ significantly.

The area of the GCL showed significant interaction between the experiment the
cultures were taken from and the time at which the cultures were fixed (p<0.05; two-
way ANOVA), and thus the differences between the experiments were not the same at
every time point compared. Areas were similar on day 1 but significantly larger in the
long time course experiment on day 3 (long time course, 0.120+0.026mm?, and short
time course, 0.083+0.009mm?; p<0.01) and day 5 (long time course,
0.154+0.044mm?, and short time course, 0.110+0.028mm?; p<0.01; Fig 4.23A).

Mean granule cell counts were not significantly different at any individual time point
between the two-experiments and although there appeared to be a tendency for the
cell counts to be larger in the long time course experiment this was not statistically

significant overall (p=0.064; two-way ANOVA; Fig 4.23B). These two factors had a
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combined effect on density, with the overall means different between experiments

(p<0.05; two-way ANOVA), but the trend for higher cell density in the short time

course experiment was not significant at any individual point (Fig 4.23C).
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Fig 4.23: Comparison of the variability between
experiments of cultures grown in Horse serum
medium for x days, using measurements from 10pm
thick sections, cultures were matched for position
between experiments. Showing granule cell layer
area (A), estimated granule cell count obtained using
the fractionator method (B) and density of the cells in
the granule cell layer (C). Values are expressed as
mean + SEM, from 2 (days 5 and 14), 4 (days 1, 1, 3
and 7), 5 (days 3 and 5), 6 (day 2) and 20 (day 0)
cultures. Asterisks denote significant differences
between experiments determined by two-way
ANOVA with bonferroni’s post hoc test, (* p<0.05,
**p<0.01, ***p<0.001).

ii) Reproducibility of BrdU incorporation in cultures grown in horse serum

medium is poor.
The number of BrdU positive cells observed was significantly greater in the long time

course experiment (p<0.01; two-way ANOVA). This is due to a significant

difference on day 1 (long time course, 68.3+45.4 cells, and short time course,

14.3£11.1 cells; p<0.01), a trend that is continued on day 3 but is not statistically

significant (Fig 4.24A). When the effect of the total number of cells present is also

considered, the overall proportion of cells incorporating BrdU show significant

interaction between day and experiment type (p<0.05; two-way ANOVA). The

interaction occurs because the proportion of BrdU positive cells differs significantly

between experiments on day 1 (long time course, 3.0+£1.4% of cells, and short time

course, 1.6£1.3% of cells; p<0.01) but is similar on days 3 and 5 (Fig 4.24B).
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Fig 4.24: Comparison of proliferation profile of cultures grown in horse serum medium, using
measurements from 10pm thick sections, cultures were matched for position between experiments.
Showing absolute numbers of BrdU positive cells (A), and the proportion of granule cells detected as
also incorporating BrdU (B). Values are expressed as mean + SEM, from 2 (days 5 and 14), 4 (days 1,
1,3 and 7), 5 (days 3 and 5), and 6 (day 2) cultures. 4sterisks denote significant differences between
experiments determined by two-way ANOVA with bonferroni’s post hoc test, (* p<0.05, **p<0.01,
**%p<0.001).

iii) Detection of caspase-3 activation is not reproducible between experiments in
cultures grown in horse serum medium.

The number of activated caspase-3 positive cells observed was significantly greater in
the long time course experiment (p<0.05; two-way ANOVA). As with the BrdU
count, this is due to a significant difference on day 1 (long time course, 78.5+40.4
cells, and short time course, 21.8+20.0 cells; p<0.05), a trend that is continued on day
3 but is not statistically significant (Fig 4.25A). When the effect of the total number
of cells present is also considered, the overall proportion of cells incorporating BrdU
show significant interaction between day and experiment type (p<0.05; two-way
ANOVA). The interaction occurs because the proportion of BrdU positive cells
differs significantly between experiments on day 1 (long time course, 8.4+4.2% of

cells, and short time course, 2.412.2% of cells; p<0.01) but is similar on days 3 and 5

(Fig 4.25B).
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Fig 4.25: Comparison of activated caspase-3 profiles of cultures grown in horse serum medium,
using measurements from 10um thick sections, cultures were matched for position between
experiments. Showing absolute numbers of activated caspase-3 positive cells (A), and the proportion of
granule cells that expressed activated caspase-3 (B). Values are expressed as mean + SEM, from 2
(days 5 and 14), 4 (days 1, 1, 3 and 7), 5 (days 3 and 5), 6 (day 2) and 20 (day 0) cultures. Asterisks
denote significant differences between experiments determined by two-way ANOVA with bonferroni’s
post hoc test, (* p<0.05, **p<0.01, ***p<0.001).

4.3.10 Reproducibility between experiments in Neurobasal medium

i) Cultures grown in Neurobasal medium had different areas and cell counts in
the two experiments but density was unchanged.

In these cultures the area of the GCL and the number of cells it contained differed
significantly between the two experiments (both p<0.05; two-way ANOVA), in both
cases the cultures from the long time course had a tendency to be larger. However,
none of the individual cell counts compared between experiments differed
significantly (Fig 4.26B), whereas the areas were significantly different in the two
experiments on day 1 (long time course, 0.22+0.10 cells/mm?, and short time course,
0.10£0.01 cells/mm?; p<0.05; Fig 4.26A).

The combination of these two effects was a density of cells in the two experiments
that did not differ significantly, either overall (p=0.582; two-way ANOVA) or at any
of the individual time points compared (Fig 4.26C).
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Fig 4.26: Comparison of the variability between
experiments of cultures grown in Neurobasal
medium for x days, using measurements from
10um thick sections, cultures were matched for
position between experiments. Showing granule
cell layer area (A), estimated granule cell count
obtained using the fractionator method (B) and
density of the cells in the granule cell layer (C).
Values are expressed as mean + SEM, from 2
(days 5 and 14), 4 (days 1, 1, 3 and 7), 5 (days 3
and 5), 6 (day 2) and 20 (day 0) cultures. Asterisks
denote significant differences between
experiments determined by two-way ANOVA with
bonferroni’s post hoc test, (* p<0.05).

ii) BrdU incorporation is reproducible between experiments in cultures grown in

Neurobasal medium.
The number of cells incorporating BrdU did not differ significantly between the two

experiments (p=0.081; two-way ANOVA), however at each time point the cultures

from the long time course experiment had larger (but not significantly larger) positive

counts (Fig 4.27A). When the total number of cells present in the GCL was taken

into account, the proportions of cells incorporating BrdU were virtually identical at

each time point and were also not significantly different overall (p=0.651; two-way

ANOVA; Fig 4.27B).
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Fig 4.27: Comparing proliferation profiles of cultures grown in Neurobasal medium, using
measurements from 10pm thick sections, cultures were matched for position between experiments.
Showing absolute numbers of BrdU positive cells (A), and the proportion of granule cells detected as
also incorporating BrdU (B). Values are expressed as mean + SEM, from 2 (days 5 and 14), 4 (days 1,
1,3 and 7), 5 (days 3 and 5), and 6 (day 2) cultures.

iii) Caspase-3 activation is variable but not statistically different between
experiments in cultures grown in Neurobasal medium.

Activated caspase-3 positive cell profiles look very different between the two
experiments the means appear very similar on days 1 and 5, but quite different on day
3. However this apparent difference is not statistically significant due to the very high
variability observed in the short time course experiment at this time or indeed overall
(p=0.308; two-way ANOVA; Fig 4.28A). The proportion of cells in which caspase-3
activation is detected follows a similar temporal profile to the number of activated
caspase-3 positive cells and does not differ significantly between experiments

(p=0.200; two-way ANOVA; Fig 4.28B).
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Fig 4.28: Comparing activated caspase-3 profiles of cultures grown in Neurobasal medium, using
measurements from 10pm thick sections, cultures were matched for position between experiments.
Showing absolute numbers of activated caspase-3 positive cells (A), and the proportion of granule cells
that expressed activated caspase-3 (B). Values are expressed as mean = SEM, from 2 (days 5 and 14),
4 (days 1, 1,3 and 7), 5 (days 3 and 5), 6 (day 2) and 20 (day 0) cultures.

4.3.11 Summary

The larger granule cell counts and GCL areas are both in the long time course
experiment, the fact that the density of cells is unchanged between experiments
indicates that the differences in granule cell number could be due to inter litter
variations.

An examination of reproducibility of results at 1, 3 and 5 DIV in both media showed
that Neurobasal produced highly conserved results, with no significant changes in any

of the first order derivatives used, although the activated caspase-3 data showed some

variability on day 3 (Fig 4.28).
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4.4 Discussion

The principle problem associated with the experiments described in the previous
chapter related to variability between cultures. In these experiments we have
demonstrated that the culture selection method, adopted as a result of that work,
produces cultures that, when grown in Neurobasal medium, are uniform from day 2
for a further 3-5 days. These experiments have also shown that these results can be
reproduced between different culture batches. The results obtained also indicated that
differences, which were apparent between the media types in the previous chapter, are

preserved in these experiments.

4.4.1 Slow changes in culture structure

The dentate granule cell density at later points is well matched between the different
media types, and this would suggest that the changes occurring over time are similar.
However closer examination of the temporal changes occurring in cultures grown in
the different media types reveals that what is happening is actually quite different. In
HS medium, the fall in cell numbers from day 7 suggests that more cells are dying in
these cultures, as cell death is the only way to decrease the number of cells present.
This is not born out by the activated caspase-3 staining, and implies other forms of
cell death that we are not detecting must be responsible, a reasonable conclusion since
activated caspase-3 does not identify all types of cell death.

By contrast, the cultures grown in NB medium appear to disperse from day 7, as the
area of the GCL increases but the cell count does not. Unfortunately, neither of these
changes is desirable in any model examining changes in cultures arising because of a
treatment; where a stable control population is required. The dispersion is less of a
problem, making longer-term studies in cultures grown in Neurobasal medium more
acceptable than using horse serum medium, but ideally future experiments should last

no longer than 7 days.

4.4.2 Rapid changes in culture structure.

The changes in cell number observed in the short time course experiment can all be
accounted for with the exponential model of cell division, described earlier (Chapter
4.1.2), with the exception of the increase in cell number from day 1 to day 2 (p<0.01,

one tailed t-test) in cultures grown in horse serum medium. In fact, the observed
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changes in cell number are small enough that they could arise from a steady state
pattern of cell division (again with the exception of day 1 to day 2 in HS medium;
p<0.01), or any model lying between these two extremes. The assumption of no cell
death is also unnecessary, as either of the models described can generate considerably
more new cells than were required to generate the observed changes. However, the
fact that between day | and day 2 in horse serum cultures proliferation alone is not
sufficient to generate the observed change indicates that culture restructuring may be
having an effect here. In the horse serum cultures, the area is unchanged, the number
of cells is larger, but is not a significant increase, and the density of cells increases
significantly. This suggests that between day 1 and day 2 the cells in these cultures
are becoming compressed into a more densely packed granule cell layer. This could
be either through reduced extracellular space or decreased cell volume, but cannot be
due to increased proliferation since this would have been detected with high BrdU
labelling. The fact that between day 3 and day 5 the area of these cultures increases
significantly would tend to support this model, with a compression in the z axis being
followed by a delayed expansion in the xy plane. This raises the obvious question,
why should cultures grown in horse serum medium restructure over time, when those
grown in Neurobasal medium do not?

To which the answer is cultures grown in Neurobasal medium do restructure, but it
occurs earlier and in a more synergistic fashion with respect to thinning in the z axis
and spreading in the xy plane. The significant change in cell count occurs between
day 0 and day 1 in cultures grown in Neurobasal medium, with the change in area
being complete by day 2 (Fig 4.20), whereas the same changes take until days 2 and 5
respectively in cultures grown in horse serum medium. Unfortunately detecting BrdU
in the day 0 tissue was not possible, however the BrdU data from day 1 to day 3, in
the short time course experiment, appears to follow an inverse log curve (Fig 4.18).
And indeed a log transformation of the BrdU data for these days produces a linear
regression line that suggests 65 cells could be labelled on day 0 (y intercept = 1.811,
1°=0.9637). The average day 0 cell count was 888.8 cells, using the exponential
model BrdU labelling of 65 cells could add almost 360 new cells to this total, slightly
over half the required change to reach an average of 1560 cells by day 1. This would
suggest that this particular increase in total cell number is due to a rapid restructuring
in these cultures. Therefore, it is unwise to use cultures until they are at least 2 days

old if grown in Neurobasal medium and perhaps even older if grown in horse serum
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medium. The day 0 values are compared with the short time course BrdU data, and
not the long time course BrdU data, because they are drawn from the same animals,

and high inter-litter variability was observed which is discussed below.

4.4.3 Reproducibility

In the newly plated cultures, reproducibility was poor in both media types between the
two experiments, although it was better in the cultures grown in Neurobasal medium,
possibly because of the more rapid rearrangement of the tissue in these cultures,
discussed above. Many of the differences observed in the raw data obtained from the
cultures could arise from inter-litter variability, as the changes in BrdU and activated
caspase-3 are dependent on the number of cells present. The proportions of the total
population identified as either BrdU or activated caspase-3 positive are unchanged
between the two experiments in the cultures grown in Neurobasal medium. The
density is also unchanged, indicating that although there are changes between
experiments in the area and cell counts these changes are of a similar magnitude and
the basic structure of the cultures does not vary. Therefore, the raw data obtained is
useful for comparing cultures within an experiment and the 1* order derivatives are

useful for comparing the results of multiple experiments.

4.4.4 Problems associated with variable culture thickness

The fact that the cultures thin and spread over time reduces the value of comparisons
over time. Changes may not be due to an applied treatment but to different rates of
thinning/spreading over time. Ideally, this problem could be eradicated if the entire
culture could be described. Counting all the cells in all the sections to do this is
clearly not feasible, as it would prevent adjacent sections from being used to identify
BrdU and activated caspase-3 positive cells. Measuring the thickness of the cultures
and then applying a scalar factor to the measurements obtained from a 10um section
might help correct for this. However, this approach would introduce significant
inaccuracies by over estimating the number of cells present in a culture. This problem
was described previously (Chapter 3.1.1), and the current model was developed to try
to avoid it. Until a way of overcoming this problem can be found results
demonstrating changes between time points should be treated with caution, but results

demonstrating changes between treatments at the same time point can be considered

reliable.
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4.4.5 A defined model for examining changes in culture structure, cell
proliferation and cell death in response to applied treatments over time.

The high reproducibility of results from cultures grown in Neurobasal medium,
combined with the better stability of these cultures over time, the more consistent
results from the mid-septal part of the hippocampus and the chemically defined nature
of the medium makes Neurobasal medium the preferred growth medium for this new
in vitro model of cell proliferation and death. Therefore, the model we have
established will use cultures taken from the mid-septal hippocampus, matched for
position between control and treatment groups with cultures for the treatment group
coming from one hippocampus and the control cultures coming from the same septo-
temporal position in the second hippocampus in each animal. Cultures will be grown
in Neurobasal medium for at least two days before use and experiments will last no
longer than 5 days.

This model will be used in the next chapter to investigate the effect of the

chemoconvulsant kainate on proliferation and death.
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Chapter 5
Effect of kainate on cell
proliferation and death in the

granule cell layer of OHSCs
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S.1 Introduction

Chapters 3 and 4 identified a population of cultures, taken from the mid-septal part of
the hippocampus and grown in a Neurobasal based medium, which produced a stable
baseline for about 5 days from the second day in vifro. These cultures exhibited
consistent absolute numbers of granule cells, numbers of proliferating (BrdU positive)
cells and dying (activated caspase-3) cells. These stable control conditions permit the
investigation of the effects of seizure on proliferation and death in OHSCs, which is

the focus the work in this chapter.

5.1.1 Seizure induced neurogenesis

The induction of proliferation after seizures is well documented in vivo (Parent, et al.,
1997; Bengzon, et al., 1997; Gray and Sundstrom, 1998; Nakagawa, et al., 2000), and
to a lesser extent in vifro (Routbort, et al., 1999). However, the biological
mechanisms responsible are not clear, and indeed there is still considerable debate as
to the role of the neurogenesis. Is seizure-induced neurogenesis a repair phenomenon,
replacing for example cells that die during the seizure, or is the neurogenesis part of
the pathogenesis of epilepsy? Cell death in the granule cell layer after seizures is well
documented (Bengzon, et al., 1997; Fujikawa, et al., 2000), which adds credence to
the repair hypothesis for the role of increased neurogenesis. However, the increased
neurogenesis appears to only be transient and long term survival of a cohort of these
cells is no different to seizure free control animals at 28 days after seizure (Parent, et
al., 1997). The case for a pathogenic role is strengthened by the observation of new
granule cells in ectopic locations after seizures (Scharfman, et al., 2000). These cells
are also hyper-excitable and form aberrant connections back onto the dentate granule
cells, and thus could be part of the structural reorganisation that is thought to occur

during epileptogenesis.

5.1.2 Seizure models

There are three general types of method used to generate seizures in vivo. Some
groups use animals that are genetically prone to seizures which can then be induced
for example, with sound (audiogenic kindling; Romcy-Pereira and Garcia-Cairasco,
2003) or in EL mice through swinging by the tail or tossing in the air (Nagatomo, et

al., 2000). These methods of seizure induction are of little use in organotypic
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cultures, as they don’t have ears or tails. The other commonly used models are
electrical kindling, in which pulses of current are applied to induce seizures
(Mclntyre, et al., 2002), and administration of chemoconvulsants, where chemicals
such as kainate and pilocarpine are used to hyper-excite the tissue (Nadler, 1981;
Leite, et al., 2002). Induction of electrical kindling requires the use of electrodes and
would add further technical complications to the organotypic model, as the cultures
need to be maintained in a sterile environment. By contrast, a chemoconvulsant can
easily be added to the growth media at a known concentration and for a specific time.
Additionally, our lab already has considerable experience in using kainate (or kainic
acid), a chemoconvulsant found in a red algae (Digenea). It produces many changes
in the hippocampus which are observed in epileptic tissue, including tonic-clonic
electrical bursting (Vezzani, et al., 1994), mossy fiber sprouting (McAdory, et al.,
1998; Routbort, et al., 1999; Wenzel, et al., 2000), cell death (Covolan, et al., 2000)
and neurogenesis (Gray and Sundstrom, 1998). Kainate is widely used as a model for
generating seizures, in vivo and in vitro, and thus we considered it an acceptable
model to use on OHSCs. Previous studies in our laboratory have shown that 5uM
kainate added to the growth media produces seizure activity in OHSCs (Best, et al.,

1996) and a pattern of damage which mirrors that detected in vivo (Rimvall, et al.,

1987).

5.1.2 Improving the detection of cell death

The method for detecting cell death in the cultures thus far has been to use
immunostaining for activated caspase-3, which has been described as a marker of
cells fated to undergo apoptotic death (Nijhawan, et al., 2000). However it has
disadvantages, a recent publication has cast doubt on this (D'Sa-Eipper, et al., 2001)
showed that in caspase-3 knockout embryonic mice apoptotic cell death could be
induced. Other research has suggested that an apparently opposite effect can be
observed with activated caspase-3 inducing cell proliferation (Yan, et al., 2001),
which would, in some cell types, make it a marker of cell proliferation. In addition to
this potential problem with using activated caspase-3 to identify cell death, the results
obtained from the previous chapters suggested that the staining obtained is highly
variable between cultures within each group, making detection of changes between
groups difficult. Therefore, an additional method of detecting cell death is required,

as currently this is the model’s weakest area. As was previously discussed, the most
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commonly used technique for quantifying cell death is by the application of
propidium iodide (PI), however this method is inappropriate for these experiments
because when this method is used a value for the whole thickness of the culture is
obtained but in our model only a small part of each culture is analysed for cell counts
and cell proliferation. If all cultures were of the same thickness the PI method may be
appropriate but unfortunately, the thickness of the cultures varies with age. The other
potential markers of cell death already discussed are terminal dUTP nick end-
labelling (TUNEL) staining to mark apoptotic cells (Bengzon, et al., 1997), a method
also used in a similar study to this only involving neo-cortical organotypic cultures
(Haydar, et al., 1999), or counting condensed nuclei in the granule cell layer of
sections stained with DAPI or Hoescht 33258 (Rivera, et al., 1998). These markers of
cell death all have their own problems however, TUNEL stain identifies strand breaks
in DNA and BrdU incorporation leads to a weakening of the DNA, possibly leading
to fragmentation and thus false positive staining, which is why they were initially
rejected. However another technique has recently been described, staining with
Fluoro-Jade B (FJB), this is a fluorescent dye that exclusively stains degenerating
neurons in their entirety including cell bodies, dendrites, axons and terminals. The
authors report that it selectively stains dying neurons in many different in vivo models
of neuro-degeneration, including the use of kainate, where staining is observed in
parts of the hippocampal formation from about 4 hours after an intra-peritoneal

kainate injection (Schmued, et al., 1997; Hopkins, et al., 2000).

5.1.3 Questions to be addressed

The aim is to establish a model in OHSCs, where responses to brain injury,
specifically seizures, can be studied by quantification of changes in granule cell
number, cell proliferation, and cell death in the dentate gyrus. To achieve this kainate
is going to be used as a ‘seizure’ inducing chemoconvulsant. A pulse of BrdU
labelling is will be used as a proliferative marker, activated caspase-3 will be used to
identify apoptotic cells, FIB staining will be used to identify all dying cells and a
stereological technique, the fractionator, will estimate granule cell number in thionine
stained tissue. These techniques can then be used to assess changes induced in the

cultures relative to matched cultures that remain untreated. These findings this can
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then be compared to existing in vivo research to determine the value of the protocol as

an in vitro model of seizures.
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5.2 Methods

The experiments in this chapter cultures were prepared as described in chapter 2, with
the method of selecting cultures for each well and the treatment the cultures
subsequently received until fixation detailed in sections 5.2.1. The processing of the
cultures after fixation was carried out as described in sections 3.2.3 — 3.2.5, covering
cryo-sectioning, immunostaining and quantification of thionine, BrdU and activated
caspase-3. The final section obtained was processed for Fluoro-Jade B and is

described below in sections 5.2.2 and 5.2.3.

5.2.1 Quantification of cell proliferation and death in an in vitro model of seizure
Cultures from the mid-septal hippocampus were prepared as described in chapter 2,
and systematically placed into inserts containing NB medium. At this time the
cultures were divided into 2 paired groups with one hippocampus per animal
contributing cultures to each group, for 3 days the cultures in both groups were treated
identically. After 3 days in vitro, one of the groups was exposed to kainate (5uM) for
up to 24 hours when the medium was changed to normal Neurobasal medium. The
other group formed untreated time matched controls, which received medium changes
at the same times as the kainate treated group. BrdU (10uM) was added to all the
cultures 2 hours before fixing in 4% PFA. Kainate treated cultures and paired time

matched controls were fixed 2,24 and 72 hours after kainate was added (Fig 5.1).

Kainate added
Group 1 Kainate removed
Cultures plated fixed Group 2 fixed Group 3 fixed
-3 days day0 2hrs 24 hrs 48 hrs 72 hrs

Fig 5.1: Time course for SpM kainate experiment, cultures were grown for 3 days in vitro
before the experiment began. BrdU (10uM) was added to all cultures 2 hours before fixation in 4%
PFA. Cultures not treated with kainate and paired both for position and animal, fixed at the same
time as the kainate treated cultures form a control.
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5.2.2 Fluoro-Jade B/DAPI staining

Fluoro-Jade B staining was carried out according to the method described by
Schmued with minor modifications (Schmued, et al., 1997). Sections were first
immersed in a solution containing 1% sodium hydroxide in 80% alcohol for 2 minutes
followed by 2 minute rinses in 70% ethanol and distilled water. Slides were then
placed in a 0.06% potassium permanganate solution, on a shaker table, for 10
minutes. After a further 2 minute rinse in distilled water, slides were transferred to
the Fluoro-Jade B/DAPI staining solution. The Fluoro-Jade B/DAPI solution was
made immediately prior to use from stock solutions of Fluoro-Jade B and DAPI (both
10mg/100ml) in 0.1% acetic acid, in the proportions 4% Fluoro-Jade B, 2% DAPI and
92% acetic acid solution. Producing final dye concentrations of 0.0004% and
0.0002% for Fluoro-Jade B and DAPI respectively. After 30 minutes in the staining
solution the slides were washed in distilled water (3x 1 min) and dried in a slide dryer

(37°C, 2 hours). Once dry slides were placed in xylene for 1 minute and then cover-

slipped with DPX.

5.2.3 Fluoro-Jade B quantification

Images of DAPI and Fluoro-Jade B staining were captured on an inverted Leica DM-
IRBE epifluorescence microscope (Milton Keynes, U.K.) using a cooled Hamamatsu
digital camera at 5x magnification. The area of DAPI or Fluoro-Jade B fluorescence
was determined in Scion image (ver. 4.0.2; a PC based version of the program NIH
image, which was developed at the U.S. National Institutes of Health and is available

free on the Internet at http://rsb.info.nih.gov/nih-image/), using the density slice

function, applied to the granule cell layer as a region of interest (Fig 5.2). Cell death
was expressed as a percentage of the area in which Fluoro-Jade B fluorescence was
detected above threshold within the cell layer divided by the area in which DAPI

fluorescence was detected above a threshold in the same cell layer.

5.2.4 Statistical Analysis

For all quantification and analysis, slides were coded and counts carried out with the
examiner blind to the age and treatment of each section. Cultures not matched for
treatment across cell count, BrdU positive cell count and Fluoro-Jade B fluorescence
quantification experiments were excluded from the analysis. (Activated caspase-3

matched cultures form a smaller sub set of this group). Statistical analysis between
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different times in the same treatment group was by one way ANOVA with Bonferroni
post hoc test, and statistical analysis between different treatments at the same time
point was by two way ANOVA with Bonferroni post hoc test, with significance

expressed at the 0.05, 0.01 and 0.001 levels.

Fig 5.2: DAPI and Fluoro-Jade B quantification. The dentate gyrus is imaged at
10x for DAPI fluorescence (ex 330nm; em 450nm; A), and Fluoro-Jade B
fluorescence (ex 475nm; em 535nm; D). Using functions within the Scion image
software package, the granule cell layer is traced in the DAPI image, establishing a
region of interest (B), which is copied across to the Fluoro-Jade B image (E). Pixels
above a threshold value, within the region of interest are quantified (C+F).
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5.3 RESULTS

All the cultures used were grown in Neurobasal medium, so unlike in the previous

two chapters where comparisons between groups considered differences in types of

growth medium, in this experiment the comparison is between kainate treated

(seizure) medium and untreated (control) medium.

5.3.1 Area, cell count, and density in control cultures

Comparisons between the different times revealed no significant changes in the

dentate granule cell layer area (Fig 5.3A) or cell density (Fig 5.3B) during the

experiment, in control cultures. However, granule cell count altered significantly,

with more cells present after 24 hours than in cultures fixed at 2 hours (24 hours, 2044

+ 108 cells, n =9 vs. 2 hours, 1576 + 190 cells, n =8, P < 0.05), cultures fixed at 72

hours were not significantly different from those fixed at 2 or 24 (72 hours, 1770 +
105 cells, n = 5; Fig. 5.3B).
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Fig 5.3 Control ‘Untreated’ cultures,
measurements are taken from 10pum thick
sections, cultures were grown in Neurobasal
medium. Showing granule cell layer area (A),
estimated granule cell count obtained using the
fractionator method (B) and density of the cells in
the granule cell layer (C). Values are expressed
as mean * SEM, from 8 (2 hours), 9 (24 hours) or
5 (72 hours) cultures. Asterisks denote significant
differences determined by One-way ANOVA
with Bonferroni’s post hoc test, (* p<0.05).
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5.3.2 Cell proliferation in control cultures

BrdU labelling in control cultures declined significantly over time with cell counts at
72 hours (25.4 = 4.41 cells, n = 5) lower than at both 2 hours (48.25 + 4.85 cells, n =
8; P <0.001) and 24 hours (42.11 +4.23 cells, »=9; P <0.01), and although BrdU
cell counts at 2 hours and 24 hours are not significantly different they do fit with a
linear trend for a decline in BrdU positive cells over time. Proportions of BrdU
labelled cells at both 24 hours (2.08 + 0.22 % of cells, » =9) and 72 hours (1.42 +
0.20 % of cells, » = 5) are significantly lower than at 2 hours (3.25 £ 0.37 % of cells,
n=2_8;p<0.01 vs. 24 hours and p < 0.001 vs. 72 hours) in control cultures, further
supporting the evidence of the raw data for a steady decline in BrdU incorporation in

the control cultures.
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Fig 5.4: Profile of BrdU incorporation in control ‘untreated’ cultures, measurements are from
10pm thick sections. Showing absolute numbers of BrdU positive cells (A), and the proportion of
granule cells that incorporated BrdU in the 2 hours prior to fixation (B). Values are expressed as mean
+ SEM, from 8 (2 hours), 9 (24 hours) or 5 (72 hours) cultures. Asterisks denote significant differences
determined by one-way ANOVA with bonferroni’s post hoc test, (* p<0.05, **p<0.01, ***p<0.001).

5.3.3 Cell death in control cultures

In control cultures the levels of Fluoro-Jade B detected did not vary significantly over
time (Fig 5.5C), and neither did the total number of activated caspse-3 positive cells
(Fig5.5A) or the proportion cells in which caspase-3 activation was detected

(Fig5.5B).
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5.3.4 Area, cell count, and density in cultures after kainate

Comparisons between the different times revealed no significant differences in the
dentate granule cell layer area (Fig 5.6A) or cell count (Fig 5.6B) in cultures that had
been exposed to SuM kainate. The density of these cultures however decreased over
time (P < 0.01) and is significantly lower at 72 hours than at 2 hours (72 hours, 11896
+ 935 cells/mm?, n =5 vs. 2 hours, 14819 + 1099 cells/mm>, » = 8, P < 0.01; Fig
5.6C). This decreased density is probably mainly due to a trend for increased area

over time, however this did not reach statistical significance (p=0.0582).
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Fig 5.6 Cultures treated with SuM Kkainate,
measurements are taken from 10um thick
sections, cultures were grown in Neurobasal
medium. Showing granule cell layer area (A),
estimated granule cell count obtained using the
fractionator method (B) and density of the
cells in the granule cell layer (C). Values are
expressed as mean = SEM, from 8 (2 hours), 9
(24 hours) or 5 (72 hours) cultures. Asterisks
denote significant differences determined by
One-way ANOVA with Bonferroni’s post hoc
test, (* p<0.05, **p<0.01, ***p<0.001).

5.3.5 Cell proliferation in cultures after kainate

After kainate treatment BrdU cell counts decrease significantly between 2 hours

(39.25 £ 3.46 cells, n = 8) and 24 hours (16.67 + 2.84 cells, » =9, P < 0.001) and then

increase significantly between 24 hours (16.67 + 2.84 cells, » = 9) and 72 hours (37 +

4.68 cells, n =5, P <0.001), finishing at a similar level to initial cell counts (Fig

5.7A). The same biphasic response was also observed when the proportion of cells

incorporating BrdU is considered, a significantly lower proportion at 24 hours (1.60 +
0.13 % of cells, » = 9) than at 2 hours (2.69 + 0.36 % of cells, » =8, P < 0.01) and 72
hours (2.42 £ 0.58 % of cells, n =5, P < 0.01; Fig 5.7B).
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Fig 5.7: Profile of BrdU incorporation in cultures treated with SuM kainate, measurements are
from 10pum thick sections. Showing absohite numbers of BrdU positive cells (A), and the proportion of
granule cells that incorporated BrdU in the 2 hours prior to fixation (B). Values are expressed as mean
+ SEM, from 8 (2 hours), 9 (24 hours) or 5 (72 hours) cultures. 4sterisks denote significant differences
determined by one-way ANOVA with bonferroni’s post hoc test, (* p<0.05, **p<0.01, **%p<0.001).

5.3.6 Cell death in cultures after kainate

Fluoro-Jade B staining area was a significantly higher fraction of the dentate gyrus at
2 hours (15.3 £3.0 %, n= 8) than at 24 hours (4.9 + 1.1 %, n=9, P <0.001) and 72
hours (3.8 £ 1.5 %, n =15, P <0.001) in cultures exposed to 5uM kainate (Fig 5.8C).
Significantly more activated caspase-3 positive cells were observed in kainate treated
cultures at 2 hours (34.0 + 3.19 cells, » = 4) than at 24 hours (24.43 = 2.14 cells, n=
7, P <0.001) and 72 hours (22 + 2.0 cells, » =2, P < 0.001; Fig 5.8A). Additionally,
the proportion of cells expressing activated caspase-3 labelled cells at both 24 hours
(1.60 = 0.13 % of cells, n = 7) and 72 hours (1.55 = 0.76 % of cells, n = 2) arc
significantly lower than at 2 hours (2.63 £ 0.20 % of cells, » = 4, both P < 0.01) in
kainate treated cultures (Fig 5.8B).
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Fig 5.8: Profiles of cell death in cultures treated with
SpuM kainate, measurements are from 10wm thick sections.
Showing absolute numbers of activated caspase-3 positive
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5.3.7 Comparison of area, cell count, and density between kainate treated and

control cultures

Sections from kainate treated cultures did not differ significantly from position and
time matched controls in dentate granule cell layer area, at 2 hours (kainate, 0.111 =
0.015 mm® vs. control, 0.105 =+ 0.010 mm?, both # = 8), 24 hours (kainate, 0.115 +
0.008 mm? vs. control, 0.130 + 0.006 mm?, both n = 9) or 72 hours after the start of
the experiment (kainate, 0.146 + 0.019 mm? vs. control, 0.121 =+ 0.015 mm?, both n =
5; Fig. 5.9A). The estimated number of cells in the granule cell layer of sectioned
cultures, was also not significantly different from position and time matched controls
at 2 hours (kainate, 1624 =+ 266 cells vs. control, 1576 & 190 cells, n = 8), 24 hours
(kainate, 1618 =+ 115 cells vs. control, 2044 + 108 cells, n =9), or 72 hours (kainate,
1744 £ 269 cells vs. control, 1770 + 105 cells, n = 5; Fig. 5.9B). However, over the
whole experiment the treatment applied to the cultures resulted in a significant change
in density (p<0.05; two-way ANOVA) but this trend for decreased cell density after

kainate treatment was not significant at any of the individual time points examined; 2
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hours (kainate, 14819 = 1099 cells/mm? vs. control, 15010 £ 1139 cells/mm?, n = 8),
24 hours (kainate, 14057 + 357 cells/mm? vs. control, 15801 + 774 cells/mm?, n =9),
or 72 hours (kainate, 11896 + 935 cells/mm? vs. control, 15598 +2190 ceﬂs/mmz, n=
5; Fig. 5.9C).
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Fig 5.9 Comparion of cultures treated with 5pM
©) 00004 kainate @ and untreated control cultures 1,
- which are matched for both time and animal,
E measurements are taken from 10um thick sections,
= cultures were grown in Neurobasal medium.
3 100004 Showing granule cell layer area (A), estimated
2 granule cell count obtained using the fractionator
g method (B) and density of the cells in the granule
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5.3.8 Comparison of BrdU incorporation between kainate treated and control

cultures

The number of BrdU positive cells observed was significantly decreased by treatment
with S5puM kainate at 24 hours after application (kainate, 16.67 =+ 2.84 cells vs. control,
42.11 £ 4.23 cells, =9, P <0.01) but were not significantly different at 2 hours
(kainate, 39.25 + 3.46 cells vs. control, 48.25 & 4.85 cells, » = 8) or at 72 hours
(kainate, 37.0 + 4.68 cells vs. control, 25.4 +4.41 cells, » = 5; Table 1). Kainate
treatment caused a similar trend for a decrease in the proportion of cells labelled with
BrdU 24 hours after application, however this did not reach statistical significance
(kainate, 1.60 = 0.13 % of cells vs. control, 2.08 + 0.22 % of cells, n =9). As with the
raw BrdU positive cell counts, the proportions of BrdU positive cells in control and

kainate cultures were not significantly different at 2 hours (kainate, 2.69 =+ 0.36 % of
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cells vs. control, 3.25 = 0.37 % of cells, » = 8) or at 72 hours (kainate, 2.42 = 0.58 %
of cells vs. control, 1.42 + 0.20 % of cells, n = 5; Fig. 2A)
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Fig 5.10: Profile of BrdU incorporation in cultures treated with SuM kainate lll and untreated
control cultures [] , which are time and animal matched, measurements are from 10um thick
sections. Showing absolute numbers of BrdU positive cells (A), and the proportion of granule cells that
incorporated BrdU in the 2 hours prior to fixation (B). Values are expressed as mean + SEM, from 8 (2
hours), 9 (24 hours) or 5 (72 hours) cultures. Asterisks denote significant differences between
treatments determined by two-way ANOVA with bonferroni’s post hoc test, (* p<0.05, **p<0.01,
**%p<0.001).

5.3.9 Comparison of cell death between kainate treated and control cultures

Kainate induced a significant increase in the amount of Fluoro-Jade B staining
detected 2 hours after kainate addition (kainate, 15.3 + 3.0 %, vs. control, 4.0 £ 1.9 %,
n =28, P <0.05) but not at 24 hours (kainate, 4.9 + 1.1 %, vs. control, 5.4 + 1.7 %, n =
9) or 72 hours (kainate, 3.8 + 1.5 %, vs. control, 6.4 + 2.6 %, n = 5) compared with
matched controls, from this a transient increase in some types of cell death occur

shortly after kainate application.

Sections from kainate treated cultures did not differ significantly from position and
time matched controls in the number of cells expressing activated caspase-3, at 2
hours (kainate, 34.0 + 3.19 cells vs. control, 26.25 + 5.36 cells, # = 4), 24 hours
(kainate, 24.43 + 2.14 cells vs. control, 29.57 + 5.20 cells, »n = 7) or 72 hours after the
start of the experiment (kainate, 22.0 + 2.0 cells vs. control, 24.0 + 2.0 cells, n = 2).
Kainate treatment did not significantly alter the proportion of cells labelled with
activated caspase-3 in the dentate gyrus at 2 hours (kainate, 2.63 + 0.20 % of cells vs.
control, 2.31 + 0.95 % of cells, n = 4) 24 hours (kainate, 1.60 + 0.13 % of cells vs.
control, 1.45 + 0.29 % of cells, n = 7), or at 72 hours (kainate, 1.55 + 0.76 % of cells
vs. control, 1.30 + 0.03 % of cells, » = 2; Fig. 3A) after administration compared with

position and time matched controls.
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Fig 5.11: Profiles of cell death in cultures treated with

S5pM Kkainate B8 and untreated control cultures 1,
which are time and animal matched, measurements are
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(B) and total cell death identified by fluorescence intensity
mapping of Fluoro-Jade B over DAPI (C). Values are
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hours) or 4 (72 hours) cultures, and in C from 4 (2 hours), 7
(24 hours) or 2 (72 hours) cultures. Asterisks denote
significant differences between treatments determined by
two-way ANOVA with bonferroni’s post hoc test, (*
p<0.05, **p<0.01, ***p<0.001).
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Fig 5.12: DAPI and Fluro-Jade B (FJB) staining in OHSC’s. Showing a control
culture (A-C) and a culture 2 hours after application of SuM kainate (D-F). The
granule cell layer is identified with DAPI staining (A+D), cell death is identified with
FJB staining (B+E), and composite images (C+F) identify the cell death as being
principally located around the subgranular zone in response to kainate treatment.
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5.4 Discussion

The experiments described above are performed on cultures that have been
maintained in vitro, under identical control conditions for 3 days before use to allow
the tissue to recover from the trauma involved in preparation. The time points
discussed hereafter are therefore in addition to these three days in culture. This is an
important consideration as in immature dentates considerable changes occur in a short

space of time (chapter 4).

5.4.1 Basal responses of cultures grown in Neurobasal medium

A significant increase in cell counts between 2 hours and 24 hours in untreated control
cultures, with no accompanying change in cell density is likely to be due to the
settling or restructuring process (chapter 4.4.2), especially as the increase in cell
counts is accompanied by a trend for larger GCL area, although this is not statistically
significant.

It is possible that part of the rise in the number of granule cells detected is due to the
proliferation, however application of equation 4 (chapter 4.1.2) to the number of
BrdU labelled cells detected predicts a maximal contribution to cell count from
proliferation of about 265 cells, or less than 60% of the observed increase. This
expansive estimate of the possible increase in granule cell numbers arising from the
observed proliferation does not consider depletion of cell numbers due to cell death.
This coupled with the fact that proliferation continues to decline in control cultures
throughout the experiment, suggest the increase is predominantly due to restructuring.
Although this is unfortunate, as the same restructuring will affect the results obtained
after exposure to kainate, making temporal comparisons difficult, it does not affect
comparisons between treatments at each time point. Importantly, cell death is
unchanged in the control cultures over the duration of the experiment, the constant
level of cell death was apparent in both the ‘necrotic’ quantification by FJB staining,
and the ‘apoptotic’ quantification of activated caspase-3 positive cells. This
demonstrates that death is not part of the restructuring processes discussed above, and
changes in cell death after exposure to kainate can confidently be interpreted as
effects due to the kainate, free from temporal variations. Cell proliferation decreased
in the control cultures over time. This effect is also seen in vivo, where the level of

proliferation is highest very soon after birth, during the dentate gyrus’s formation
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(Altman and Bayer, 1990). There then follows a steady decline in proliferation,
which continues out into adulthood (Lewis, 1978; Cameron and McKay, 2001). The
trend for this decrease is present, but was not detected, in the long time course
experiment in chapter 4. This is probably due to the large BrdU cell counts observed
at very early times which result in high experimental variability, and the low number
of animals considered at each point, combining to obscure the trend in that
experiment. The larger number of cultures and the more temporally stable data
obtained in this experiment permit statistical confirmation of an agreement between

our in vitro model and the in vivo record.

5.4.2 Effect of kainate on cell proliferation

There are two clear phases to the proliferation in our culture model in the 72 hours
after kainate administration. A dramatic and significant fall in the number of cells
incorporating BrdU, and by inference proliferating cell numbers, between 2 hours and
24 hours was observed. This has not been reported for adult animals, however, a
similar but more prolonged decrease in cell proliferation in immature rats has been
described (McCabe, et al., 2001). McCabe et al. found decreased proliferation for 4
days after a series of 25 seizures induced in PO-P4 rats, while the same seizure
induction in adult (P60-P69) rats resulted in significantly increased proliferation.
Why is this decrease in cell proliferation occurring?

One possibility is that the precursor cell population is selectively vulnerable to the
kainate and are killed. It is possible to selectively eliminate some of the dividing cells
in the subventricular zone, significantly reducing proliferation, which then recovers
over the next 10 days (Doetsch, et al., 1999). We also observed a recovery phase in
our proliferation between 24 hours and 72 hours and an early phase of cell death
(present at 2 hours), which combined with the observations of Doetsch el al, appear to
support a hypothesis of progenitor cell death and then recovery. However, while the
data appear to fit with a hypothesis that progenitor cells are dying, the timing of the
recovery is considerably faster in our cultures. Additionally, an experiment severely
ablating the number of proliferating cells in the GCL, using irradiation, found that
recover of BrdU labelling to control levels had not occurred by 120 days after
irradiation (Tada, et al., 2000), suggesting a very slower recovery of proliferating cells
in the dentate than we observed. Thus, an alternative hypothesis could involve a

temporary inactivation of the progenitor cells by kainate, rather than the death of these
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cells, with a resumption of division once the kainate’s activity has subsided, seen at
72 hours in this experiment. Since we used tissue from neonatal animals, which may
have a greater proliferative capacity than the young adult animals Tada used, and the
kainate injury did not produce as severe an ablation of cell proliferation as the

irradiation injury, either of the above mechanisms are possible.

5.4.3 Kainate and cell death

We observed a rapid phase of cell death after kainate administration, with significant
death present at 2 hours and both FIB and activated caspase-3 labelling falling to
control levels by 24 hours. Historically, there has been considerable debate as to
whether cell death occurs after seizures in immature animals, however many models
are now accepted as producing cell death in vivo (reviewed in (Wasterlain, et al.,
2002)), and this death can occur in the first 24 hours (Sankar, et al., 1998). In
experiments using kainate as the chemoconvulsant it has been noted that the cell death
observed in immature animals is less than in mature animals, and this could be due to
a desensitisation of immature animals to repeated kainate injections, which is
mediated through a down regulation of kainate receptor expression (Tandon, et al.,
2002). In our experiments the kainate is applied for 24 hours, after which time the
cultures could be desensitised, and thus not prone to cell death, electrophysiological
recordings could assess the presence, and intensity of any evoked seizure activity.
While, the very early phase of cell death we observed indicates that some cells are
dying, currently we can only speculate as to their phenotype. These dying cells are
principally located on the hilar side of the GCL, where the SGZ is located, rather than
the molecular side (Fig 5.12). As was discussed above, it is possible that during the
seizure some of the progenitor cells are dying, and with the desensitisation the
remaining population of precursor cells may become activated and begin dividing to
replace the cell loss, potentially explaining the increases in cell proliferation observed

after seizures in vivo (Gray and Sundstrom, 1998).
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5.4.4 Kainate and dispersion

Dispersion, or spreading out, of the dentate granule cell layer has been reported as a
consequence of some types of temporal lobe epilepsy (Houser, 1990; Lurton, et al.,
1998). Dispersion correlates well with mossy fibre sprouting and gliosis, and is
dependent on granule cell death (Lurton, et al., 1997). A similar phenomenon has
also been observed in an in vivo murine model using kainate to induce seizures
(Bouilleret, et al., 1999)(Gray, unpublished observations). We found a trend for
decreased density over time in kainate treated cultures whereas density in control
cultures did not change, the largest apparent difference is at 72 hours, and at this time
the area of these cultures appears to be larger (although neither of these observations
reach statistical significance). Since the number of granule cells present in the kainate
cultures does not change over time this indicates that the apparent change in density is
not due to cell death within the GCL, but is due to dispersion. The reasons for, and
the mechanisms of granule cell dispersion are poorly understood. Lurton et al.
speculate that the dispersion observed in adults is a reversion to a developmental
migration program, perhaps mediated by Brain derived neurotrophic factor (BDNF),
as this is over-expressed with the same periodicity as the dispersal effects of kainate
(Lurton, et al., 1997). The observations of Elliott et al. support this hypothesis, they
have demonstrated that many of the genes involved in cell migration during
development are reactivated after pilocarpine induced seizures (Elliott, et al., 2003).
Our ability to detect dispersion in this culture model could prove useful in identifying

the mechanisms underlying the phenomenon.

5.4.5 Potential modifications to cell labels visualised in the model

The in vitro model for analysing cell proliferation and cell death after seizures
demonstrated in this chapter although considerably evolved from the initial model
could still be improved by modification. As yet the initial goal of identifying changes
in neurogenesis has not been achieved, the feasibility of quantifying double-labelled
tissue has not been explored in these experiments. The recent identification of
additional markers for immature neurons and stem cells such as doublecortin (Nacher,
et al., 2001) and Lewis-X (CD15) (Capela and Temple, 2002), suggest that in one
section BrdU and doublecortin labelling could identify neurogenesis and in the

adjacent section BrdU and Lewis-X labelling could be used to mark active stem cells.
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The use of Fluoro-Jade B to identify cell death is a successful modification of the
protocol described in the previous chapter, however the information gained from the
tissue stained with FJB could be greatly increased. The FJB stain can be applied after
a DAB visualized immunostain, and thus could be applied to the section stained for
activated caspase-3, combining the measure for total cell death with the measure of
apoptotic death. Additionally while it was initially thought that caspase-3 activation
was a terminal step for a cell, and guaranteed its apoptotic fate, recent publications
have cast doubt on this (D'Sa-Eipper, et al., 2001). Furthermore, other research has
suggested that an apparently opposite effect can be observed with activated caspase-3
inducing cell proliferation (Yan, et al., 2001). A potential replacement apoptotic
marker is cleaved-PARP (poly ADP-ribose polymerase). PARP, a protein that is
essential for cell viability and is involved in DNA repair, is cleaved by activated
caspase-3 and is thus a step further down the apoptotic pathway (Wang, 2000).
Currently PARP cleavage is considered fatal to the cell however it is possible that as
with activated caspase-3 an exception to this rule could be found but until that time
cleaved PARP might be a better marker to use in conjunction with the FJB staining.
Unfortunately, studies have also cast doubt on both caspase-3 and PARP as purely

apoptotic markers (Wang, 2000).

5.4.6 Possible improvements to stereological quantification in the model

The accuracy and efficiency of the stereological quantification of granule cell number
could also be improved. Firstly, the accuracy of the estimate is limited by the size of
the objects (granule cells) being counted. Ideally cell counting would use as small an
object as possible for counting, nucleoli (with a diameter of approximately 2um) are
recommended, as a change in the size of the object being counted can radically alter
the number of objects that can be counted in each counting frame (Guillery and
Herrup, 1997). Unfortunately dentate granule cells contain multiple nucleoli in
random positions within the cell and so cannot be counted, as if they were cells could
be counted multiple times if more than one nucleolus fell in the counting frames and
worse its not possible to include and exclude a cell which has a nucleolus inside the
counting frame and one outside. This meant that whole cells had to be counted, a
dentate granule cell is approximately 10um in diameter and could easily swell to
12pm, under different experimental conditions, which would introduce an error of up

to 20%, it is for this reason that comparisons made in these experiments are between
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10pm sections and no attempt to scale the numbers up to whole animals has been
made. One method to assess this potential problem is to use an additional
stereological probe the nucleator when performing each fractionator probe. The
nucleator estimates the cross-sectional area of measured cells and so can be used to
detect changes in cell diameter, adding information to the cell density calculation.
Secondly, the counting frame used for sampling could be smaller; this would result in
fewer cells counted and a reduction in sampling time. This change would not greatly
alter the accuracy of the estimate, as currently the large counting frame tends to
produce highly variable values each time it is thrown based on whether it falls entirely
in the centre of the granule cell layer or on the edge. Unfortunately the shape of the
granule cell layer means its ratio of perimeter to area is quite high producing more
counting frames partly out of the ROI than would be obtained if a more regularly
shaped structure was being examined. A smaller counting frame would reduce the
range and thus the standard deviation of cells observed per counting frame, the major
contributor to the Schaeffer coefficient of error. A third improvement would be to
take thicker sections (for example 20um thick), and perform the full optical
fractionator on the middle part of the sections. The final improvement associated with
the stereology relates to the identification of cells. Counting whole cells using the
thionine stain is difficult because the edges of cells are not always easily defined (Fig
2.6) and some cells appear to be rounder than others, this makes including or
excluding these cells from counting frames subjective. In order to reduce this
subjectivity counting the nucleus of cells could be used, the nucleus of a granule cell
is large (typically approximately 8pum) and roughly spherical, but importantly the
edges when visualized using DAPI stain are sharp. Two further advantages to
switching from thionine to DAPI stains for granule cell counting are: i) pyknotic cells
can be counted using DAPT with this being carried out simultaneously to the
stereological estimate of granule cell number. And ii) the FJB method already
involves staining a section with DAPI, and this frees the section stained with thionine

to receive a different stain potentially increasing the information obtained from each

culture.
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5.4.7 The future of neurogenesis and cell death quantification in the OHSC

model

These modifications could potentially produce significant improvements in the model
described here, providing an excellent model for studying neurogenesis and cell death
in vitro not only after seizure, but also in ischaemia, traumatic brain injury, and

potentially in assessing the efficacy of treatments for neuro-degenerative diseases

such as Alzheimer’s.
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Chapter 6
In vivo ‘clonal’ proliferation after

seizures
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6.1 Introduction

The work described in chapters 2-5 focuses on the development of a novel in vitro
model for investigating the effects of seizures on neurogenesis in immature animals.
However, this is not the only possible approach to the investigation of seizure-induced
neurogenesis. There are already several models of seizures described in vivo, in
which neurogenesis can be studied. The principle seizure models currently in use
have already been described (Chapter 5.1.2), the model that our lab uses relies on the
chemo-convulsant kainate (Sundstrom, Mitchell et al., 1993; Gray and Sundstrom,
1998; Gray, May et al., 2002). In the culture experiments a known concentration of
kainate is easily added to the growth media, however, methods of application are
more complicated in vivo. Some studies use an intraperitoneal injection to induce
seizures; effects induced with this technique produce bilateral changes. Other studies
use unilateral intracerebroventicular (ICV) or intrahippocampal (IH) to generate
seizures activity and an excitotoxic lesion in one hemisphere, while the contralateral
hemisphere suffers seizure activity without the excitotoxic pathology (Nadler, Shelton

et al., 1980).

6.1.1 In vivo identification of changes in cell proliferation after seizures

Many experiments examining cell proliferation after seizures use point/pulse labelling
to identify proliferating cells (Parent, Yu et al., 1997; Nakagawa, Aimi et al., 2000).
These protocols are all similar to the method used in chapters 3-5 to identify a fraction
of cells dividing at the time of sacrifice. A seizure or series of seizures is induced,
and then a ‘pulse’ of a proliferation tag such as BrdU or *H-thymidine is
administered. The animal is sacrificed shortly after the proliferation tag has been
introduced; the number of labelled cells detected represents a proportion of the total
proliferating population at the time of sacrifice. Using this method different groups
have established that proliferation increases between day 1 and day 3, remains
elevated until about day 7 and then falls to normal or slightly below normal levels
(Parent, Yu et al., 1997, Nakagawa, Aimi et al., 2000). The point labelling protocol
cannot identify the populations of cells responsible for these increases, and thus
considerable speculation as to the mechanisms involved has arisen. The two principle
theories proposed to describe these changes are, increased rates of division of existing

active progenitor cells through decreased cell cycle times, and activation of a second
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quiescent or slowly dividing population of cells. Recent experiments in our
laboratory indicate that a combination of these two theories is the most probable

scenario (Gray, May et al., 2002).

6.1.2 Current evidence for the proposed mechanisms of increased cell
proliferation observed after seizure.

Seaberg and van Der Kooy used primary dissociate culture methods to identify types
of dividing cells present in different parts of the rodent brain in both in immature and
mature animals. They concluded that in adult animals only restricted progenitor cells
and not stem cells reside in the dentate gyrus and suggested that the previously
reported decrease in proliferation with aging (Kuhn, Dickinson-Anson et al., 1996)
was due to a steady decline in the number of restricted progenitors that persist in aged
animals (Seaberg and van Der, 2002). A more rapid division of the remaining
progenitor cells in this model could produce an increase in the number of proliferating
cells detected after seizure.

The evidence in favour of a quiescent or slowly dividing is reviewed in considerable
detail by Seri et al. who conclude that neurogenesis in the SGZ is dependent on two
populations of dividing cells, a stem cell population probably derived from astrocytes,
which generate a second restricted progenitor cell population (Seri and Alvarez-
Buylla, 2002). The fact that an actively proliferating astrocytic population was not
obtained by Seaberg and van Der Kooy in primary culture could be due to the specific
culture conditions used. A recent study by Gray et al. implies both mechanisms are
involved (Gray, May et al., 2002). Immature (1 month) and adult (3 month) rats
produce the same number of BrdU labelled cells in response to ICV kainate induced
seizures despite a 30% decrease in proliferation in the ICV saline injected control
animals between the two age groups. The significant increase at one month is
unlikely to be due to significantly decreased cell cycle time as at this age the cell
cycle is close to the minimum cycle time of P1-P12 (Lewis, 1978), suggesting
activation of quiescent cells. By 3 months the cell cycle is longer (Cameron and
McKay, 2001) and hence the basal proliferation is lower, however the proliferation
after seizure is the same. The similarity between BrdU cell counts in the two ages
could be due to two profiles of proliferation that are coincidently the same on day 7
after seizure when Gray et al. examined them, and differ at other (not examined)

times. However equally it could arise from a combination of the same activation of
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quiescent cells and a temporary decrease in cell cycle time to that of the immature

animals.

6.1.3 Markers of proliferation

Although BrdU is currently the preferred marker for identifying proliferating cells,
especially if the phenotype of newly born cells is also being identified (Eriksson,
Perfilieva et al., 1998; Aberg, Aberg et al., 2000; Arvidsson, Kokaia et al., 2001;
Kempermann, Gast et al., 2003), other markers exist. In early studies *H-thymidine
was commonly used as a tag of dividing cells (Altman and Das, 1965; Bayer, 1980;
Cameron, McEwen et al., 1995), however the technical difficulties associated
detection limit its value as a marker (discussed in chapter 2.1.2), and specific proteins
are expressed during the cell cycle. The principle reason for BrdU’s utility in
identifying cell phenotype is its persistence in the post-mitotic cell, permitting
multiple labelling with phenotypic markers at longer survival times after
administration (Kempermann, Gast et al., 2003). While the cell cycle proteins are
tightly regulated and only expressed at certain points during the cell cycle and thus
make poor markers for identifying cell phenotype in survival experiments they are
useful markers as point proliferation markers. Many proteins that are linked with
aspects of the cell cycle and there is considerable debate as to the expression profiles
of most of these proteins. Two of the most commonly described cell cycle markers
are proliferating cell nuclear antigen (PCNA), and Ki-67. These are both expressed
throughout the entire cell cycle. Ki-67 is used diagnostically to identify the
proliferative activity of tumours, and is not reported as labelling cells undergoing
repair (Scholzen and Gerdes, 2000). PCNA, like BrdU, is the subject of some debate
as to whether it is expressed in cells undergoing DNA repair, some studies infer a
role, (Scholzen and Gerdes, 2000; Uberti, Piccioni et al., 2001). Palmer et al. used a
dose of irradiation to induce DNA damage in density-arrested normal diploid
fibroblasts, using fibroblasts with log phase growth as positive controls. Although
BrdU was available for incorporation throughout the period of DNA repair they
observed BrdU positive cells only in the dividing population, indicating that if BrdU
is incorporated during DNA repair it is at a density that is below levels requires for
detection (Palmer, Willhoite et al., 2000). Gould et al. used two different types of
lesion to induce cell death, and found similar changes in BrdU, 3 H-thymidine and

PCNA labelling, suggesting PCNA detection is also not significantly increased in
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cells undergoing DNA repair (Gould and Tanapat, 1997). However, the possibility of
PCNA detection in non-proliferative cells should still be taken into consideration
when using PCNA labelling. Other markers such as the cyclin dependent kinase
p34°“? are expressed only at specific points in the cell cycle. p34°% is required for
progression from G2 to M phase of the cell cycle and thus its expression is highest at
this point, however it is thought to be present throughout the cell cycle except in the
M-phase (Brott, Alvey et al., 1993; Uberti, Piccioni et al., 2001), and the exact
duration that it is detectable for is uncertain, this limits the value of these cell cycle
markers, since determining the fraction of the total dividing cell population is

difficult.

6.1.4 Combining clonal and point proliferation measurements

Several proteins invelved in cell cycle regulation have been favourably compared to
BrdU labelling as a point proliferation marker, and studies have used evaluation of
more than one marker of proliferation to corroborate their findings (Gould and
Tanapat, 1997; Uberti, Piccioni et al., 2001; Jin, Minami et al., 2001; Kee, Sivalingam
et al., 2002). However, a thorough study of the literature produced only one
published example of the use of a cell cycle protein as a point proliferation marker
and BrdU as a clonal marker (Dayer, Ford et al., 2003). This approach can potentially
significantly increase the information gained about the dividing population under
normal conditions and after seizure. BrdU labelling alone could identify the total
number of clonal cells produced between administration and sacrifice, and PCNA
labelling alone could identify the total number of cells in the cell cycle at the time of
sacrifice. However, double labelling with both BrdU and PCNA should identify 3
different populations of cells, those positive for BrdU only, those positive for PCNA
and BrdU and those positive for PCNA only. BrdU only cells are post-mitotic cells
derived from a cell that was dividing when the BrdU was added and which have
exited the cell cycle between BrdU addition and sacrifice. PCNA and BrdU positive
cells are actively dividing clonal cells, derived from cells that were dividing at the
time of BrdU addition and which are dividing at sacrifice. Finally, cells that only
express PCNA are cells that are dividing at sacrifice but are not derived from a cell in

the S-phase when BrdU was added.
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6.1.5 Problems associated with BrdU labelling ir vivo

Following the fate of a group of dividing cells using BrdU is fine under control
conditions, however introducing a seizure into the model complicates things. One of
the problems associated with BrdU labelling in adult animals is the presence of the
blood brain barrier, the permeability of which may be altered by the seizure activity.
If the BrdU is available for incorporation at the time of seizure, changes in the blood
brain barrier could alter the incorporation of BrdU into dividing cells. This means
that the cells in S-phase at the time of the seizure cannot all be labelled with a pulse of
BrdU, as this could introduce a difference between BrdU incorporation in control and
treatment groups. However, if the pulse is applied approximately 1 cell cycle before
the seizure then many of the cells dividing at the time of the seizure will be BrdU
labelled, and unincorporated BrdU will have been cleared from the body eliminating
the possibility of confounding effects from blood brain barrier disruption. A second
problem associated with use of a pulse of BrdU as a label is dilution. Since BrdU is
not endogenous to the cell cycle, but applied, when a pulse of BrdU is incorporated
into dividing cells, only a limited quantity is present in each cell. Every cell division
therefore produces a dilution in the BrdU density within the dividing cells, after a
number of divisions the density of BrdU labelling will have dropped below the
threshold required for detection and cells that contain BrdU are missed in analysis.
Result obtained in two studies indicate that BrdU dilution probably occurs after about
4 cell cycles (Hayes and Nowakowski, 2002; Dayer, Ford et al., 2003). These two
problems have a cumulative effect, in order to overcome the potential confounding
effects of blood brain barrier disruption by seizures, earlier BrdU application can be
used, however this decreases the number of cell cycles that can be followed after
seizures without having to consider BrdU dilution. If the BrdU is applied 24 hours
prior to seizure, dilution, based on the studies of Hayes, and Dayer, is predicted to be

a factor after about 3 cell cycles after kainate administration.

6.1.6 Possible role for cell death in promoting neurogenesis in vivo

The experiments described in the previous chapter demonstrated a significant increase
in cell death shortly after kainate application, which preceded a biphasic proliferative

response. Cell death has also been detected in post injury responses in several in vivo
models, including excitotoxic and mechanical lesions of the granule cell layer (Gould

and Tanapat, 1997), and seizures (Sloviter, Dean et al., 1996; Bengzon, Kokaia et al.,
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1997). However, there is considerable debate as to a possible causative role in the
neurogenesis observed post injury, with electroconvusive therapy and other seizure
models reporting no dentate granule cell death (Nakagawa, Aimi et al., 2000; Madsen,
Treschow et al., 2000), and another group reporting that inhibition of the death
produces increased neurogenesis (Ekdahl, Mohapel et al., 2001). Therefore, the

examination of granule cell viability after seizures is also of considerable interest.

6.1.7 Questions to be addressed

The principle aim of these experiments is to examine the general profile of cell
proliferation through time after seizures, while simultaneously following the survival
and proliferation of a cohort of the cells dividing at the time of seizure as observations
in our culture model suggest that these cells may be dying. Unilateral ICV kainate
injection will be used to generate seizures, point proliferation will be quantified by
PCNA immunostaining and immature neurons will be quantified by Doublecortin
immunostaining. These observations should permit comparisons with existing control
and kainate experiments. The labelling of a cohort of cells will be achieved with a
series of three closely spaced BrdU pulses, the size of this cohort can then be
compared at different times after kainate and saline injections, and the proliferative
activity of the cohort can be investigated with PCNA double-labelling. We refer to
changes in this cohort of cells and their progeny as ‘clonal’ proliferation.
Additionally, Fluoro-Jade B (FJB) staining will be used to investigate the varying

reports of cell death in the dentate gyrus as a consequence of seizures.
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6.2 Methods

The general methods for this chapter are outlined below, with details of the exact

tissue sampling outlined immediately before each accompanying results section.

6.2.1 Injections and Surgery

Sixty seven male Wistar rats (200 — 260g) received a course of three intraperitoneal
injections of 5-bromodeoxyuridine (50mg/kg dissolved in sterile distilled water) at
two hour intervals after weighing. 24 hours after the first BrdU injection 6 animals
were sacrificed (see below) forming an un-operated control group (UOP).

In the remaining sixty one animals deep anaesthesia was induced using a combination
of 25% Hypnorm (0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone; Jannsen)
and 25% Hypnovel (5mg/ml midazolam; Roche) in sterile distilled water (50%).
Under this anaesthesia rats were placed in a stereotactic frame, and kainic acid (0.5ug
in 0.5p1 of Sorensen’s buffer) was administered into the left lateral ventricle over a
15-minute period into 33 rats using a 10pl Hamilton syringe at the following
stereotactic co-ordinates (AP: +4.3mm interaural; ML +4.3mm from the midline and
DV -3.3mm from the dura), a further 28 rats received a similar injection of 0.9%

saline forming a operated controls. Groups of rats were then sacrificed 6 hours, 2, 5,

7, and 9 days later.

6.2.2 Sacrifice, perfusion and sectioning.

For all rats, sacrifice was by administration of a terminal dose of phentobarbitone,
and was followed by transcardiac perfusion initially with 50mls 0.9% saline, followed
by 50mls 4% paraformaldehyde pH 7.4,whole brains were then removed and post
fixed in 4% paraformaldehyde and stored at 4°C. Sections containing hippocampal
formation were produced for immunochemistry on a vibrotome (Leica) cutting in the
coronal plane at a thickness of 40um; approximately 100 sections, comprising the
entire hippocampal formation from each brain, were collected and stored in a
sequential manner — such that the position within the hippocampus of any individual

section could be identified.

134



6.2.3 Immunochistochemistry

Single label immunohistochemistry was performed on free-floating sections for BrdU
or Doublecortin (Dcx). Double labelling of BrdU and proliferating cell nuclear
antigen (PCNA) was performed on sections dried on to gelatinised slides. All
immunohistochemistry was performed on systematically sampled tissue, with the
initial section selected at random and subsequent sections being taken at constant
intervals thereafter, ensuring that the entire dentate is sampled. BrdU single labelling
and Fluoro-Jade B staining were performed on 6 sections per animal, BrdU and
PCNA double labelling was performed on 3 sections per animal and Dex staining was
performed on 2 sections per animal.

For single stain immunohistochemistry tissue processed for BrdU was exposed to 2N
HCl at 37°C for 20 minutes. All tissue processed for single immunohistochemistry
received multiple washes in Tris-Buffered Saline (TBS; 0.1M, pH7.4), followed by
incubation with 3% H,O, in distilled water for 10 minutes to eliminate non-specific
peroxidase activity. Further TBS washes were followed by overnight incubation with
primary antibody to either BrdU (rat monoclonal, 1:1000; Oxford Biotech) or
Doublecortin (Guinea pig polyclonal, 1:5000; Chemicon) in TBS containing 0.1%
triton and 0.05% Bovine Serum Albumin (TBS-TS) at 4°C, tissue processed for BrdU
also had 1% Normal Goat Serum (Sigma) present with the primary antibody.
Following multiple washes in TBS, tissue was incubated in TBS-TS with the
appropriate biotinylated secondary antibody, raised against either rat (goat, 1:200;
Vector) or guinea pig (donkey, 1:200; Chemicon) for 1 hour. TBS washes were
repeated and a Horseradish peroxidase conjugated Streptavidin-biotin complex (HRP-
ABC, 1:200; DAKO) in TBS-TS was applied for 1 hour, further washing in TBS was
followed by visualization with 3,3-Diaminobenzene (DAB, brown; Vector) and a final
set of washes. Sections were mounted on gelatinised slides and received a light
Thionine counter-stain to identify the granule cell layer. Thionine staining was
obtained by placing slides in distilled water containing 1% Thionine followed by
differentiation in 90% Ethanol with 0.5% Acetic acid until a consistent staining
intensity was observed. All sections were dehydrated through 1 minute washes in

alcohol (70%, 90% and 2x 100%) and then xylene before cover-slipping with DPX
(Sigma).
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For double stain immunochemistry of BrdU and PCNA sections mounted onto slides,
which were placed in citrate buffer at room temperature (pH 6.0; 300ml) and heated
in a microwave oven at full power for 3 minutes 30 seconds and then simmered for a
further 5 minutes at low power. Slides were removed from the microwave oven and
left stand on the bench in the hot citrate buffer for 20 minutes while it cooled. Slides
were then transferred to 2N HCI and heated in a water bath (37°C; 30 minutes),
followed by repeated TBS washes, and incubation with 3% H,0, in distilled water (10
minutes). Further TBS washes were followed by overnight incubation with a cocktail
of primary antibodies to BrdU (rat monoclonal, 1:1000; Oxford Biotech) and PCNA
(mouse monoclonal, 1:250; Chemicon) in TBS-TS at 4°C. Following multiple washes
in TBS, tissue was incubated in TBS-TS with a biotinylated secondary antibody,
raised against rat (goat, 1:200; Vector) for 1 hour. TBS washes were repeated and
HRP-ABC (1:200; DAKO) in TBS-TS was applied for 1 hour, further washing in
TBS was followed by visualization with DAB (Vector). More TBS washes were
followed by incubation with a biotinylated secondary antibody, raised against mouse
(sheep, 1:500; Amersham Life sciences) for | hour. TBS washes were repeated and
an Alkaline Phosphatase conjugated Streptavidin-biotin complex (AP-ABC, 1:200;
DAKO) in TBS-TS was applied for 1 hour, further washing in TBS was followed by
visualization with Fast Red (Boerhinger Mannheim) in TBS (pH 8.2). Sections were

then wet mounted in moviol.

6.2.4 Fluoro-Jade B (FJB) and DAPI staining

Fluoro-Jade B staining was carried out according to the method described by
Schmued with slight modification (Schmued, Albertson et al., 1997). Sections were
mounted on to gelatinised slides and air dried overnight. Slides were immersed in a
solution containing 1% sodium hydroxide in 80% alcohol for 2 minutes followed by 2
minute rinses in 70% ethanol and distilled water. Slides were then placed in a 0.06%
potassium permanganate solution, on a shaker table, for 10 minutes. After a further 2
minute rinse in distilled water, slides were transferred to the Fluoro-Jade B/DAPI
staining solution. The Fluoro-Jade B/DAPI solution was made immediately prior to
use from stock solutions of Fluoro-Jade B and DAPI (both 10mg/100ml) in 0.1%
acetic acid, in the proportions 4% Fluoro-Jade B, 2% DAPI and 92% acetic acid
solution, producing final dye concentrations of 0.0004% and 0.0002% for Fluoro-Jade

B and DAPI respectively. After 30 minutes in the staining solution, the slides were
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washed in distilled water (3x 1 min) and dried in a slide dryer (37°C, 2 hours). Once

dry slides were placed in xylene for 1 minute and then cover-slipped with DPX.

6.2.5 Cell Quantification and statistical analysis
A blind counting methodology was employed for all quantification, with slides coded
such that the examiner was blind to the treatment of the tissue; the code was not

broken until all cell counting was complete.

Cell counting: In all treatment groups, separate cell counts were obtained for the
hippocampi ipsilateral to the ICV injection and from the hippocampi in the opposite
hemisphere (contralateral) to the injection. In un-operated animals, the left
hippocampus is defined as ipsilateral, as this is the hemisphere into which ICV
injections were administered in animals that received surgery. Additionally, BrdU
single labelled sections were also analysed for cluster distribution; a cluster was
defined as contiguous BrdU positive labelling. Estimated cell/cluster counts are
expressed per dentate rather than per section (producing a more robust analysis as the
sample number becomes the number of animals used rather than the number of
sections sampled). Counts from all sections in each animal were added, this total was
then multiplied by the intersection interval to calculate a count per dentate, from
which a mean and standard deviation were obtained. Although this method will
overestimate any counts, the proportion by which the cell counts are overestimated
remains the same between groups because the sampling method for all sections is
identical, and thus different groups can be compared. (Note: overestimation arises
because all cells in a 40um section are counted. Cells that are near to the cut surface
of the section can be cut in two by the sectioning process, these cells would then be
counted twice if all sections were counted, when only one cell existed. This over
estimation would also apply if the cell counts expressed per 40pum section; see also
chapter 3.1.1).

Statistical Analysis: Three variables are considered in all analysis, treatment type
(kainate or saline injection), hippocampal side (ipsilateral or contralateral)(all
considered as column factors), and time after treatment (row factor). Some of the
variables within treatment type and hippocampal side are related and others are not.
Therefore, comparisons are made between ipsilateral and contralateral dentates in

saline injected groups and in kainate injected groups. Additionally, comparison is
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made between ipsilateral dentates of groups that received saline or kainate injections,
and a similar comparison is made between treatment types in contralateral dentates.
However, ipsilateral dentates taken from kainate injected animals are not related to
contralateral dentates from saline injected animals and vice versa, so these

comparisons were not made.

Multiple two-way ANOVA’s were used to investigate responses to the factors
detailed above, with Bonferroni post hoc comparison testing for specific differences
between means of the column factors at each time (row factor). Subsequent one-way
ANOVA with Bonferroni post hoc comparisons were used to investigate changes over
time in each of the four dentate conditions (kainate ipsilateral, kainate contralateral,
saline ipsilateral and saline contralateral). All data are expressed as mean + standard
deviation. These values are expressed per dentate, and all statistical differences

reported are Bonferroni post hoc comparisons unless otherwise stated.

6.2.6 Fluoro-Jade B quantification and analysis

Images of DAPI and Fluoro-Jade B staining in the apex of the granule cell layer in
ipsilateral dentates were captured on an inverted Leica DM-IRBE epifluorescence
microscope (Milton Keynes, U.K.) using a cooled Hamamatsu digital camera at 10x
magnification. The area of DAPI or Fluoro-Jade B fluorescence was determined in
Scion image (ver 4.0.2; a PC based version of the program NIH image, which was
developed at the U.S. National Institutes of Health and is available free on the Internet
at http://rsb.info.nih.gov/nih-image/), using the density slice function, applied to the
granule cell layer as a region of interest. For each animal the number of DAPI
positive and FIB positive pixels in all 6 sections was summed, and cell death
expressed as a percentage of the area in which Fluoro-Jade B fluorescence was
detected above threshold within the cell layer divided by the area in which DAPI
fluorescence was detected above a threshold in the same animal. Ipsilateral dentates
from saline and kainate treatment groups were compared by Kruskal-Wallis test with

Dunn’s post test, as the data is not normally distributed.
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6.3 Results

Five rats did not recover from surgery, the hippocampus of one rat was damaged on
removal from the skull and subsequent experiments showed the stereotactic injection
track was incorrectly positioned in 5 rats, and one rat did not exhibit BrdU
immunostaining. These animals were therefore excluded from subsequent analysis.
The remaining animals were distributed across the time points as follows: 6 hours (5
control and 5 kainate), 2 days (5 control and 5 kainate), 5 days (5 control and 5
kainate), 7 days (4 control and 4 kainate) and 9 days (5 control and 6 kainate), in

addition to the 6 time 0 un-operated controls.

6.3.1 BrdU labelling of proliferating cells

Quantification of the number of BrdU positive cells within each dentate gyrus was
performed on every 18" section, resulting in sampling of six 40um sections per
animal, the sum of BrdU positive cell counts from each group of six dentates was then
multiplied by the intersection interval. The resultant value is a slight over estimation
the actual number of BrdU positive cells in each dentate as cells that are on the edge
of each section could be cut in half and so are effectively counted twice (Discussed
more fully in chapter 3.1.1), however all groups experience the same quantification
method and their relationships should be unaffected. Sections were taken from un-
operated day O controls and from both kainate and saline injected rats at all time

points (6 hours (day 0.25), and days 2, 5, 7 and 9).

i) Un-operated control rats from day 0 have the same number of BrdU labelled
cells in each dentate.

The number of BrdU positive cells detected in the dentates taken from each
hemisphere of un-operated rats sacrificed at the time of surgery was not significantly
different (p=0.29, paired two-tailed students t-test). In these animals the left
hemisphere was designated ‘ipsilateral’ for subsequent analysis as this is the

hemisphere that the unilateral ICV injections were administered to.
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ii) BrdU cell counts do not differ between ipsilateral and contralateral dentates
in control animals that received a unilateral ICV saline injection.

There were no significant differences in the number of BrdU positive cells detected
between ipsilateral (ipsi) and contralateral (contra) dentates in animals receiving ICV
saline injections (p = 0.95; two way ANOVA). Numbers of BrdU cells labelled
changed significantly over the entire experiment (p<0.01; two-way ANOVA),
however none of the individual changes between days demonstrated statistical
differences (determined by Bonferroni post test). The trend is for increased BrdU cell
counts to day 2 (ipsi, 6732+1510 cells, and contra, 6566+932 cells), with BrdU
positive cell numbers then remaining constant on days 5 and 7, falling slightly on day

9 (ipsi, 4860+2771 cells, and contra, 4842+1469 cells; Fig 6.1A).

iii) BrdU cell counts vary over time after ICV kainate and there is no difference
between counts ipsilateral and contralateral to the kainate injection.

The ipsilateral profile demonstrates a sharp, and significant, threefold rise in BrdU
positive cells from 6 hours (32361372 cells) to a peak on day 2 (98101840 cells;
p<0.001) and then falls, remaining significantly elevated on day 5 (6934+1858 cells;
p<0.05 vs. 6 hours). The decrease in BrdU positive cells from a peak on day 2
becomes significant on day 7 (6102+1710 cells; p<0.05) and day 9 (48031433 cells;
p<0.001; Fig 6.1B). Considering changes over time within groups using one-way
ANOVA, the contralateral BrdU profile does not vary significantly; although the
trend is for a slight increase from 6 hours to day 2, and a slight decrease from day 5 to
day 9.

The number of BrdU cells detected varied over time both ipsilateral and contralateral
to the kainate injection in a broadly similar pattern (Fig 6.1B) resulting in no overall
differences between the two hemispheres (p = 0.80; two-way ANOVA). Although
there are no individual significant differences, at 6 hours there are fewer cells
ipsilaterally (3236+1372 cells) than contralaterally (4518+1418 cells), and this is
reversed by day 2 (ipsi, 9810+1840 cells, and contra, 7484+1297 cells), at all later

time points cell numbers are closely matched.
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iv) Kainate injection increases the number of BrdU positive cells detected at day
2 post Kkainate in the ipsilateral dentate, compared with saline injected controls.
On day 2, injection of kainate caused a significant increase in the number of BrdU
positive cells compared with ICV saline injection (kainate, 9810+1840 cells, vs.
saline, 6732+1510 cells; p<0.05), at all other times BrdU numbers were similar
between treatments (Fig 6.1C), and if the entire course of the experiment is
considered then no significant change in the overall number of BrdU positive cells

resulted from injection of kainate or saline (p=0.40; two-way ANOVA).

v) Kainate injection does not alter the number of BrdU positive cells detected in
the contralateral dentate, compared with saline injected controls.
There was no significant difference between BrdU counts contralateral to the kainate

and saline injections (p=0.27; two-way ANOVA; Fig 6.1D).

vi) Over time Kkainate injection induces a significant increase in BrdU positive
cells, both ipsilaterally and contralaterally, when compared with day 0 un-
operated controls; whereas saline injection does not.

ICV kainate injection produces a significant increase in the number of BrdU labelled
cells detected on the side of the injection two days after surgery compared with the
number detected in dentates taken from the same hemisphere of rats sacrificed at the
time of surgery, day 0 (ipsi kainate day 2, 981041840 cells, vs. ipsi un-operated day 0,
4521+1236 cells; p<0.01, one way ANOVA with Dunnett’s post test; Fig 6.1C). In
the contralateral dentate, numbers of BrdU positive cells are significantly lower in un-
operated animals sacrificed on the day of surgery (day 0, 41464942 cells) than in
animals that received ICV kainate and were sacrificed 2 or 5 days later (day 2,
6566+932 cells, and day 5, 6800+1484 cells; both p<0.05, one-way ANOVA with
Dunnett’s post test; Fig 6.1D). BrdU cell numbers did not differ significantly

between un-operated animals and animals that received ICV saline (Figs 6.1C and

6.1D).

141



=
*
%
*

A
12000+ B) *
12000- *

*kk

10000
10000+

8000
8000+

6000
60004

400015 40004

Mean BrdU positive
cells per dentate

Mean BrdU positive
cells per dentate

2000+ 20004

~
-
N
o
o
o

]

Cc
120009 L.

10000+

:zzz «"'177‘52-::::T:i:::::N;%"’"“‘Titi

w00l ¥

20004

©

o

o

o
L

4000+ I

cells per dentate

Mean BrdU positive
cells per dentate
(2]
(=]
8
1
Mean BrdU positive

20004

-
{

0+ K T T T T
0 0.25 2 5 7 9 0 0.25 2 5 7 9

Day Day
Fig 6.1: Profiles of BrdU labelling in dentates of animals receiving unilateral i.c.v.
injections of either saline or kainate, and BrdU labelling of day 0 un-operated
control data. Showing the profile of BrdU labelling in ipsilateral (solid lines) and
contralateral (dotted lines) dentates after saline injection (A) and after kainate
injection (B). The profile of BrdU labelling is also considered in ipsilateral dentates
after kainate or saline injection and in un-operated controls (C) and similarly in
contralateral dentates (D). All values are expressed as mean + SEM, taken from 4-6
animals per treatment with 6 sections systematically sampled from each animal and
scaled by the inter section interval.
Statistical analysis between treatments in all graphs is by two-way ANOVA with
Bonferroni post hoc test, blue asterisks denote significant differences.
In (A) and (B), analysis over time within groups is by one-way ANOVA with
Bonferroni post hoc test (* p<0.05, **p<0.01, ***p<0.001), un-operated controls were
excluded from this analysis.
In (C) and (D) all data are compared to un-operated controls using one-way ANOVA
with Dunnett’s post hoc test, asterisks denote significant differences from controls (*
p<0.05, **p<0.01).

vii) BrdU cluster size profiles do not differ between animals that received
unilateral ICV saline or kainate injection, either ipsilateral or contralateral to
the injection.

While BrdU cluster sizes vary significantly over the course of these experiments,
these changes are similar in all treatment groups. There was no significant difference

between ipsilateral and contralateral dentates in saline (p=0.76; two-way ANOVA;
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Fig 6.2C inset) or kainate (p=0.37; two-way ANOVA; Fig 6.2C inset) injected
animals. Additionally, there was no significant difference between dentates ipsilateral
to either saline or kainate injection (p=0.19; two-way ANOVA; Fig 6.2C inset), and
there was no significant difference between dentates contralateral to the injection

(p=0.89; two-way ANOVA; Fig 6.2C inset).
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Fig 6.2: Profiles of average BrdU cluster sizes in dentates of animals receiving
unilateral i.c.v. injections of either saline or kainate, and BrdU labelling of day 0
un-operated control data. Showing the profile of BrdU cluster size in saline injected
animals ipsilateral to the injection (A) and contralateral to the injection (B) The
profile of BrdU cluster size is also considered after i.c.v. kainate injection in
ipsilateral (C) and contralateral dentates (D). Inset in (C) represents an overlay of all
the groups. All values are expressed as mean = SEM, taken from 4-6 animals per
treatment with pooled BrdU cell and cluster counts from 6 systematically sampled
sections per animal. Black and red asterisks denote significant differences within
groups over time determined by one-way ANOVA with Bonferroni post hoc test (*
p<0.05, **p<0.01, ***p<0.001), un-operated controls were excluded from this
analysis. Purple asterisks denote significant differences from un-operated controls,
determined by one-way ANOVA with Dunnett’s post hoc test, (* p<0.05, **p<0.01,
**%p<0.001).
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viii) BrdU cluster size peaked at 6 hours and then decreased over time in groups
examined.

A significant increase in the mean BrdU cluster size was observed between
‘contralateral” dentates from un-operated day O control animals (2.83+0.32 cells per
cluster) and contralateral dentates from saline (3.37+0.416 cells per cluster; p<0.01
Dunnett’s) or kainate (3.44+0.59; p<0.05 Dunnett’s) injected animals sacrificed 6
hours later. This trend was present in the ipsilateral dentates, but did not reach
statistical significance (un-operated, 2.90+0.34 cells per cluster; saline, 3.39+0.44
cells per cluster; and kainate, 3.04+0.51 cells per cluster).

BrdU cluster sizes then fell with time, approximately following a decay curve, such
that at all subsequent times examined mean BrdU cluster sizes were significantly

lower than the corresponding 6 hour cluster size (Tables 6.1 and 6.2).

Kainate Ipsilateral Contralateral
Mean | S.D. |pvs.dayOipvs.6hrsi pvsday2 | Mean: SD. |pvs.dayOipvs.6hrsipvs.day2
(Dunnett's) {(Bonferroni) (Bonferronij (Dunnett's) :(Bonferroni);(Bonferroni)
Day 0 2.90i 0.34 - - - 2.83; 0.32 - - -
6 hours | 3.04 | 0.51 ns - - 3.44 : 0.59 <0.05 - -
Day 2 220 i 0.37 <0.01 <0.01 - 2.65 ! 0.34 ns <0.05 -
Day 5 1.79 1 0.19 <0.01 <0.001 ns 1.81 : 0.11 <0.01 <0.001 <0.01
Day 7 1.72 1 0.09 <0.01 <0.001 ns 1.62 i 0.20 <0.01 <0.001 <0.01
Day 9 1.81 } 0.18 <0.01 <0.001 ns 1.90 i 0.21 <0.01 <0.001 <0.05

Table 6.1: Differences in mean BrdU cluster sizes over time in unilateral ICV

kainate injected animals.

Saline Ipsilateral Contralateral
Meani{ S.D. [pvs.dayO:ipvs.6hrsi pvsday2f Mean: S.D. [pvs.day0O:ipvs.6hrsipvs.day?2
(Dunnett's) :(Bonferroni):{Bonferroni (Dunnett's) i(Bonferroni):(Bonferroni)
Day 0 2.90i 0.34 - - - 2.83: 0.32 - - -
6 hours | 3.39 | 0.44 ns - - 3.37 : 042 <0.01 - -
Day2 } 244 1 0.19 ns <0.001 - 2.64 :0.07 ns <0.01 -
Day 5 1.83 1 0.24 <0.01 <0.001 <0.05 1.86 { 0.22 <0.01 <0.001 <0.001
Day 7 1.72 1 019 <0.01 <0.001 <0.05 1.70 : 0.16 <0.01 <0.001 <0.001

DayS | 1.74 : 0.31]  <0.01 <0.001 <0.05 17977020 <0.01 <0.001 <0.001
Table 6.2: Differences in mean BrdU cluster sizes over time in unilateral ICV

saline injected animals.

ix) Summary of BrdU time course findings

Unilateral injection of an isotonic fluid (saline) does not induce changes in BrdU
labelling compared with labelling observed contralateral to the injection.

Injection of kainate into the left cerebroventrical produces an increase in the number

of BrdU positive cells detected in both the adjacent and opposite dentates after 2 days,
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whereas saline injection does not. This increase in BrdU cell counts in kainate
injected animals is larger ipsilateral to the injection than in the contralateral dentate.
This is because in ipsilateral dentates significantly more BrdU cells are detected on
day 2 after kainate injection than after saline injection, whereas contralaterally BrdU

cell counts do not differ between kainate and saline animals.

A) B)

-
3
% ¥ | O
b

Fig 6.3: High magnification images of BrdU clusters. Transmission images (100x)
in two different focal planes (A+B) show BrdU positive cells, forming clusters of
various sizes, that extend in 3 dimensions.
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6.3.2 Effects on Neurogenesis determined by doublecortin

labelling

Increases in both cell proliferation and neurogenesis have been reported as
consequences of seizures. The BrdU pre-labelling protocol we used in these
experiments did not detect an increase in cell proliferation of the same magnitude as is
observed in post-labelling protocols. Therefore, it is important to establish that the
predicted increase neurogenesis is observed. Doublecortin (Dcx) immunostaining
was used to assess the number of immature neurons, and hence the level of
neurogenesis, present in the dentate gyrus at various times after either an ICV kainate
or saline injection.

Quantification of the number of Dcx positive cells within each dentate gyrus was
performed on every 48" section, resulting in sampling of two 40um sections per
animal, the sum of BrdU positive these cell counts was then multiplied by the

intersection interval. Sections were taken from both kainate and saline injected rats at

day 2, day 5, and day 7).

i) Doublecortin cell counts are not affected by ICV saline injection in control
animals.

There were no significant differences in the number of Dcx positive cells between
ipsilateral and contralateral dentates in animals receiving ICV saline injections (p =
0.54; two way ANOVA). Analysis showed that overall the day of sacrifice had a
significant effect on the number of Dcx positive cells present (p<0.05; two-way
ANOVA), however when each side was considered there are no significant changes
over time (ipsi, p=0.11, and contra p=0.12; both one way ANOVA), and there are no
specific significant differences between individual time points as assessed by

Bonferroni’s post test (Fig 6.4A).

ii) Doublecortin expression is dependent on both time of sacrifice and perhaps
side of the brain in animals receiving a unilateral ICV kainate injection.

The number of Dcx cells is significantly greater in the ipsilateral dentate than the
contralateral dentate in kainate injected rats on day 5 (ipsi, 34877+6369 cells, and
contra, 21216+1628 cells; p<0.001) and day 7 (ipsi, 35052+2247 cells, and contra,
1831244543 cells; p<0.001; Fig 6.4B). Additionally, the overall comparison
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indicates a significant change between ipsilateral and contralateral dentates (p<0.001;
two-way ANOVA) and a significant change in Dcx cells over time (p<0.001; two-
way ANOVA), this analysis also indicated significant interaction between the two
factors (p<0.05). This is because Dcx does not change significantly over time in
contralateral dentates (p=0.09; one-way ANOVA), but increases significantly in the
ipsilateral dentates (p<0.01; one-way ANOVA). Dentates from the ipsilateral
hemisphere of animals sacrificed on day 2 (19939+5284 cells) have significantly
fewer Dcx positive cells than those sacrificed on day 5 (34877+6369 cells; p<0.001)
and day 7 (3505242247 cells; p<0.001; Fig 6.4B).

iii) Kainate injection increases the number of doublecortin positive cells in the
ipsilateral dentate, compared with saline injected controls.

The number of Dcx cells is significantly greater in the ipsilateral dentate of kainate
injected rats than in saline injected rats on day 5 (kainate, 34877+6369 cells, and
saline, 18595+2924 cells; p<0.001) and day 7 (kainate, 3505242247 cells, and saline,
1370445919 cells; p<0.001; Fig 6.4C). Overall comparison between ipsilateral
dentates taken from animals injected with either kainate or saline indicates both a
significant change in Dcx positive cells dependent on treatment (p<0.001; two-way
ANOVA) and a significant change dependent on age (p<0.05; two-way ANOVA),

this analysis also indicated significant interaction between the two factors (p<0.001;

Fig 6.4C).

iv) Kainate injection does not alter the number of doublecortin positive cells
detected in the contralateral dentate, compared with saline injected controls.

In the contralateral dentates examined during the course of the entire experiment, the
fluid injected did not cause significant change to the number of Dcx positive cells
(p=0.18; two-way ANOVA; Fig 6.4D). This may be due to only sampling 2 sections
per animal, with a greater sampling frequency the slight trend for increased Dcx in the

kainate tissue at later times may reach statistical significance.
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Fig 6.4: Profiles of Doublecortin (Dcx) expression in of animals receiving
unilateral i.c.v. injections of either saline or kainate. Showing the profile of Dcx
expression in saline injected animals ipsilateral to the injection (A) and contralateral
to the injection (B) The profile of Dcx is also considered after i.c.v. kainate injection
in ipsilateral (C) and contralateral dentates (D). Inset in (C) represents an overlay of
all the groups. All values are expressed as mean + SEM, taken from 4-6 animals per
treatment with 6 sections systematically sampled from each animal and scaled by the
inter section interval. Black and red asterisks denote significant differences within
groups over time determined by one-way ANOVA with Bonferroni post hoc test (*
p<0.05, **p<0.01, ***p<0.001), un-operated controls were excluded from this
analysis. Purple asterisks denote significant differences from un-operated controls,
determined by one-way ANOVA with Dunnett’s post hoc test, (* p<0.05, **p<0.01,
#x%p<0.001).

v) Summary of doublecortin time course findings

Unilateral injection of saline does not induce changes in Dcx labelling compared with
labelling observed contralateral to the injection.

Injection of kainate into the left cerebroventrical produces an increase in the number
of Dcx positive cells detected in the adjacent dentate after 5 and 7 days compared

with saline injected controls. The ipsilateral increase in Dcx labelling after kainate

148



injection lags behind the increase in BrdU labelling. Contralaterally Dcx did not

appear to change.

Fig 6.5: Doublecortin immunostaining on day S in control and kainate animals.
Low magnification images (10x) of ipsilateral dentates from control (A) and kainate
(B) injected aniamls, showing comparative staining densities. Higher magnification
images (40x C+E and 100x D+F) show doublecortin positive processes extending
radially across the granule cell layer and into the molecular layer (C+E, and
arrowheads in D+F). Additionally, processes running parallel to the subgranular zone
are present after kainate (arrow in F). Scale bars: A+B, 200um; C+E, 50um; D+F,

20um.
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6.3.3 ‘Clonal’ and point proliferation determined by BrdU and

PCNA labelling
PCNA and BrdU double labelling were used to assess the different types of proliferation

occurring in the dentate gyrus. The total number of BrdU positive cells reflects all the
surviving cells that are derived from cells dividing before the surgery (Fig 6.6; all red
cells). The numbers of cells that have incorporated BrdU but do not express PCNA
(BrdU only) are post mitotic cells that are not in the cell cycle at the time of sacrifice (Fig
6.6; red only cells). The total number of PCNA positive cells reflects all the cells that are
in the cell cycle at the time of sacrifice (Fig 6.6; all blue cells). The cells that express
PCNA but have not incorporated BrdU (PCNA only) are actively dividing cells (at the
time of sacrifice) that are not derived from the population of cells we identified as
dividing prior to surgery (Fig 6.6; only blue cells), up to the point that dilution of the
BrdU label limits its detection (Fig 6.6C far right). The number of cells labelled for both
PCNA and BrdU reflects the cells that are currently in the cell cycle and are derived from
cells dividing before the surgery (Fig 6.6; blue and red checked cells), until BrdU is
diluted below detection levels. Finally, the proportion of the total number of PCNA
positive cells that are also positive for BrdU is a measure of the contribution to current
division that the pre-labelled cells are making.

Quantification of these factors within each dentate gyrus was performed on every 36
section, resulting in systematic sampling of three 40pm sections per animal, the sum
these cell counts was then multiplied by the intersection interval. Sections were taken
from both kainate and saline injected rats at day 0.25, day 2, and day 5).

Initially control conditions are analysed; to identify if injection of a bolus of saline
induces an effect on cell proliferation compared with tissue from the same animal that has
not received a mechanical trauma. Analysis will compare relevant anatomical dentates

with respect to the different types of BrdU and PCNA labelling found.
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Fig 6.6: Distribution of proliferation markers. In the pre-labelling paradigm cells
that are not dividing do not incorporate BrdU or express PCNA O, these cells form
the bulk of the granule cell layer and are not detected by this experiment (A). All
cells that begin to divide express PCNA while they are in the cell cycle ‘, but cease
to express it shortly after leaving the cell cycle (B). In addition to expressing PCNA,
cells in S-phase of division at the time of the BrdU pulse incorporate BrdU @. If
these BrdU labelled cells cease to divide then they will cease to express PCNA, but
BrdU labelling will persist ‘(C). However, in BrdU labelled cells after each
division the concentration of incorporated BrdU decreases, if it falls below the limit of
detection these cells will not be counted for BrdU, but the dividing cells will still be
PCNA positive (C far right).
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6.3.3.1 Saline (ipsilateral vs. contralateral)

i) Total BrdU cell counts de not differ between ipsilateral and contralateral dentates
in control animals that received a unilateral ICV saline injection, but do change
over time.

There were no significant differences in the total number of BrdU positive cells between
ipsilateral and contralateral dentates in animals receiving ICV saline injections (p = 0.87;
two-way ANOVA). Analysis showed that the day of sacrifice is a significant factor in
determining the total number of BrdU positive cells detected (p<<0.01; two-way
ANOVA). When each side was considered individually the total number of BrdU cells
detected changed over time in the ipsilateral (p<0.05; one-way ANOVA) but not the
contralateral dentate (p=0.17; one way ANOVA), this resulted in a significant increase in
the total BrdU cells detected between 6 hours (3010£587 cells) and 5 days (44351021
cells; p<0.05) in the ipsilateral dentate (Fig 6.7A).

ii) BrdU only cell counts do not differ between ipsilateral and contralateral dentates
in control animals that received a unilateral ICV saline injection, but do change
over time.

There were no significant differences in the number of BrdU only cells between
ipsilateral and contralateral dentates in animals receiving ICV saline injections (p=0.73;
two way ANOVA). Analysis showed that overall the day of sacrifice did have a
significant effect on the number of BrdU only cells detected (p<<0.01; two-way ANOVA).
When each side was considered individually the total number of BrdU cells detected
changed over time in the contralateral (p<0.05; one-way ANOV A) but not the ipsilateral
dentate (p=0.13; one way ANOVA), this resulted in a significant increase in the number
of BrdU only cells detected between 6 hours (3824259 cells) and 5 days (1051+531 cells;
p<0.05) in the contralateral dentate (Fig 6.7B).
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iii) Total PCNA cell counts do not differ between ipsilateral and contralateral
dentates in control animals that received a unilateral ICV saline injection, but do
change over time.

There were no significant differences in the total number of PCNA positive cells between
ipsilateral and contralateral dentates in animals receiving ICV saline injections (p = 0.65;
two way ANOVA). Analysis showed that overall the day of sacrifice was a significant
factor on the total number of PCNA positive cells detected (p<0.001; two-way ANOVA).
When each side was considered individually the total number of PCNA cells detected
changed over time in the ipsilateral (p<0.01; one-way ANOV A) but not the contralateral
dentate (p=0.059; one way ANOVA), this resulted in animals sacrificed on day 5
(1091543248 cells; p<0.05) having significantly increased total PCNA cell counts than at
6 hours (65161074 cells; p<0.05) and on day 2 (637941139 cells; p<0.05) in the
ipsilateral dentate (Fig 6.7C).

iv) PCNA only cell counts do not differ between ipsilateral and contralateral
dentates in control animals that received a unilateral ICV saline injection, but do
change over time.

There were no significant differences in the number of PCNA only cells between
ipsilateral and contralateral dentates in animals receiving ICV saline injections (p=0.45;
two way ANOVA). Analysis showed that overall the day of sacrifice did have a
significant effect on the number of PCNA only cells detected (p<0.001; two-way
ANOVA), with animals sacrificed on day 5 (7430+2495 cells; p<0.05) having
significantly increased PCNA only cell counts than at 6 hours (4090+1064 cells; p<0.05)
and on day 2 (3845+1086 cells; p<0.05) in the ipsilateral dentate, and increased PCNA
only cell counts between 6 hours (3607+1119 cells) and 5 days (6134+1393 cells;
p<0.05) in the contralateral dentate (Fig 6.7D).
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v) The number of cells positive for both PCNA and BrdU do not differ between
ipsilateral and contralateral dentates, or over time in control animals that received a
unilateral ICV saline injection.

There were no significant differences in the total number of BrdU positive cells between
ipsilateral and contralateral dentates in animals receiving ICV saline injections (p=0.73;
two way ANOVA). Analysis showed that overall the day of sacrifice did not have a
significant effect on the total number of BrdU positive cells detected (p=0.067; two-way

ANOVA; Fig 6.7E).

vi) The fractional contributions of BrdU pre-labelled cells to the total dividing cell
population (BrdU+PCNA/ Total PCNA) in control animals that received a
unilateral ICV saline injection do not change between ipsilateral and contralateral
dentates, but are different over time.

There were no significant differences in the proportions of the total dividing population
that are pre-labelled BrdU positive cells between ipsilateral and contralateral dentates in
animals receiving unilateral ICV saline injections (p=0.88; two-way ANOVA), and
Bonferroni post tests found no differences between ipsilateral and contralateral dentates
at individual sacrifice points. A significant overall change in proportions over time was
observed (p<0.05; two-way ANOVA), however when each hemisphere is considered
separately these differences are not significant (ipsi, p<0.15 and contra, p<0.16; one-way
ANOVA) and no individual changes reach statistical significance with Bonferroni post

tests (Fig 6.7F).
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Fig 6.7: Profiles of proliferation in ipsilateral (solid lines) and contralateral
(dotted lines) dentates of animals receiving unilateral i.c.v. saline injections. Cell
proliferation is investigated using two markers; pre-injection tagging of cells in the
cell cycle with BrdU and identification of cells in the cells cycle at the time of
sacrifice using PCNA. Different marker labelling combinations represent different
populations of cells, the total number of cells derived from pre-labelled cells (A) and
the total number of cells dividing at sacrifice (C) can be sub divided into a population
of pre-labelled cells that have ceased to divide (B), a population of cells that were not
dividing before the injection but are at sacrifice (D), and a population of cells that
were dividing before the injection and are dividing at sacrifice (E). The fractional
contribution of BrdU pre-labelled cells to the total population of cells in the cell cycle
at sacrifice is also examined (F). Values are expressed as mean + SEM, and are taken
from 5 animals with 3 sections systematically sampled from each animal and scaled
by the inter section interval, except in (F), where data is per section from 15 sections.
Asterisks denote significant differences within ipsilateral (so/id lines) and contralateral
(dotted lines) dentates determined by One-way ANOVA with Bonferroni post hoc test

(* p<0.05).
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vii) Summary of proliferation in unilateral ICV saline injected rats.

Unilateral injection of saline does not induce significant changes in proliferation in the
dentate ipsilateral to the injection compared with that in the contralateral dentate.

Both dentates show a slight but steady and significant increase in Total BrdU labelling
over time, and this corresponds with a similar steady increase in BrdU only labelling,
indicating a constant production of post-mitotic cells in the saline injected animals over 5
days. Saline appears to produce a delayed bilateral increase in proliferation, which is
principally derived from cells not labelled with BrdU. However, the fraction of BrdU

positive cells that continue to divide is unchanged throughout.

6.3.3.2 Kainate (ipsilateral vs. contralateral)

Using the same six parameters as in the previous section the results of kainate injection
are analysed; to identify if injection of a bolus of kainate induces similar effects on cell

proliferation on both the side it is injected and the contralateral side.

i) Total BrdU cell counts do not differ between ipsilateral and contralateral dentates
in animals that received a unilateral ICV kainate injection, but do change over time.
The total number of BrdU cells appears to be greater in ipsilateral dentates than
contralateral dentates in kainate injected rats (Fig 6.8A). However, overall these
differences are not significant (p=0.064; two-way ANOVA), and neither are Bonferroni
post test comparisons between ipsilateral and contralateral dentates at each sacrifice time.
Changes in total BrdU numbers were significant over time (p<0.001; two-way ANOVA),
with ipsilateral increases from 6 hours (2722+265 cells) to day 2 (8186+740 cells;
p<0.01) and day 5 (742343117 cells; p<0.01), and a contralateral increase from 6 hours
(2974+872 cells) to day 5 (6228+2293 cells; p<0.05; Fig 6.8A).

ii) BrdU only cell counts do not differ between ipsilateral and contralateral dentates
in animals that received a unilateral ICV kainate injection, but do change over time.
The number of BrdU only cells appears to be greater in ipsilateral dentates than

contralateral dentates in kainate injected rats (Fig 6.8B). However, overall these
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differences are not significant (p=0.077; two-way ANOVA), and neither are Bonferroni
post test comparisons between ipsilateral and contralateral dentates at each sacrifice time.
Changes in numbers of cells only labelled for BrdU were significant over time (p<0.001;
two-way ANOVA), with ipsilateral increases from 6 hours (5044274 cells) to day 2
(1771£195 cells; p<0.01) and day 5 (20594863 cells; p<0.01), and a contralateral
increase from 6 hours (432+243 cells) to day 5 (1721+921 cells; p<0.05; Fig 6.8B).

iii) Total PCNA cell counts are different both between ipsilateral and contralateral
dentates and between sacrifice times after a unilateral ICV kainate injection.

The total number of PCNA cells is significantly increased in ipsilateral dentates on day 2
(ipsi, 23062+6326 cells, and contra, 13982+1575 cells; p<0.05), and overall compared
with contralateral dentates in animals receiving an ICV kainate injection (p<0.05; two-
way ANOVA; Fig 6.8C). Total PCNA numbers also changed significantly over time
(p<0.001; two-way ANOVA), with both ipsilateral and contralateral increases from 6
hours (ipsi, 5234+951 cells, and contra, 5573+1305 cells) to day 2 (ipsi, 23062+6326
cells; p<0.01, and contra, 13982+1575 cells; p<0.001) and day 5 (ipsi, 19102+10267
cells; p<0.05, and contra, 12917+3993; p<0.01; Fig 6.8C).

iv) PCNA only cell counts are different both between ipsilateral and contralateral
dentates and between sacrifice times after a unilateral ICV kainate injection.

The number of PCNA only cells labelled is significantly greater overall in ipsilateral
dentates than contralateral dentates in animals receiving an ICV kainate injection
(p<0.05; two-way ANOVA; Fig 6.8D), although this change is not significantly different
at any individual point (Bonferroni post tests). Changes in PCNA only numbers were
also significant over time (p<0.001; two-way ANOVA), with both ipsilateral and
contralateral increases from 6 hours (ipsi, 3017+655 cells, and contra, 3031898 cells) to
day 2 (ipsi, 1664625745 cells; p<0.05, and contra, 9670+£1431 cells; p<0.001) and in
contralateral dentates from 6 hours to day 5 (contra, 8410+£2695; p<0.01; Fig 6.8D).
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v) Cells both expressing PCNA and incorporating BrdU do not differ between
ipsilateral and contralateral dentates in animals that received a unilateral ICV
kainate injection, but do change over time.

The number cells labelled with both PCNA and BrdU appears to be greater in ipsilateral
dentates than contralateral dentates in kainate injected rats (Fig 6.8E). However, overall
these differences are not significant (p=0.10; two-way ANOV A), and neither are
Bonferroni post test comparisons between ipsilateral and contralateral dentates at each
sacrifice time. Changes in the number of cells labelled for both PCNA and BrdU are
significant over time (p<0.001; two-way ANOVA with repeated measures), with
ipsilateral increases from 6 hours (2218+477 cells) to day 2 (64154746 cells; p<0.01) and
day 5 (5364=+2361 cells; p<0.05; Fig 6.8E).

vi) The fractional contributions of BrdU pre-labelled cells to the total dividing cell
population (BrdU+PCNA/ Total PCNA) in kainate-injected animals do not change
between ipsilateral and contralateral dentates, but do differ over time.

There are no significant differences in the proportions of the total dividing population
that are pre-labelled BrdU positive cells between ipsilateral and contralateral dentates in
animals receiving unilateral ICV saline injections (p=0.17; two-way ANOVA), and
Bonferroni post tests found no differences between ipsilateral and contralateral dentates
at individual sacrifice points. A significant overall change in the proportions over time
was observed (p<0.001; two-way ANOVA), this is due to a bilateral decrease in the
proportion of BrdU labelled cells that continue to divide between 6 hours (ipsi,
0.425+0.129, and contra, 0.488+0.178) and 2 days (ipsi, 0.297+0.079, and contra,
0.333+0.156; both p<0.05). Additionally an ipsilateral decrease between 6 hours and day
5(0.314+0.150; p<0.05; Fig 6.8F) was observed.
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Fig 6.8: Profiles of proliferation in ipsilateral (solid lines) and contralateral
(dotted lines) dentates of animals receiving unilateral i.c.v. kainate injections.
Cell proliferation is investigated using two markers; pre-injection tagging of cells in
the cell cycle with BrdU and identification of cells in the cells cycle at the time of
sacrifice using PCNA. Different marker labelling combinations then represent
different populations of cells, the total number of cells derived from pre-labelled cells
(A) and the total number of cells dividing at sacrifice (C) can be sub divided into a
population of pre-labelled cells that have ceased to divide (B), a population of cells
that were not dividing before the injection but are at sacrifice (D), and a population of
cells that were dividing before the injection and are dividing at sacrifice (E). The
fractional contribution of BrdU pre-labelled cells to the total population of cells in the
cell cycle at sacrifice is also examined (F). Values are expressed as mean + SEM, and
are taken from 5 animals with 3 sections systematically sampled from each animal
and scaled by the inter section interval, except in (F), where data is per section from
15 sections. Black asterisks denote significant differences within ipsilateral (solid
lines) and contralateral (dotted lines) dentates determined by One-way ANOVA with
Bonferroni post hoc test and blue asferisks denote significant differences between
hemispheres determined by two-way ANOVA with Bonferroni post hoc test, (*
p<0.05, **p<0.01, ***p<0.001).
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vii) Summary of proliferation in unilateral ICV kainate injected rats.

Unilateral injection of kainate induces significant changes in proliferation in the dentate
ipsilateral to the injection compared with that in the contralateral dentate. While dentates
from both hemispheres follow the same general trends, these are significantly more
pronounced in the ipsilateral dentates. Kainate injection results in significant increases in
both ‘clonal” and point proliferation (total BrdU labelling, and total PCNA labelling
respectively) over time, in both dentates, and the increases in BrdU only labelled cells
also indicates an increase in post mitotic cells over time. Importantly, the actively
dividing ‘clonal’ population (BrdU and PCNA labelled) is only significantly increased in

the ipsilateral dentates.

6.3.3.3 Ipsilateral kainate vs. saline injection.

Using the same six parameters as in the previous sections, the direct resuits of kainate
injection are compared to those of saline injection; to identify changes in cell
proliferation that injection of a bolus of kainate induces but injection of a bolus of saline

does not.

i) Total BrdU incorporation is greater in the ipsilateral dentates of animals receiving
a unilateral ICV kainate injection than those receiving saline.

In the ipsilateral dentates the total number of BrdU positive cells overall was increased in
animals receiving kainate injections (p<0.001; two-way ANOV A), with significant
increases on day 2 (kainate, 8186+740 cells, vs. saline, 3298+143 cells; p<0.001), and
day 5 (kainate, 7423+3117 cells, vs. saline, 44351021 cells; p<0.01) after ICV kainate
compared with saline (Fig 6.9A).

ii) BrdU only cell counts are larger in the ipsilateral dentates of animals receiving a
unilateral ICV kainate injection than in those receiving saline.

In the ipsilateral dentates the number of cells only positive for BrdU overall was
increased in animals receiving kainate injections (p<0.001; two-way ANOVA), with

significant increases on day 2 (kainate, 1771195 cells, vs. saline, 763%175 cells;
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p<0.01), and day 5 (kainate, 2059+863 cells, vs. saline, 950+176 cells; p<0.01) after ICV

kainate compared with saline (Fig 6.9B).

iii) Total PCNA counts are greater in the ipsilateral dentates of animals receiving a
unilateral ICV kainate injection than those receiving saline.

In the ipsilateral dentates the total number of PCNA positive cells overall was increased
in animals receiving kainate injections (p<0.001; two-way ANOV A), with a significant
increase on day 2 (kainate, 23062+6326 cells, vs. saline, 6379+1139 cells; p<0.001), after
ICV kainate compared with saline (Fig 6.9C).

iv) PCNA only cell counts are larger in the ipsilateral dentates of animals receiving a
unilateral ICV kainate injection than in those receiving saline.

In the ipsilateral dentates the number of cells only positive for PCNA overall was
increased in animals receiving kainate injections (p<0.01; two-way ANOVA), with a
significant increase on day 2 (kainate, 16646+5745 cells, vs. saline, 38451086 cells;

p<0.01) after ICV kainate compared with saline (Fig 6.9D).

v) PCNA and BrdU co-labelling is greater in the ipsilateral dentates of animals
receiving a unilateral ICV kainate injection than those receiving saline.

In the ipsilateral dentates the number of PCNA and BrdU double labelled cells overall
was increased in animals receiving kainate injections (p<0.001; two-way ANOVA), with
significant increases on day 2 (kainate, 6415+746 cells, vs. saline, 2534=195 cells;
p<0.001), and day 5 (kainate, 536442361 cells, vs. saline, 3485+901 cells; p<0.05) after
ICV kainate compared with saline (Fig 6.9E).

vi) The fractional contribution of BrdU pre-labelled cells to the total dividing cell
population (BrdU+PCNA/ Total PCNA) is reduced on day 2 in ipsilateral dentates
of animals receiving a unilateral ICV kainate injection compared with those
receiving saline.

Overall, the proportions of the total dividing population that are pre-labelled BrdU

positive cells are not different between ipsilateral dentates in animals receiving either
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kainate or saline as a unilateral ICV injection (p=0.11; two-way ANOVA). However, on
day 2 after surgery there is a significant decrease in the proportion in the dentates of
kainate injected animals compared with animals that received saline injection (kainate,

0.297+£0.079, and saline, 0.424+0.162; p<0.05; Fig 6.9F).
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Fig 6.9: Profiles of proliferation in ipsilateral dentates of animals receiving
unilateral i.c.v. kainate or saline injection. Cell proliferation is investigated using
two markers; pre-injection tagging of cells in the cell cycle with BrdU and
identification of cells in the cells cycle at the time of sacrifice using PCNA. Different
marker labelling combinations then represent different populations of cells, the total
number of cells derived from pre-labelled cells (A) and the total number of cells
dividing at sacrifice (C) can be sub divided into a population of pre-labelled cells that
have ceased to divide (B), a population of cells that were not dividing before the
injection but are at sacrifice (D), and a population of cells that were dividing before
the injection and are dividing at sacrifice (E). The fractional contribution of BrdU
pre-labelled cells to the total population of cells in the cell cycle at sacrifice is also
examined (F). Values are expressed as mean = SEM, and are taken from 5 animals
with 3 sections systematically sampled from each animal and scaled by the inter
section interval, except in (F), where data is per section from 15 sections. Black and
red asterisks denote significant differences within kainate and saline dentates
respectively determined by One-way ANOVA with Bonferroni post hoc test and blue
asterisks denote significant differences between treatments determined by two-way
ANOVA with Bonferroni post hoc test, (* p<0.05, **p<0.01, ***p<0.001).
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vii) Summary of proliferation in the ipsilateral dentates of unilateral ICV kainate
and saline injected rats.

Kainate induces a significant increase in proliferation in the dentate ipsilateral to its
injection, compared with saline injection, this increase occurs in both ‘clonal’ and point
proliferation observations, and is time dependent. These increases all occur between 6
hours and 2 days after injection, and remain elevated until day 5 after injection, although
this time is not statistically significant for the point proliferation data. The significant
increase in BrdU only labelled cells indicates that kainate produces an increase in post-
mitotic cells, which could correlate with increased neurogenesis. On day 2 after the
injection the proportion of the point proliferation detected, which is due to proliferation

of ‘clonal’ cells is significantly reduced in the animals that have received kainate.

6.3.3.4 Contralateral kainate vs. saline injection.

Using the same six parameters as in the previous sections, the contralateral results of
kainate injection are compared to those of saline injection; to identify changes in cell
proliferation that are induced contralaterally to a kainate injection but are not induced

contralaterally to a saline injection.

i) Overall total BrdU incorporation is greater in the contralateral dentates of
animals receiving a unilateral ICV kainate injection than those receiving saline.

In the contralateral dentates the total number BrdU positive cells detected overall was
increased in animals receiving kainate injections (p<0.001; two-way ANOVA), however
this is a general trend and was not reflected by significant increases at any of the

individual times examined (Fig 6.10A).

ii) Overall BrdU only cell counts are greater in contralateral dentates of animals
receiving a unilateral ICV kainate injection than those receiving saline.
In the contralateral dentates the number of cells only positive for BrdU overall was

increased in animals receiving kainate injections (p<0.001; two-way ANOVA), however
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this is a general trend and was not reflected by significant increases at any of the

individual times examined (Fig 6.10B).

iii) Total PCNA incorporation is greater in the contralateral dentates of animals
receiving a unilateral ICV kainate injection than those receiving saline.

In the contralateral dentates, the total number of PCNA positive cells detected overall
was increased in animals receiving kainate injections (p<0.001; two-way ANOVA), with
significant increases on day 2 (kainate, 139821575 cells, vs. saline, 7538+1540 cells;
p<0.001), and day 5 (kainate, 12917+3993 cells, vs. saline, 921642115 cells; p<0.05)
after ICV kainate compared with saline (Fig 6.10C).

iv) PCNA only cell counts are greater in contralateral dentates of animals receiving
a unilateral ICV kainate injection than those receiving saline.

In the contralateral dentates the number of cells only positive for PCNA overall was
increased in animals receiving kainate injections (p<0.001; two-way ANOVA), with a
significant increase on day 2 (kainate, 9670+1431 cells, vs. saline, 4342+1412 cells;
p<0.001) after ICV kainate compared with saline (Fig 6.10D).

v) PCNA and BrdU co-localization is unchanged in the contralateral dentates of
animals receiving a unilateral ICV kainate and saline injections.

In the contralateral dentates the number PCNA and BrdU double-labelled cells detected
was not significantly different between animals that received either saline or kainate as an
ICV injection (p=0.051; two-way ANOVA), although there was a trend for increased
PCNA and BrdU labelling in kainate injected animals (Fig 6.10E).

vi) The fractional contributions of BrdU pre-labelled cells to the total dividing cell
population (BrdU+PCNA/ Total PCNA) are unchanged in the contralateral dentates
of animals receiving a unilateral ICV injection of kainate or saline.

Overall, the proportions of the total dividing population that are pre-labelled BrdU
positive cells are not different between contralateral dentates in animals receiving either

kainate or saline as a unilateral ICV injection are not different(p=0.85; two-way
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ANOVA), and Bonferroni post tests reveal no differences at any of the sacrifice times
(Fig 6.10F). However, the general profile appears to follow that of the ipsilateral
dentates, with a fall in the fraction of the total dividing cell population that is derived

from clonal proliferation decreasing on day 2 in the kainate treated animals (Fig 6.9F).

vii) Summary of proeliferation in the contralateral dentates of unilateral ICV kainate

and saline injected rats.
Kainate induces a significant increase in point proliferation in the contralateral dentate

between 6 hours and 2 days after injection, compared with a saline injection, point
proliferation then remains elevated until at least 5 days after the injection. By contrast,
while there is a trend for increased ‘clonal’ proliferation in contralateral dentates of
animals receiving kainate injection this trend is not statistically significant when
compared with saline injected controls. Thus, existing proliferating cells may not be

responsible for the increases in cell division observed in contralateral dentates after

kainate.
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Fig 6.10: Profiles of proliferation in dentates contralateral to i.c.v. kainate or
saline injection. Cell proliferation is investigated using two markers; pre-injection
tagging of cells in the cell cycle with BrdU and identification of cells in the cells cycle
at the time of sacrifice using PCNA. Different marker labelling combinations then
represent different populations of cells, the total number of cells derived from pre-
labelled cells (A) and the total number of cells dividing at sacrifice (C) can be sub
divided into a population of pre-labelled cells that have ceased to divide (B), a
population of cells that were not dividing before the injection but are at sacrifice (D),
and a population of cells that were dividing before the injection and are dividing at
sacrifice (E). The fractional contribution of BrdU pre-labelled cells to the total
population of cells in the cell cycle at sacrifice is also examined (F). Values are
expressed as mean + SEM, and are taken from 5 animals with 3 sections
systematically sampled from each animal and scaled by the inter section interval,
except in (F), where data is per section from 15 sections. Black and red asterisks
denote significant differences within kainate and saline dentates respectively
determined by One-way ANOVA with Bonferroni post hoc test and blue asterisks
denote significant differences between treatments determined by two-way ANOVA
with Bonferroni post hoc test, (* p<0.05, **p<0.01, ***p<0.001).
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D)

Fig 6.11: High magnification images of BrdU and PCNA labelling. Transmission
images in two different focal planes (A+D) show BrdU positive cells (Black) and
PCNA positive cells (Red). PCNA cells are visualised using fast red, which
fluoresces and can be used to clearly identify PCNA positive cells (B+E). A
composite of the transmission and fluorescence images illustrates cells co-localising
both BrdU and PCNA (C+F). Arrows indicate cells in the focal plane of the image,
stained for BrdU (Black) or PCNA (Blue).

6.3.4 Fluoro-Jade B measurement of cell death

Cell death is a well-documented consequence of kainate-induced seizures; within the
hippocampal formation it is generally reported as being localised in the CA3 pryamidal
neurons, however some reports identified cell death in the dentate, and the work in the
previous chapter identified an early phase of cell death in the granule cell layer of
organotypic cultures. Additionally, research has suggested that cell proliferation may be
driven by cell death, possibly of progenitor cells, the clonal proliferation paradigm is
ideally suited to further investigate a potential correlation between proliferation and cell

death should be examined.

i) Cell death was not detected by Fluoro-Jade B staining in the contralateral

dentates of either treatment group.
Fluoro-Jade B (FJB) staining above background was not detected ipsilateral to an ICV

saline injection and was also absent in all contralateral dentates examined. Analysis of
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ipsilateral denates after saline injection is included to permit comparison with dentates

ipsilateral to a kainate injection, in which some FJB staining was present (Fig 6.13).

ii) Kainate induces significantly increased granule cell death in the dentate gyrus
ipsilateral to its injection, compared to a saline injection.

In ipsilateral dentates, the measured percentage of the total granule cell layer staining for
FJB is significantly greater in kainate injected animals on day 2 (4.24+6.97% staining)
and day 9 (4.2844.55% staining), than in saline injected animals (day 2, 0.060.04%
staining, and day 9, 0.09£0.07% staining; both p<0.05, Kruskal-Wallis test with Dunn’s
post test). Cell death at 6 hours followed a similar pattern, but failed to reach statistical
significance (kainate, 3.33+7.23% staining, and saline, 0.12+0.12% staining; Fig 6.12A).
However, FJB staining is not a consistent feature in all animals exposed to kainate, with

only 6 of the 16 kainate treated animals examined having FJB staining greater than 2.5%

of the GCL (Fig 6.12B).

iii) No correlation between Fluoro-Jade B staining and BrdU positive cell counts was
observed in the ipsilateral dentates of animals receiving a unilateral ICV injection of
kainate or saline.

In dentates ipsilateral to a saline injection cell death determined by FIB does not correlate
linearly with clonal cell proliferation at 6 hours (r=0.2, p=0.92; Spearman’s rank
correlation), 2 days (r=-0.3, p=0.68; Spearman’s rank correlation) or 9 days (r=0.1,
p=0.95; Spearman’s rank correlation) after the injection (Fig 6.12B). Similarly, after
kainate injection there is no correlation between FIB staining and BrdU labelling at 6
hours (r=0.1, p=0.95; Spearman’s rank correlation), 2 days (r=0.15, p=0.78; Spearman’s
rank correlation) or 9 days (r=0.26, p=0.69; Spearman’s rank correlation; Fig 6.12B).
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Fig 6.12: Fluoro-Jade B expression in ipsilateral dentates of animals receiving
unilateral i.c.v. injections of either saline or kainate. Showing the area of Fluoro-
Jade B staining as a percentage of the total granule cell layer area, measured by DAPI
staining (A). Values are expressed as mean + SEM, taken from 4-6 animals per
treatment with 6 sections systematically sampled from each animal. Asterisks denote
significant differences within groups over time determined by Kruskal-Wallis test
with Dunn’s post hoc test (* p<0.05). The distribution of Fluoro-Jade B cell death is
compared with ‘clonal’ BrdU labelling (B), in ipsilateral dentates from both saline and

kainate injected animals.
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Fig 6.13: DAPI and Fluro-Jade B (FJB) staining ipsilateral to saline or kainate
injection. Showing a dentate ipsilateral to an ICV saline injection (A+C) or ICV
kainate injection (B+D). The granule cell layer is identified with DAPI staining
(A+B), and cell death is identified with FJB staining (C+D). The distribution of cell
death appears to be throughout the entire GCL and not restricted to the SGZ.
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6.4 Discussion

6.4.1 Ipsilateral and contralateral dentates in the saline injected animals

No differences were observed in any of the parameters considered between ipsilateral and
contralateral dentates in animals receiving an ICV saline injection. This indicates that
injection of a bolus of liquid does not have an effect on overall proliferation (PCNA
labelling), clonal proliferation (BrdU labelling), neurogenesis (Dcx labelling), or cell
death (FJB staining), compared with the opposite hippocampus, which does not receive
an injection. Alternatively, the surgery and injection may produce an effect, but this

effect is bilateral, and independent of the injection side.

6.4.2 Basal cell proliferation and neurogenesis in saline injected ‘control’ animals
Significant increases in Total PCNA cell counts and PCNA only cell counts between 6
hours and day 5 were observed, and these results are surprising, because in a control
population cell division is expected to be constant over time. The significant increase in
total PCNA occurs only in the ipsilateral dentate and thus might be considered to be as a
direct consequence of the injected saline, however the trend is followed in the
contralateral dentate, and significant increases are seen in both dentates when
proliferation of cells that were not dividing prior to the surgery (PCNA only) are
considered (Fig 6.7A). This would suggest that the trauma related to the surgery might
have an effect on basal levels of proliferation. Studies have shown that both chronic and,
importantly, acute stress decrease neurogenesis (Gould, Tanapat et al., 1998; McEwen,
1999); the handling and injury related to surgery in all these experiments are likely to
result in some acute stress and thus could cause a short term decrease in proliferation,
which is beginning to recover by 24 hours. This conclusion is further supported by two-
way ANOVA analysis of immature neuron numbers identified by Dcx staining, which
identified a bilateral trend for decreased neurogenesis between day 2, and day 7 (Fig
6.4A), although no individual significant differences were detected. These two points
might be considered contradictory, however it will take some time for a change in
proliferation to be reflected as a change in neurogenesis. In mice, Dcx is expressed in

immature neurons for 7-10 days (Kempermann, Gast et al., 2003), and so a small change
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on one day to the number of cells added to this large population of immature neurons is
unlikely to be detected. Thus, a decrease in basal proliferation at 6 hours will not
correlate with an instant decrease in Dcx labelling. However, a sustained decrease in
proliferation over a number of days will begin to be reflected by a reduction in the
number of Dcx positive cells observed. Similarly, there will be a lag between recovery of
basal levels of proliferation and recovery of basal levels of Dcx expression. Examination
of PCNA and Dcx labelling in un-operated animals could identify basal levels of
proliferation and neurogenesis before surgery and thus clarify this point. However,
further evidence supporting this hypothesis comes from PCNA and Dcx counts in
ipsilateral dentates of animals injected with kainate where Dcx increases lag behind

PCNA increases (Fig 6.4 and Fig 6.8), which are discussed in more detail below.

6.4.3 Pre-labelled ‘clonal’ modelling of proliferation in saline injected animals

In early work investigating cell division using BrdU as a marker Nowakowski used an
assumption that the cell division followed a steady-state model (Nowakowski, Lewin et
al., 1989). In this steady-state model a series of asymmetric cell divisions by a stem cell
occurs, each division generates a new ‘post-mitotic cell’ and regenerates the stem cell;
the number of post mitotic cells increases at a rate of 1 per cell cycle while the number of
dividing cells remains constant (Fig 6.14A). Subsequent experiments have lead to a
partial redefining of this model, with the realisation that other paradigms of division can
produce an increase in cell numbers that on average follows the original steady state
model. For example: a combination of asymmetric divisions, regenerative symmetric
divisions (producing 2 stem cells) and terminal symmetric divisions (producing 2 post-
mitotic cells) if occurring in the ratio 2:1:1 generates an average of one new ‘post
mitotic’ cell per cell division (Nowakowski and Hayes, 2001), and a regenerative cell

division combined with a terminal cell division produces the same profile (Fig 6.14B-G).
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Fig 6.14: Three populations undergoing steady-state growth. At every cell cycle, all have a
constant number of proliferative cells (P) and produce the same number of post-proliferative cells (Q),
i.e. at each generation P = Q = 0.5. In the population on the left, all cells have the same lineage in which
each proliferating cell divides asymmetrically. In the population in the middle, the lineages vary. Here
an initial population of four cells (B-E) beget daughters and granddaughters that are assigned a P/Q
fate randomly. If the overall population is a mixture (1:2:1) of all three possible types of cell division,
then the number of proliferating cells and the output of this population are the same as that shown in A
at every generation. In the population on the right an initial population of two cells (F and G) divide
symmetrically with two possible types of fate (both P or both Q). If the chance of each division fate is
equal then the number of proliferating cells and the output of this population are the same as that shown
in A at every generation. Adapted from Nowakowski & Hayes (2001).

In our experiments, the number of pre-labelled cells that continue to divide after the
saline injection are unchanged overtime, while pre-labelled cells that have exited the cell
cycle (BrdU only) increase steadily (Fig 6.7B+E). This profile fits the steady-state
model described above. However, it cannot be the only process occurring, as the rate of
increase in labelled cell numbers is not equivalent to 1 new cell per cell cycle. Between 6
hours and day 5 the number of BrdU only cells undergoes at most a 2.75 fold increase
(Fig 6.7B), however with a cell cycle time of about 25 hours (Cameron and McKay,
2001), after about 4 cell cycles a 4 fold increase would be anticipated. A more detailed
study of proliferation in the dentates of two strains of mice, in which numbers of
proliferating cells differed significantly, found that throughout the 10 days after BrdU
labelling cells were lost at a rate of about 0.4% of cells per hour (Hayes and
Nowakowski, 2002). In our experiment in the 114 hours between 6 hours and day 5, this
is equivalent to a drop of approximately 45%, if these dying cells are added to the count
at 5 days then a 4 fold increase occurs between 6 hours and 5 days (saline contra, 6 hours
382 cells and 5 days 1524 cells (1051 +473)). Another study has examined the loss of
BrdU labelled cells in rats, they found a 29% drop in labelled cells between day 6 and
day 16 (equivalent to 0.12% of cells per hour), and a 28% drop between day 16 and day
28 (0.10% of cells per hour) (Dayer, Ford et al., 2003). Although the work of Dayer et al.
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does not consider cell death in the early phase of BrdU labelling, between 24 hours and 6
days after BrdU injection, where our experiments reside, their work suggests the rate of
cell death is lower in rats than in mice, and probably accounts for about a 15% drop in
detected cells. The rest of the disparity between observed and expected numbers of BrdU
labelled cells is probably due to dilution, which is discussed in detail below. The above
results demonstrate that the assumption of some BrdU loss over time through cell death is
reasonable; and therefore our data from saline injected animals present a good fitto a

steady-state model of proliferation.

6.4.4 Effect of dilution on the persistence of BrdU in dividing cell populations

The study of Hayes et al. identified and quantified many of the factors influencing
detection of proliferating cells using BrdU, including the cell loss through death
discussed above. Their work also identified the average number of divisions that a cell
could undergo before the BrdU contained within the nucleus became diluted beyond their
ability to detect it. This is especially useful for our analysis as the methods used in the
two experiments are very similar. Hayes applied a series of IP BrdU injections at
intervals of 4 hours for either 12 or 24 hours and then sacrificed the animals at different
times (ranging from 4.5 hours to 240 hours after first BrdU injection) and quantified
BrdU labelling at each time (Fig 6.15). Their results demonstrated a linear increase in
BrdU labelling for approximately 48 hours (3 cell cycles in the mouse), as labelled cells
divided maintaining their numbers and producing BrdU labelled ‘post mitotic’ cells.
Dilution of BrdU was determined to have occurred shortly after this point as the number
of BrdU labelled cells fell slightly. This occurred because the proliferating cells divide
and the BrdU in the daughter cells falls below detection levels producing two
undetectable cells. The BrdU labelled ‘post mitotic’ cells are unaffected by dilution

because they are not dividing and these cells continue to be detected.
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Fig 6.15: Interpretation of a saturation labelling BrdU curve. (A) A mathematical
model of the behavior of the proliferating population in the adult dentate gyrus was
based on the assumption of steady-state dynamics, a 7, value measured independently,
and a least-squares fit to the data collected from a 12 h saturation paradigm in
C57BL/6]. Labeling of the proliferating population (P; gray line) is complete in less
than 12 h after the first BUdR injection; the number of labeled P cells remains
constant until the dilution detection limit (DDL) is reached, after which it drops
rapidly to 0. The number of labeled post-mitotic cells (Q) produced (dotted line) rises
linearly to a peak approximately coincident with the DDL, after which, in the absence
of cell death, that number would remain constant. Thus, in the absence of any cell
death, the expected number of labeled cells at any point (dashed line) is equal to the
sum of P and Q. Any deviation of the curve fit to the data (heavy black line) from the
expected number of labeled cells (dashed line) is most likely attributable to cell death
in the newly produced cells. Values for the total number of proliferating cells, 7, T,
and the incidence of cell death per unit time can be calculated from the curve.
Adapted from Hayes And Nowakowski (2002).

The results we obtained from the dentates of saline injected animals appear to fit this
model fairly well (Fig 6.1A), with a peak in BrdU labelling and subsequent dilution
probably beginning between day 3 and day 6 (in the region of 3-4 cell cycles with a cell
cycle time of 25 hours (Cameron and McKay, 2001)). The labelling then fits the slow
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loss of BrdU labelled cells discussed above, from day 6 through to day 10 (all time points
correspond to one day earlier in the results section as graph timescales start from day 0
being surgery and BrdU was administered from 24 hours prior to surgery). However, one
result from our experiments would tend to disagree with this model, cells expressing both
BrdU and PCNA at 6 days suggest that complete dilution of BrdU in dividing cells has
not occurred by this point. In fact, the number of cells that are BrdU and PCNA positive
is unchanged over the 5 days examined, suggesting no dilution is occurring at all. There
are at least two possible reasons for this. PCNA could be expressed for a short time in
cells that have exited the cell cycle this would lead to overestimation of the number of
pre-labelled cells that continue to divide and an apparently delayed point of BrdU
dilution. A threefold difference between PCNA and BrdU labelled cells is predicted from
the ratio of PCNA expression time (the whole cell cycle ~25 hours) to BrdU labelling
time (the S-phase ~8 hours) in a dividing cell. In the saline experiments the number of
PCNA positive cells is only approximately 2-3 times greater than the number of BrdU
labelled cells, indicating extended PCNA labelling after cells have entered Gy is unlikely.
Alternatively, the population of dividing cells could be more complicated than the steady-
state model. Work from Alverz-Bullya’s group have identified a mechanism for
neurogenesis in the subventricular zone (SVZ) involving 3 different types of proliferating
cells, where a slowly dividing stem cell population (B cells), are combined with a rapidly
dividing progenitor population (C cells) and a migratory restricted neuroblast population
(A cells) (Doetsch, Caille et al., 1999; Doetsch, Petreanu et al., 2002). They have also
proposed a similar model in the sub-granular zone (SGZ) of the dentate gyrus, this model
has only two different types of dividing cell, possibly reflecting the reduced length of
migration following neurogenesis in the dentate, the slowly dividing B cells remain and a
second rapidly dividing progenitor population (D cells). C and D cells in the two models
are probably similar, however they differ in appearance and mitotic activity; C cells are
large and can undergo many rapid divisions, D cells are small and divide less frequently
(Seri, Garcia-Verdugo et al., 2001).

A model with two different proliferating cell populations, with different cell cycle times,
could result in an extended period of BrdU and PCNA co-labelling, whilst retaining the

steady-state proliferation and BrdU dilution features demonstrated by Nowakowski. The
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slowly dividing (B cells) population will become diluted below detection levels more
slowly than the rapidly dividing (D cells; Fig 6.16). For example, if the cell cycle time
for B cells is twice (48 hrs) that of D cells (24 hours) then some dividing cells would
continue to be labelled until for 144 hours (6 days), assuming 3 cell cycles before
dilution. This compares with dilution of a purely D cell population at 72 hours, and if the
B cell cycle is longer, the time before dilution could be further extended.

Using this hypothesis for cell division, the actual number of BrdU and PCNA positive
cells detected from a single pulse of BrdU would change over time, which our data did
not appear to do (Fig 6.7A). However, it does overcome the fundamental problem of
BrdU and PCNA double labelling after BrdU dilution should have occurred.
Nowakowski et al. considered the possibility of two dividing populations in some of their
early work and concluded that the “fit to the equations of a two population model was not
significantly better” than a single population (Nowakowski, Lewin et al., 1989). Thus,
their work does not exclude the possibility of more than one cell cycle length.
Additionally, when comparing one and two population models Nowakowski et al.
assumed both cell cycle time and S-phase duration were altered. However, there is no
evidence to suggest that S-phase is changed when cell cycle length alters, in fact S-phase
remains unchanged in the dentates of immature and adult rats, when cell cycle time
increases (Lewis, 1978; Cameron and McKay, 2001). S-phase is where the genome is
replicated and the length of the genome remains the same within a species, it is
reasonable to assume that the time taken to complete replication is unlikely to change,
unless enzyme activity is specifically hindered, for example by altering body

temperature.
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Fig 6.16: BrdU and PCNA expression in a model with two populations of dividing
cell. Steady state model proliferation occurs over time however BrdU labelling follows
an approximately steady-state profile for about 3 cell cycles. A more complex profile
can produce steady state proliferation until after the first 3 cell cycles when dilution
occurs. Stem cell . a symmetric division every other cell cycle, with the resultant

progenitor cell(®) dividing symmetrically to form 2 progenitor cells, which both
subsequently symmetrically divide to produce neurons@). Cell cycle is based on
progenitor cell cycle time, stem cell cycle time is twice as long as progenitor cell cycle
time. If stem cells have the same cell cycle time as progenitor cells but rest in G, for
one cell cycle between successive divisions then BrdU and PCNA co-labelling would
be 3 after 1 cell cycle and 1 after 3 and 5 cell cycles.

6.4.5 Distribution of BrdU positive cells and proliferation models.

Long term (up to 11months) persistence of BrdU labelling has been described

mmmp Dilution
@ mmp Dilution

(Kempermann, Gast et al., 2003), at this time the labelling only detects single cells. This

179



is in stark contrast to shortly (24 hours) after BrdU administration where in addition to
single BrdU labelled cells, groups of BrdU labelled cells are present (in clusters
containing from 2 cells to ~12 cells; Fig 6.3). Many of the cells in the large clusters are
dividing cells that disappear through dilution after a short time, however migration of the
cells has also been documented (Kuhn, Dickinson-Anson et al., 1996), typically cells
generated in the SGZ migrate a distance of 50-100pum, this migration takes place in less
than 7 days (Kempermann, Gast et al., 2003). Seki considered the number of cells ina
cluster 1, 3, and 7 days after a single BrdU injection. He found the proportion of single
cells increased during the experiment, the proportion of pairs of cells did not change
significantly (although the trend was for a decrease) and the proportion of cells in clusters
of 3 or more fell significantly (Seki, 2002). However, importantly large clusters of cells
still exist 7 days after the BrdU pulse, this can be interpreted as further evidence for a
model of proliferation using two dividing cell populations with different cell cycle times.
By 7 days, migration has separated post mitotic neurons and BrdU label dilution has
rendered rapidly dividing cells undetectable, therefore large clusters are presumably
derived from the slowly dividing cells.

Our experiments produced similar results, with average cluster sizes of approximately
3.5-4 cells per cluster at the early points, and then falling to an average size of almost 2
cells per cluster on days 6, 8, and 10 after BrdU addition (Fig 6.2, days 5, 7, and 9 after
surgery). Ifthe slowly dividing cells were not present, the average cluster size would be

closer to 1 since post mitotic cells have migrated apart.

6.4.6 Disparity in BrdU labelling between immuno-labelling protocols
Immunostaining of saline injected control tissue for BrdU is different on day 2 after
saline injection, when BrdU was single labelled (Fig 6.1A), and when BrdU and PCNA
were double-labelled (Fig 6.7A). There are two possible explanations for this difference;
the antigen retrieval process is different between the two staining processes, and the
sampling of the sections is different. Although the double-labelling staining protocol was
developed to maximise staining, by finding optimal microwave and acid treatment times
and by using an amplification step (the avidin-biotin complex) in the secondary labelling

rather than using direct application of a fluorescent secondary antibody, it is possible that
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the additional microwave treatment step decreases detection of BrdU. A corresponding
reduction in BrdU labelling was observed between the two immunohistochemical
protocols in kainate injected animals, although this effect was smaller (Fig 6.1B and Fig
6.8A). The smaller decrease observed in kainate-injected animals may be related to the
sampling techniques used. In the single labelling run 6 sections were sampled,
throughout the entire extent of the hippocampus, the double labelling protocol used only
3 sections, again sampled evenly throughout the whole hippocampus, however these
sections correspond to a slightly more ventral distribution of sections than was obtained
for the single labelling immunostaining. Differential levels of lesion have been reported
between dorsal and ventral parts of the hippocampus after unilateral ICV kainate
injection (Nadler, Perry et al., 1978), and a similar phenomenon could be obtained with
the increased proliferation. Further support for this explanation comes from the work
described in chapter 3, which described variation in cell proliferation along the septo-

temporal axis in postnatal day 5 cultures.

6.4.7 Kainate induces changes in the dentate gryus

The results discussed thus far, obtained from saline injected animals are broadly similar
ipsilateral and contralateral to the injection site. Our results identified four major
differences in the ipsilateral dentates of animals receiving kainate injections when
compared to saline injected controls. These are, increased point cell proliferation,
identified by PCNA labelling, increased ‘clonal’ proliferation identified from BrdU pre-
labelling, increased neurogenesis, identified by Dex immunostaining, and induction of

cell death identified by FJB staining.

6.4.8 Increased point cell proliferation induced by kainate, ipsilateral to its injection.
Currently, the most comprehensive study of point cell proliferation after seizures is by
Nakagawa et al., they used a single IP injection of BrdU, 3 hours before sacrifice 1, 3, 5,
7, 10 and 13 days after an IP kainate injection had induced seizures. They found elevated
proliferation on days 3, 5, and 7 (Nakagawa, Aimi et al., 2000). An earlier study of
Parent et al. found similar results, however this work is not truly a study of point

proliferation. They used a series of 4 IP BrdU injections at 2 hour intervals, given either

181



1,3, 6, 13 or 27 days after IP pilocarpine injection had induced seizures, animals were
sacrificed 24 hours after BrdU administration (with the exception of 1 day animals, which
were sacrificed 1-4 hours after final BrdU injection). This method identified that the area
of BrdU immunostaining increased as a percentage of the total GCL and SGZ area after 3
days and remained significantly elevated until day 13, with increased numbers of cells
proliferating implicit in these observations (Parent, Yu et al.,, 1997). We could not use a
short pulse of BrdU, administered shortly before sacrifice, to identify point proliferation
because our experiment had already used an early pulse of BrdU to label a population of
dividing cells so that their survival and that of their clones could be followed. We
therefore used PCNA, as a marker of point proliferation. PCNA is detected in all cells in
the cell cycle and so will detect more cells than BrdU (which only labels S-phase cells)
when used as a point proliferation marker. The increases in PCNA labelling on day 2 and
day 5 after kainate injection observed in these experiments agree with the observations of
others that after seizures point proliferation is significantly increased (Parent, Yu et al.,
1997; Nakagawa, Aimi et al., 2000). Our results also narrow down the window for this

increase, as neither of the above studies examined proliferation on day 2 after seizure

induction.

6.4.9 ‘Clonal’ cell proliferation increases are not the sole cause of the point cell
proliferation increases induced by kainate, ipsilateral to its injection.

The point proliferation experiments have clearly demonstrated that cell proliferation in
the SGZ is altered by seizures, and the temporal profile for these changes is now well
documented. However, the mechanisms through which these changes occur have yet to
be elucidated. In order to follow the fates of a limited number of dividing cells and their
progeny as they progressed through the consequences of seizure induction we used a
‘clonal’ BrdU labelling protocol. This technique has recently been described in un-
injured animals (Hayes and Nowakowski, 2002), and the results obtained correlated well
with our saline injected control results (Fig 6.1). After kainate the same ‘clonally’
labelled cells divide, producing significantly increased cell counts 2 days after seizures
compared with saline injected controls (Fig 6.1 and Fig 6.9A). The normally dividing

cell population therefore, as might be expected, responds to the kainate, contributing
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significantly to the observed point increases in proliferation. However, the increase in
total proliferation (total PCNA) at 2 days after seizure is significantly greater than the
increase in active ‘clonal’ proliferation at the same time (BrdU and PCNA; Fig 6.7E).
Only about 30% of the proliferation on day 2 in dentates ipsilateral to a kainate injection
is derived from the pre-labelled population, significantly less than the 42% of
proliferation in saline injected controls at the same time. This suggests that another cell
population is responding to kainate injection by dividing. To demonstrate this however

the possibility of other confounding factors such as BrdU label dilution need to be ruled

out.

6.4.10 Kainate alters the length of cell cycle in BrdU labelled clonal’ cells, and
alters the model of proliferation that best describes their proliferation profile.
Although exact changes in the cell cycle length cannot be measured directly in these
experiments, it is possible infer differences from changes in the different BrdU positive
populations. Since both the BrdU only cell count and the BrdU + PCNA cell count are
significantly increased it is likely that the cell cycle time is shortened by the addition of
kainate. The overall increase in the total BrdU positive population could probably be
achieved if kainate caused a switch to exponential cell division, with all daughter cells
remaining in the cell cycle. However, this would produce no new BrdU only ‘post-
mitotic’ cells, and a significant increase in this cell population is observed. A decrease in
the cell cycle time from the reported 25 hours in 10 week old rats (Cameron and McKay,
2001) to the shortest reported time (16 hours at 2-3 weeks) (Lewis, 1978) is sufficient to
permit completion of an additional cell cycle between the 6 hour and 2 days points
examined. This would permit the generation of additional BrdU only labelled cells.
However a partial move away from the steady state profile of proliferation must also
occur. If the steady state profile was retained and the cell cycle time decreased an
increase in both total BrdU and BrdU only labelling would occur, but BrdU and PCNA
counts would remain unchanged until dilution occurred (Fig 6.16). The significant
increase in BrdU + PCNA double labelled cells can only arise as a consequence of the
dividing ‘clonal’ cells switching to regenerate themselves more frequently after the

kainate treatment.
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6.4.11 Dilution of BrdU label from ‘clonal’ cells is unlikely occur earlier than 2 days
after kainate injection in dentates ipsilateral to the injection.

Previous studies suggest that dilution of BrdU below detection levels occurs after 3-4 cell
cycles (Hayes and Nowakowski, 2002), and results from saline injected controls in these
experiments supported this conclusion, with dilution occurring between day 2 and day 5
after saline injection (3-6 days after BrdU labelling). However, the observation that
kainate injection may shorten cell cycle time in the dentate ipsilateral to the injection
should produce earlier dilution of BrdU, since cell cycles are complete more rapidly.
Cluster analysis can be used to identify if dilution patterns are significantly different
between experiments. A BrdU labelled cell on its own forms a cluster of size 1, with a
single division the cluster grows to size 2 (2 BrdU labelled cells). The size of the cluster
is affected by 3 variables; the number of divisions, the rate cells migrate from the cluster
and the rate that dilution eliminates cells from clusters and breaks them up (Fig 6.17).
Clusters will continue to grow, unless all the cells in the cluster become ‘post-mitotic’,
until either dilution or migration occurs. In the control animals dilution is predicted
between 2 and 5 days, therefore, the decrease in cluster size between 6 hours and day 2 is
due to migration rather than dilution, and the significant fall thereafter is due to both
migration and dilution. The same BrdU cluster size profile is observed in the dentates of
animals exposed to kainate injection, indicating that dilution should not have occurred
before day 2 after kainate (Fig 6.2C inset). Further evidence to support migration as the
cause of the decline in BrdU cluster size between 6 hours and 2 days, is the continued
increase in BrdU cell counts between 6 hours and 2 days in all treatment conditions (Fig
6.18). If dilution were the cause of the decrease in cluster size between these points,
BrdU cell counts would not increase but would tend to decrease.

Although the cluster analysis assumes a steady state model and kainate has already been
demonstrated to cause a deviation from the steady state model dilution is still unlikely,
because with the pulse labelling method employed the point at which dilution occurs
should be synchronised in most cells that contain BrdU and a sharp significant change
should be observed. Further points between day 2 and day 5 could be used to identify

when BrdU becomes diluted, but this would involve a considerable cost in animals for

184



little gain. It is probable that dilution in kainate treated animals occurs between day 2
and day 3 after injection and between day 3 and day 4 in saline injected animals. Due to

the predicted decrease in cell cycle time in the kainate animals.
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Fig 6.17: Changes in average sizes of BrdU ‘clonal’ clusters, caused by migration
and dilution. A steady state cell division profile (A) with a BrdU labelled stem cell.
dividing repeatedly to produce a sequence of daughter cells. ; ‘ , etc. The average
size of the cluster generated from a single dividing cell is traced, with no migration of
cell or dilution of BrdU (B), with migration 2 cell cycles after division but no dilution
(©), and with migration 2 cell cycles after division and dilution of BrdU label Q after
4 cell cycles (D). Larger clusters are also seen in the tissue indicating groups of
dividing cells, these can rapidly alter mean cluster size (E).
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6.4.12 Kainate induces a population, other than the ‘clonal’ cells, to proliferate.
Earlier it was stated that, ‘only about 30% of the proliferation on day 2 in dentates
ipsilateral to a kainate injection is derived from the pre-labelled population, significantly
less than the 42% of proliferation in saline injected controls at the same time’. However,
differences in rates of BrdU dilution could render this observation misleading. We
established differences in the rate of BrdU dilution between the saline and kainate
injected animals are probable, this dilution does not occur until after the day 2 point, and
so is not a factor. It is therefore reasonable to conclude another population, other than the
‘clonally’ labelled cells, is responding to the kainate injection by dividing, since the
PCNA only (i.e. non-‘clonal’ dividing cells) cell counts are significantly increased on day

2 after kainate.
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Fig 6.18: Profiles of BrdU labelled cells (solid lines) and average BrdU cluster
sizes (dotted lines) in dentates of animals receiving unilateral i.c.v. injections of
either saline (A+B) or kainate (C+D), and BrdU labelling of day 0 un-operated
control data. Showing the profile of BrdU labelling (solid lines) in ipsilateral (A+C)
and contralateral (B+D) dentates after saline injection (A+B) and after kainate
injection (C+D). The profile of BrdU cluster size (dotted lines) in ipsilateral (A+C)
and contralateral (B+D) dentates after saline injection (A+B) and after kainate
injection (C+D). All values are expressed as mean = SEM, taken from 4-6 animals
per treatment with 6 sections systematically sampled from each animal, BrdU cell
counts are scaled by the inter section interval.
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6.4.13 Increased Neurogenesis is induced by kainate, ipsilateral to its injection.

In addition to the increased proliferation, we also observed increased neurogenesis. The
increase in neurogenesis determined by Dcx staining, did not occur until day 5 and
persisted to day 7 (Fig 6.4). This is later than increases in proliferation detected by
PCNA immunohistochemistry. The reasons for this are two-fold; Dcx expression is not
detected in putative neuroblasts until up to 2 days after their formation (Cooper-Kuhn and
Kuhn, 2002), and expression persists for 7-10 days once detectable (Kempermann, Gast
et al., 2003). This means newly generated Dcx positive cells are derived from the PCNA
positive cells from up to 2 days previously, and they are being added to a large pool of
cells, which will buffer any changes for a period. The PCNA and Dcx data obtained from
dentates ipsilateral to kainate injection can be related. If a delay of 2 days between
PCNA expression and Dcx expression is assumed, with Dcx expressed for 7 days, then
the total number of new neurons added between day 0 and day 5 will form five-sevenths
of Dex count on day 7. Based on the PCNA data, with a cell cycle time of 24 hours, and
40 % of PCNA positive cells becoming Dcx positive (the proportion observed in
controls) this would produce an increase in the number of Dcx positive cells of
approximately 140%. The observed increase from saline injected control Dcx expression
on day 7 is approximately 200%. However, the BrdU labelling protocol predicted a
decrease in the length of cell cycle, if the decrease is from 24 hours (control length) to 16
hours (the minimum reported time) the number of new cells generated from the PCNA
labelling would be 50% greater — approximately 210%, and very similar to the observed
increase in Dex. If Dex expression persists for longer than 7 days, the predicted increase
from PCNA labelling becomes reduced. Although these calculations are very
approximate and based on several assumptions they do suggest that alteration in cell
cycle time after kainate could be important in generating the observed changes in

neurogenesis.

6.4.14 Cell death is induced by kainate, ipsilateral to its injection.
The principle areas of the hippocampal formation lesioned by an ICV kainate injection
are the CA3 and CA4 pyramidal cell layer. Nadler et al. identified that infusion of

kainate via an ICV injection over a period of 30 minute generated a unilateral partial
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lesion of the CA3 region from doses as low as 0.5nmol, a dose of 3.8nmol is sufficient to
destroy 90% of CA3 pyramidal cells, with little to no loss of cells in the contralateral
dentate (Nadler, Perry et al., 1978). The dose of kainate we used (0.5ug ~ 2.35nmol) was
therefore sufficient to induce an extensive unilateral lesion, and seizure with a
comparatively low mortality (LDsy=5.2nmol). Nadler reported “no obvious depletion of
granule cells ...[at concentrations] up to 26nmol.”(Nadler, Perry et al., 1978), however
the results in this experiment demonstrated significant FJB labelling in one animal 6
hours after kainate injection, this could be as a result of the reduced infusion time we
used. Nadler also reported that by administering very high doses of kainate intra-
hippocampally some granule cell death could be achieved, this could be a possibility in
this case, however, no evidence of an intra-hippocampal injection tract was detected. It is
also possible that the FJB stain is a more sensitive method of detecting cell death than the
cresyl violet and Fink-Heimer stains used in the Nadler study. Cell death in the GCL has
been previously reported, both immediately after seizures, and with a significant delay,
and cell death has been postulated as an inducer of neurogenesis (Gould and Tanapat,
1997; Dong, Csernansky et al., 2003). We observed dentate granule cell death in some,
but not all, animals after seizure, however the high cell death did not correspond to a
different pattern of clonal proliferation compared with seizure animals that did not
demonstrate FJB staining (Fig 6.12 B). An increased proliferation after cell death on day
9 post seizure may not be detected due to the BrdU dilution effect already discussed,
however dilution is not a factor on day 2 and thus it is unlikely that in this model cell
death is linked to increased neurogenesis. Additionally, Ekdahl et al. established that
many of the newly generated cells die shortly after birth, and this results in a significant
increase in cell death (Ekdahl, Mohapel et al., 2001). Although the death quantified by
that study was apoptotic, it is not inconceivable that a necrotic elements of cell death
could also be present, thus the cell death we detected at longer post seizure survival times

may be newly generated cells that are not required and are dying.
6.4.15 Granule cell death does not induce changes in ‘clonal’ cell proliferation

The previous chapter identified an early phase of cell death in immature tissue, localised

principally to the inside of the GCL (closest to the hilus) that includes the SGZ, leading
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us to speculate as to whether the increase in proliferation observed after seizures was due
to specific loss of progenitor cells. These experiments cannot eliminate cell death as a
causative factor in the proliferative response to the seizures, as a substantial lesion to the
CA3 and CA4 pyramidal cell layers was present in all kainate treated animals. However,
the lack of a correlation between granule cell death, identified by FIB staining, and
‘clonal’ proliferation, identified by BrdU labelling, indicates that the increased
proliferation of existing progenitor cells in response to kainate application is not direct

response to progenitor cell death in the young adult rat.

6.4.16 Contralateral effects

Gray and Sundstrom reported increased neurogenesis in the 7 days after a unilateral ICV
kainate injection, in the SGZ of dentates both ipsilateral and contralateral to the injection.
However, the increases are not of the same magnitude, the ipsilateral increase is
significantly greater (Gray and Sundstrom, 1998). These experiments demonstrated the
same phenomenon, total PCNA labelling (point proliferation) in contralateral dentates of
animals receiving ICV kainate was significantly increased compared with saline injected
controls, but this increase is significantly smaller than the increase in corresponding
dentates ipsilateral to the kainate injection (Fig 6.8C and Fig 6.10C).

The number of clonal proliferating cells tends to increase in dentates contralateral to the
kainate injection, however this increase is predominantly in the number of post mitotic
cells generated, and not in the number cells that continue to divide, when compared with
dentates contralateral to a saline injection. This suggests that in the contralateral dentate
kainate induces a decrease cell cycle time, generating more post-mitotic cells, but does
not alter the model of proliferation which describes the cell divisions.

The fact that clonal proliferation is not producing the increase in point proliferation, also
implicates activation of another proliferating population. Although the difference
between the proportional contributions of the BrdU pre-labelled cells to the increased
point proliferation in contralateral dentates is not significant after kainate or saline
injection, the magnitude of the drop in this proportion between 6 hours and 2 days is

significant in dentates contralateral to the kainate injection (Fig 6.10F). Additionally, the
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contralateral decrease between 6 hours and day 2 is of a similar magnitude to the drop in
the ipsilateral dentates (ipsilateral 43% — 30%, and contralateral 49% — 33%; Fig
6.8F), and the proportion in ipsilateral dentates is significantly less than in saline controls
on day 2 (Fig 6.9F).

While neurogenesis (determined by Dcx staining) is not significantly greater,
contralaterally, in the kainate animals than the salines, it does demonstrate a trend for
increase, and failure to observe a significant change might be due to the low number of
sections sampled per animal in this analysis, as the BrdU only labelling indicated an
increase in post-mitotic cells.

The major difference between ipsilateral and contralateral hippocampal formations is the
absence of detectable cell death contralateral to an ICV kainate injection. This particular
difference between the ipsilateral and contralateral hippocampi of animals receiving
unilateral kainate injection, allows us to speculate that cell death activates the existing
progenitor cell population to divide in a different manner, moving away from a steady-
state model of proliferation. While another factor or factors induce a change in cell cycle
time, and induce activation of a ‘quiescent’ or slowly dividing population of cells to

divide rapidly.
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Chapter 7
Seizures induce proliferation of
subgranular zone radial glia-like
astrocytes in the adult dentate

oyrus
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7.1 Introduction
It is now well established that hippocampal neurogenesis occurs in adult mammals

(Eriksson, Perfilieva et al., 1998; Biebl, Cooper et al., 2000; Fuchs and Gould, 2000;
Cameron and McKay, 2001; Hastings, Tanapat et al., 2001), and is modulated by
among other things seizures (Parent, Yu et al., 1997; Gray and Sundstrom, 1998;
Covolan, Ribeiro et al., 2000). In spite of the evidence for the existence of postnatal
hippocampal neurogenesis, the population(s) of cells from which these new neurons
are generated has yet to be definitively identified. The ICV saline and kainate
injection experiments described in the previous chapter both fit a model of
proliferation with two types of dividing cell, one slowly dividing and the other rapidly
dividing. Differences between the proliferation profiles are probably due to kainate
inducing changes in the cell cycle kinetics and the mode of division of both the
dividing cell populations. The results obtained under control conditions add further
weight to the current evidence documenting adult proliferation and neurogenesis, but
shed no light on the potential identities of these dividing cells. Neurons themselves
are not responsible as they are terminally differentiated and thus incapable of further
division. However at least 2 populations of cells have been proposed as potential

progenitor / stem cell populations

7.1.1 Stem cell candidates in the subgranular zone.

Palmer has offered evidence that in the dentate gyrus stem cells may be of endothelial
origin, a 2 hour pulse of BrdU results in 37% of BrdU labelled cells expressing an
endothelial marker (Palmer, Willhoite et al., 2000). Many of these clusters of BrdU
positive cells were closely associated with small capillaries, and Palmer hypothesised
that the processes of angiogenesis and neurogenesis in the SGZ could be closely
linked. Other work has subsequently identified a subpopulation of astroglial cells as
stem/precursor cells. In the developing rat, radial glial cells give rise to the cells that
form the cerebral cortex (Malatesta, Hartfuss et al., 2000; Heins, Malatesta et al.,
2002; Malatesta, Hack et al., 2003). A cell phenotype that has similar morphology to
the radial glial cells and expresses the same phenotypic markers, has recently been
described as dividing to generate neurons, via an intermediate, in the adult
subventricular zone (SVZ) (Doetsch, Caille et al., 1999; Doetsch, Garcia-Verdugo et
al., 1999) and the SGZ of the dentate gyrus (Seri, Garcia-Verdugo et al., 2001; Seri
and Alvarez-Buylla, 2002).
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7.1.2 Problems associated with identifying stem cells

Identifying either the endothelial cells or the radial glial cells as neural stem cells is
difficult, since debate over the specificity of markers is intense, although recently
candidate genes for stem cells have been identified using genomics (Ivanova, Dimos
et al., 2002; Ramalho-Santos, Yoon et al., 2002). Nestin, an intermediate filament
protein expressed on cells that produce neurons and glia, is widely used as a
progenitor cell marker (Lendahl, Zimmerman et al., 1990). However, after kainate-
induced seizures most reactive astrocytes in the hilus express nestin (Clarke, Shetty et
al., 1994), it is also not reported as being expressed in the SGZ (Yagita, Kitagawa et
al., 2002), making it inappropriate for use as a marker in our experiments. Other
markers of stem cells are being identified but are not yet well characterized such as
Musashil (Yagita, Kitagawa et al., 2002), shkA (Conti, Sipione et al., 2001), and
Lewis-X (Capela and Temple, 2002). Of these, Lewis-X is a promising candidate; it
is detected in the neurogenic regions of the adult brain, it can be found in a small
subpopulation of GFAP positive astrocytes, and it is often found in close association
with blood vessels (Capela and Temple, 2002).

Another problem associated with the identification of stem cells is demonstrating that
a specific stem cell has produced a specific neuron; therefore, the ability to mark a
cells heritage is critical for identifying stem cell. BrdU pulse labelling techniques,
similar to the method used in the pre-labelling experiments where progenitor cells
were identified by tagging them with BrdU before the seizure, are only of limited
value in identifying cell heritage. The BrdU marks a cell as a dividing cell or the
product of a dividing cell, however it does not itself encode any information about the
phenotype of the cell or that of its heritage (parent cell). Additional methods of

marking the dividing cells are therefore required.

7.1.3 Transgenic techniques applied to cell phenotyping

The fact that GFAP positive cells with a radial glial morphology, that is “extending a
process, radially, deep into the granule cell layer”, may be stem cells (Alvarez-Buylla,
Seri et al., 2002) makes these cells a candidate for the effectors of the proliferative

response to seizures. However, GFAP immunostaining shows its distribution is
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highly restricted in the cell, only staining processes and not the cell body, this makes
identification of proliferating (BrdU positive), GFAP positive cells difficult to
identify as BrdU incorporation is restricted to the nucleus. The use of transgenic
technology can potentially over come this problem. A recent study used a transgenic
mouse expressing Enhanced Green Fluorescent Protein (EGFP) under the promoter
for nestin to identify nestin positive cells, overcoming the antibody specificity
problems associated with cross reactivity of nestin antibodies with endothelial cells
(Filippov, Kronenberg et al., 2003). Nolte et al., have developed a transgenic mouse
in which, EGFP expression is under control of the hGFAP promoter (Nolte, Matyash
etal., 2001). In these animals, EGFP freely diffuses in the cells it is expressed in
marking both processes and the cell body, permitting evaluation of colocaisation
between BrdU and EGFP. The EGFP cells have been characterised both
morphologically and electrophysiologically throughout the brain. In the dentate
gyrus, Nolte identified several subpopulations of astrocytes, including radial glial
cells, and found no evidence for EGFP in oligodendrocytes or in mature neurons
identified by myelin-associated glycoprotein (MAG) and NeuN respectively (Nolte,
Matyash et al., 2001). Another advantage of the EGFP technique is the possibility of
it persisting after the cell has ceased to express GFAP, thus it could potentially mark
neurons that have had an astrocytic heritage, overcoming the problem described
above. The reported variation in the intensity of EGFP fluorescence the cells of the
hippocampus could support this hypothesis and is defiantly worth further
investigation. In general, the characteristics of this model suggest it could be useful
for studying the effects of seizures on specific populations of astrocytes, by
combining it with immunochemistry for BrdU possible changes in astrocytic
proliferation after seizure can be elucidated. Additionally although a high degree of
co-localization between the EGFP cells and GFAP positive cells has been
demonstrated (Nolte, Matyash et al., 2001), comparisons between this population and
that of cells expressing other astrocytic markers for example s100b have not been

considered.

7.1.4 Questions to be addressed
The identification of stem and progenitor cells in the adult dentate gryus has proved
difficult. The aim of these experiments is therefore to investigate the hypothesis that

the stem/progenitor cells reside in the astroglial cell lineage, and the proliferative
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activity of these cells increases in response to seizures. The transgenic mouse with
hGFAP promoter controlled EGFP-expression will be used to clearly identify an
astrocytic population, and diffusion of the EGFP throughout the entire cell will also
permit subdivision of this population based on morphology, additionally
immunostaining for another astrocytic marker s100b will be used confirm phenotype.
As in many of the previous experiments, proliferating cells will be identified with a
pulse of BrdU. Intraperitoneal kainate injection will be used to induce seizures. The
phenotypic distribution of dividing cells between the two treatments can then be
compared. The initial increase in proliferation is detected by day 3 after seizure, the
BrdU pulse will be applied at this time to increase the probability of labelling

stem/progenitor cells, rather than the later generated neurons.
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7.2 Methods

Animal experiments were carried out in the lab of Prof Steinhauser, Bonn university
Germany in accordance with the EU directive of 24™ November 1986 (86/89 EEC),
and all attempts were made to reduce the numbers of animals and degree of suffering.
Ten, Fifty-day-old transgenic mice (25g) were used in this experiment; these mice
expressed enhanced Green Fluorescent Protein (EGFP) under the GFAP promoter.
Five of the mice received an intraperitoneal (IP) injection of kainate (20mg/kg
dissolved in sterile PBS), five control mice received a vehicle only IP injection.
Animals were observed for 1 hour after the injection and seizure severity was
recorded according to the Racine scale. One of the kainate treated animals failed to

achieve a seizure level of 4 and so was excluded from the analysis. 72 hours after the

o

initial IP injection all mice received a second IP injection, this time, of BrdU
(50mg/kg, dissolved in PBS and filtered through a 2.2um Millipore membrane;
Boehringer Mannheim GmbH, Mannheim, Germany) to label cells at the time of the
initial rise in proliferation (Nakagawa, Aimi et al., 2000).

Animals were then sacrificed 2 hours after this second injection, to prevent cells
completing the mitotic cycle, thus cells incorporating BrdU are stem/progenitor cells
and not their progeny. Sacrifice was by administration of a terminal dose of
phentobarbitone, and was followed by transcardiac perfusion with 25mls 0.9% saline
followed by 25mls 4% paraformaldehyde pH6.8, brains were then removed and post
fixed in 4% paraformaldehyde and stored at 4°C. Sections were produced for
immunochemistry on a vibrotome cutting in the coronal plane from the dorsal
hippocampus at a thickness of 20um, 80 serial sections were collected from each
brain, encompassing the dorsal and mid hippocampus. Collecting the sections in
order allowed reconstruction of the dentate to be carried out by sampling sections at a
known separation; in the epifluorescence experiments, every 16th section was

sampled starting from a randomly selected section in the first 16 sections containing

dentate gyrus.

7.2.1 Immunochemistry

Both single and double-labelled fluorescent immunochemistry was carried out on free
floating 20um coronal sections, producing sections requiring two and three channel

analysis respectively as EGFP occupies the green channel (Abs 470nm, Em 508nm)
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in all sections. Single immunofluorescent antibody staining for BrdU was carried out
on five sections per animal sampled at an interval of 320pum. For DNA denaturation,
sections were first washed in Tris buffered saline (TBS) 0.05M, pH 7.4 and then
incubated in 2N HCl at 37°C for 30 minutes. Sections were rinsed in Boric acid
(0.1M pH 8.5; 10 min), followed by multiple washes in TBS, and incubation in 0.05
M TBS-TS (pH 7.6; Tris-buffered saline with 0.1% triton and 0.05% Bovine serum
albumin) with primary antibody to BrdU (rat monoclonal, 1:1000; Harlan Sera-Lab)
overnight at 4°C. After multiple washes in TBS sections were then incubated with a
Cy3-conjugated Donkey anti-rat secondary antibody (1:200; Jackson
Immunoresearch; Abs 555nm, Em 570 nm) in TBS-TS for 2 hours. Repeat washes
were performed before sections were mounted on gelatinised slides in Moviol , cover-
slipped and the edges varnished.

Single immunofluorescent antibody staining for TUC-4 and PSA-NCAM was
performed on one 20um section each. TUC-4 staining was obtained by washing free
floating sections for 15 minutes in 0.1M TBS-TS (pH 7.6) twice, this was followed by
1 hour in 10% donkey serum in 0.1M TBS-TS (pH 7.6). Sections were subsequently
incubated with the rabbit anti-TUC-4 (1:500; Chemicon) in 0.1M TBS-TS (pH 7.6)
for 36 hours at 4°C. After multiple washes in 0.1M tris buffer (pH 7.6) sections were
then incubated with a Cy5-conjugated Donkey anti-rabbit secondary antibody (1:200;
Jackson Immunoresearch; Abs 650nm, Em 670nm) in 0.1M TBS-TS (pH 7.6) for 2
hours. Repeat washes were performed before sections were mounted on gelatinised
slides in Moviol, cover-slipped and the edges varnished. A similar process was used
for PSA-NCAM staining; briefly, multiple short washes in 0.1M PBS (pH 7.4;
Phosphate Buffered Saline) were followed with 1 hour in 5% Donkey serum in 0.1 M
PBS-TS (pH7.4; PBS supplemented with 0.1% Triton and 0.05% BSA), overnight
incubation with mouse anti-PSA-NCAM (1:1000; gift from Dr. G.Rougon, University
of Marseilles, France) at 4°C, further washes in PBS, 2 hour incubation with a Cy5-
conjugated Donkey anti-mouse secondary antibody (1:200; Jackson Immunoresearch)
in PBS-TS. A final set of washes in PBS preceded mounting as described above.
Double immunofluorescent staining included combinations of BrdU, s100b, GFAP
and B-Tubulin. Sections for BrdU staining were acid treated as above and then all
sections were processed in solutions made up in 0.05M TBS (pH 7.6), in a similar
manner to the BrdU single labelling protocol, with both primary antibodies added
simultaneously at the following dilutions rat anti-BrdU (1:1000; Harlan-Sera), rabbit
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anti-s100b (1:5000; Swant), mouse anti-type III B-Tubulin (Tuj1 clone, 1:500;
Covance) and mouse anti-GFAP (1:400; Sigma) or rabbit anti-GFAP (1:1000; gift
from P. Steart) overnight at 4°C. A cocktail of secondary antibodies was also used, all
raised in donkey, having specificity for rat, mouse or rabbit as appropriate, and

conjugated to Cy3 or Cy5 (all 1:200; Jackson Immunoresearch) for 2 hours.

7.2.2 Cell counting

Cell counts were performed with both epifluorescence and confocal microscopes, in

all subsequent analysis the examiner was blinded to the treatment the tissue had

received.

7.2.3 Epifluorescence imaging

Epifluorescence counts were obtained on a Dialux 22 microscope (Leitz) with green
(I3; Ex: 450-490nm, Em: 520nm) and red (N2.1; Ex: 540-560nm, Em: 570nm) filter
blocks fitted, at 40x magnification. Every 16th section was sampled starting from a
randomly selected section in the first 16 sections containing dentate gyrus; this
systematic sampling permits estimation of the number of cells present in the dorsal
dentate rather than just the cells present per slice. The sampling paradigm resulted in
five sections per animal being examined; in each section, counts were made in both
dentates, along the entire length of the sub granular zone. In all experiments, the
counter was blinded as to the nature of the IP injection. Cells that were positive for
BrdU (red), EGFP positive cells (green), EGFP positive cells that had radial Glial

morphology and cells co-localizing green and red fluorescence were recorded.

7.2.4 Confocal Imaging

Two confocal z-stacks with a separation of 1pum between images at 40x magnification
on a Leica SP2 confocal laser-scanning microscope were obtained from three sections
per animal at a separation of 520um, while this spacing is larger than that used in the
epifluorescence experiments it retains the systematic approach to examining the entire
dorsal hippocampus, while not requiring as much processing as a larger section
sample, (one per dentate) for s100b (Cy5; Ex: 650nm, Em: 670nm) and EGFP (Ex:
492nm, Em: 510nm) co-localization, scanning of both channels was simultaneous as
‘crosstalk’ is unlikely due to the separation of the spectra. All images were from the

same area, where the internal and external blades of the Granule cell layer meet, and
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cell count taken from the whole of each image. EGFP (Ex: 492nm, Em: 510nm),
BrdU (Ex: 555nm, Em: 570nm) and s100b (Ex: 650nm, Em: 670nm) z-stacked
images were obtained from one section per animal. These images were from the same
area as above, however sequential scanning was used in combination with tight filter
bands centred on the peak emissions of EGFP, Cy3 and CyS5 to prevent ‘cross-talk’
between channels. ‘Cross-talk” occurs when stimulation at a specific excitation
wavelength of one fluorescent marker produces an emission at another wavelength
that excites a second fluorescent marker causing a second emission spectrum from a
species that was not directly excited. This can lead to identifying co-localization in
cells where one of the markers is not really present, or a false positive. Using
sequential scanning only one wavelength is excited at a time, reducing the probability
of ‘cross-talk’, and combining this with tight filter bands means only emission
wavelengths close to the expected maxima of the fluorophore being imaged are
collected, effectively eliminating ‘cross-talk’. Images were Z stacked into 3D
projections and exported in TIF format to Photoshop (Adobe Photoshop v5.1), which

was used for analysing all confocal images.

7.2.5 Statistical Analysis

At all times the counter was blinded as to the nature of the IP injection. Analyses of
the results obtained using epifluorescent imaging are presented as estimates of cell
counts in the dorsal hippocampus, and values expressed as mean =+ standard deviation.
Variances between groups were compared with an F-test, and the appropriate
unpaired two-tailed students t-test. Variance within groups was examined using a
one-way AVOVA with Tukey’s post hoc test.

Analyses of the results obtained using confocal imaging are expressed as mean =+
standard deviation per animal. Where cell numbers permitted the variance between
groups was compared with an F-test, and the appropriate unpaired two-tailed students
t-test used for comparisons. When cell numbers were insufficient to establish the data
formed a Gaussian distribution Fisher’s exact test was used for comparisons.
Additionally, after the slide coding had been broken, the lengths of subgranular zone
examined in the control and kainate groups were compared, to ensure equal sampling
from both groups, by unpaired two-tailed students t-test to prevent the introduction of

a bias into the cell counts obtained from each image.
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7.3 Results

7.3.1 Increases in EGFP positive cells after seizures

Cell counts obtained from 5 sections per animal each separated by 320um imaged
with an epifluorescence microscope were used to obtain estimates of the number of
EGFP positive cells, and BrdU positive cells in the granule cell layer of the whole
dentate from the transgenic mice used. The dentate gyrus of control animals
contained significantly less EGFP positive cells, (37924571 cells per dentate) than
kainate treated animals (52661719 cells per dentate; p<0.05, unpaired two-tailed
students t-test; Fig 7.1). The sampling used for the epifluorescence analysis also
permitted investigation of the distribution of cells rostro-caudally. The most rostral
section had significantly fewer EGFP positive cells (51.8+13.8 cells) than any of the
other sections in the kainate treated animal (closest other mean 67.6+9.0 cells, p<0.05,
one-way ANOVA with Tukey’s post hoc comparison; Fig 7.3). There was no change
in the distribution of EGFP positive cells in control animals, and although the sections
taken from the most rostral extent of each group were not significantly different
(p=0.088), the trend for increased EGFP expression was preserved. At all other points
kainate induced a statistically significant increase in EGFP expression, (71.3+18.4
cells compared with 51.0+14.2 cells in controls in the mid section analysed where the
difference was smallest, p<0.05, unpaired two-tailed students t-test with equal

variance; Fig 7.4).
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Fig 7.1: Comparison of abundance of types of astrocyte in the sub granular layer of the dentate
gyrus of transgenic mice, expressing eGFPunder the GFAP promoter. Animals were either
exposed to i.p. kainate B8 (50mg/kg) or i.p. saline as a control Cland cell counts made using an
epifluorescence microscope at 40x magnification on five 20pum sections per animal at a separation of
320pum, counting two dentates per section from 4/5 animals in the kainate and control groups
respectively. Showing Total counts for eGFP positive cells, and a subset of those cells that also have
radial glial (RG) morphology (A), and the proportion of eGFP positive cells that have radial glial
morphology (B). Values are expressed as mean £ SD. Asterisks denote a significant difference at
p<0.05, determined by unpaired two-tailed students t-test assuming equal variance.
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7.3.2 Increases in Radial glia like, EGFP positive cells after seizure

Similarly the numbers of a subpopulation of these cells that have the morphology
(defined by Nacher as ‘a cell with a triangular body in the subgranular cell layer with
a thin radial process extending up into the granule cell layer’(Nacher, Rosell et al.,
2001); Fig 7.2) of radial glial (RG) cells and are EGFP positive (RG-EGFP) increases
significantly after seizure, from 12214231 cells per dentate in controls to 1704+238
cells per dentate after kainate (p<0.05, unpaired two-tailed students t-test with equal
variance; Fig 7.1). As with the EGFP positive cells, in the control group there was no
change in the number of RG-EGFP positive cells observed across the dentate
sampled. In the kainate group the most rostral section (15.8+5.7 cells) examined had
significantly fewer RG-EGFP cells than 3 of the other 4 sections (22.8+7.4 to
23.34£3.7 cells; Fig 7.3) and in three of the 5 positions examined the kainates
contained significantly more RG-EGFP cells than corresponding controls. The
remaining sections followed the same trend but missed statistical significance (Fig
7.4).

The relative increases in these two populations of cells are the same, as the proportion
of EGFP positive cells that have radial glial morphology is unchanged (control
32.1£7.2% vs 32.24+4.5% in kainate; Fig 7.1).

Fig 7.2: EGFP expressing cells in the dentate gyrus, including Radial glial cells. Cells
incorporating BrdU are red. Arrows indicate the radial processes used to define radial glial
morphology. It is also interesting to note the different intensities of EGFP fluorescence observed in the
SGZ. The yellow dotted line indicates the approximate location of the SGZ. Image is at 40x
magnification.
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Fig 7.3: Comparison of cell counts in the sub granular layer of the dentate gyrus from 20pm thick
coronal sections from transgenic mice, expressing eGFP under the GFAP promoter. Animals
were either exposed to i.p. kainate (50mg/kg;broken line) or i.p. saline as a control (unbroken line) and
cell counts made using an epifluorescence microscope at 40x magnification. Position refers to the
sections location within the hippocampus, with position 1 being dorsal and 5 being ventral. Counts are
from two dentates per section and from 4 or 5 animals in the kainate and control groups respectively.
Showing BrdU incorporation, a measure of cell proliferation (A), cells containing eGFP indicating an
astrocytic heritage (B), cells that in addition to expressing eGFP have the morphology of Radial glial
cells, extending a single process into the granule cell layer (C), and cells co-localizing both e GFP and
BrdU (D), or cell with the morphology of radial glial cells and co-localizing eGFP and BrdU (E).
Values are expressed as mean = SD. Bars identify significant differences, with the broken bars
referring to kainate values unbroken bars to control values, with Asterisks denoting the level determined
by repeated measures ANOVA and tukey’s pos hoc comparisson (* p<0.05, **p<0.01, ***p<0.001).
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Fig 7.4: Comparison of cell counts in the sub granular layer of the dentate gyrus of transgenic
mice, expressing eGFP under the GFAP promoter, treated with either saline or kainate.
Measurements are made from 20um coronal sections. Animals were either exposed to i.p. kainate B
(50mg/kg) or i.p. saline as a control [] and cell counts made using an epifluorescence microscope at
40x magnification. Position refers to the sections location within the hippocampus, with position 1
being dorsal and 5 being ventral. Counts are from two dentates per section and from 4 or 5 animals in
the kainate and control groups respectively. Showing BrdU incorporation, a measure of cell
proliferation (A), cells containing eGFP indicating an astrocytic heritage (B), cells that in addition to
expressing eGFP have the morphology of Radial glial cells, extending a single process into the granule
cell layer (C), and cells co-localizing both eGFP and BrdU (D), or cell with the morphology of radial
glial cells and co-localizing eGFP and BrdU (E). Values are expressed as mean £ SD. Asterisks denote
significant differences determined by unpaired two-tailed students t -test with the assumption of equal
variance (* p<0.05, **p<0.01, ***p<0.001).
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7.3.3 Kainate causes an increase in proliferating EGFP positive cells in the
dentate gryus

BrdU pulse labelling allowed quantification of proliferative activity in the SGZ 3 days
after an IP injection of kainate or saline. The number of proliferating cells increased
significantly with kainate treatment (880+256 cells per dentate) compared with
controls (304+75 cells per dentate, p<0.05 unpaired two-tailed students t-test with
unequal variance; Fig 7.6). This increase is observed at all Rostro-Caudal points
sampled (Fig 7.4), however there is a trend for increased proliferation in the more
caudal sections of the kainate treated animals (13.5+5.8 and 13.4+5.7 cells per
section) compared with the most rostral (6.5+3.1 cells per section, both p<0.05, one
way ANOVA with tukey’s post hoc comparison; Fig 7.3). Variation across the

rostro-caudal dentate in controls is not significant.

1a) 1b)

Fig 7.5: BrdU and EGFP colocalization as seen using epifluorescence microscopy. Images were
obtained at three different focal points in the tissue (1,2 and 3), using a 100x objective. EGFP positve
cells (a), BrdU positive cells (b) and colocalizing cells (c) can all clearly be seen. There is also some
slight bleed through or cross-talk from (3b) to (3a) (arrow).
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The number of EGFP positive cells that immunostain for BrdU is significantly
increased 3 days after IP kainate, with co-localizing cell counts rising from 45+22
cells per dentate in controls to 294+105 cells per dentate (p<<0.05, unpaired two-tailed
students t-test with unequal variance; Fig 7.6). There is not a significant variation in
control cell counts throughout the dorsal dentate. In kainate treated animals there is a
trend for increased numbers of co-localizing cells in the more caudal dentate, with the
most caudal section examined having significantly more co-localizing cells (5.8+3.6
cells) than the most rostral (1.9+1.0 cells, p<0.05, one way ANOVA with tukey’s post
hoc test; Fig 7.3). However this did not impinge on overall differences between the
two groups, as the increase observed is statistically significant at all points (Fig 7.4).

1500

Mean cell count per
dentate

O J S
Total BrdU BrdU and eGFP BrdU and RG

Fig 7.6: Comparison proliferation in the sub granular layer of the dentate gyrus of transgenic
mice, expressing eGFP under the GFAP promoter. Animals were either exposed to i.p. kainate B2
(50mg/kg) or i.p. saline as a control T and cell counts made using an epifluorescence microscope at
40x magnification on five 20um sections per animal at a separation of 320pum, counting two dentates
per section from 4/5 animals in the kainate and control groups respectively. Showing Total BrdU
incorporation, cells colocalizing eGFP and BrdU and eGFP positive cells with radial glial (RG)
morphology that colocalize BrdU. Values are expressed as mean + SD. Asterisks denote significant
differences determined by unpaired two-tailed students t-test with unequal variance as detemined using

an F-test (* p<0.05, **p<0.01).

There is also a significant change in the proliferating population, in the kainate group
approximately 34% of BrdU positive cells are EGFP positive compared with 14% in
controls (p<0.01, unpaired two-tailed students t-test with equal variance; Fig 7.7).
This increase in EGFP positive cell proliferation is also larger than the observed
increase in EGFP positive cells, in controls approximately 1.2% of EGFP positive
cells are also marked with BrdU, this rises significantly 3 days after kainate to 5.4%
of EGFP positive cells (p<0.01, unpaired two-tailed students t-test with unequal

variance; Fig 7.8).
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Fig 7.7: Proportions of proliferating cells that have specific astrocytic phenotypes in the sub
granular layer of the dentate gyrus of transgenic mice, expressing eGFP under the GFAP promoter.
Animals were either exposed to i.p. kainate B8 (50mg/kg) or ip. saline as a control D and cell counts
made using an epifluorescence microscope at 40x magnification on five 20um sections per animal at a
separation of 320um, counting two dentates per section from 4/5 animals in the kainate and control
groups respectively. Showing proportion of BrdU positive cells that are also eGFP positive (A), and
additionally have radial glial (RG) morphology (B) Values are expressed as mean = SD. Asterisks
denote a significant difference determined by unpaired two-tailed students t-test with equal variance

(* p<0.05, ** p<0.01).

7.3.4 Kainate produces an increase in proliferating EGFP positive cells with
radial Glial morphology in the dentate gryus

The coincidence of cells with radial glial morphology and containing EGFP (RG-
EGFP) and BrdU positive cells shows the largest increase after kainate. This change
is 10-fold, from 8+8 cells per dentate in controls to 84+48 cells per dentate in kainates
(Fig 7.6). The change observed in the proportion of proliferating EGFP positive cells
was duplicated with the RG-EGFP cells. Approximately 9.1% of BrdU positive cells
are RG-EGFP cells compared with 2.4% in controls (p<0.05, unpaired two-tailed
students t-test with equal variance; Fig 7.7). The increase in RG-EGFP cells that are
proliferating is also larger than the observed increase in RG-EGFP positive cells, in
controls approximately 0.6% of EGFP positive cells are also marked with BrdU, this
rises significantly 3 days after kainate to 4.6% of RG-EGFP positive cells (p<0.05,

unpaired two-tailed students t-test with unequal variance; Fig 7.8).
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Fig 7.8: Proportions of astrocytes that are proliferating in the sub granular layer of the dentate
gyrus of transgenic mice, expressing EGFP under the GFAP promoter. Animals were either exposed to
1.p. kainate B8 (50mg/kg) or i.p. saline as a control [T and cell counts made using an epifluorescence
microscope at 40x magnification on five 20um sections per animal at a separation of 320um, counting
two dentates per section from 4/5 animals in the kainate and control groups respectively. Showing
proportion of EGFP positive cells that are also BrdU positive (A), and the proportions of EGFP positive
cells that have radial glial (RG) morphology and are also BrdU positive (B). Values are expressed as
mean £ SD. Asterisks denote a significant difference determined by unpaired two-tailed students t -test
with unequal variance (* p<0.05, ** p<0.01).

7.3.5 EGFP positive cells are a subpopulation of the astrocytes present in the
SGZ of the dentate gyrus

Immunostaining against the astroglial marker s100b allowed three distinct astrocytic
subtypes to be identified from confocal images. One population of cells was EGFP
positive and s100b negative, a second population had the reverse staining pattern and
the third population was positive for both EGFP and s100b. These observations,
combined with the morphological definition of a radial glial cell as ‘a cell with a
triangular body in the SGZ with a thin radial process extending up into the GCL’,
allowed the identification of an additional sub-group of RG cells within cach of the

above astrocyte populations (Fig 7.9).
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Fig 7.9: Several different astrocytic populations in the dentate gyrus. EGFP positive cells form one
population of astrocytes (A), and a sub population of this group are Radial Glial cells (white
arrowheads), s100Db positive cells are a second astroctyic population (B) again with a radial glial sub
population (yellow arrowheads). Some of the cells express BrdU (C) . A composite image of all three
channels (D) helps identify those cells that colocalize, including astrocytes expressing both EGFP and
s100b (white and yellow crosses), proliferating EGFP positive astrocytes (white arrow) and
proliferating s100b positive astrocytes (yellow arrow). All images are 40x magnification.

Confocal analysis from three sections per dentate at a separation of 520um confirmed
the epifluorescence observations. The number of EGFP positive cells was
significantly increased from 137422 cells in control tissue to 194+29 cells in kainate
treated tissue (p<0.05, unpaired two-tailed students t-test with equal variance; Fig
7.10), and the number of RG-EGFP cells was also significantly increased (38+8 cells
control vs. 55+12 cells kainate, p<0.05, unpaired two-tailed students t-test with equal
variance; Fig 7.11). The proportion of EGFP cells that formed the RG-EGFP sub-
population was also similar (28.1+4.4% in controls and 28.4+4.9% in kainates; Fig
7.14).

208



{5
)
o
€ 300 -
S5 —
8 ©
SE | . *
== J
8 © o T
= i
3 100 - @
£ J \

|

eGFP s100b both All Astrocytes

phenotypic marker

Fig 7.10: Cell counts of astrocytes in the sub granular layer of the dentate gyrus of transgenic
mice, expressing eGFP under the GFAP promoter. Animals were either exposed to i.p. kainate B8
(50mg/kg) or i.p. saline as a control [ and cell counts made from single 40x confocal images of the
hilar extreme of the gcl in three 20pm sections per animal at a separation of 520pum, counting two
images per section from 4/5 animals in the kainate and control groups respectively, with counts
expressed per mm to correct for differences in the length of hilus imaged. Showing eGFP positive
cells, s100b positive cells, cells that colocalize both eGFP and s100b and the total number of astrocytes
counted. Values are expressed as mean * SD. Asterisks denote significant differences determined by
unpaired two-tailed students t-test with equal variance established using an F-test (*p<0.05, **p<0.01).

EGFP positive astrocytes are not the only population of astrocytes that kainate
increases. The number of s100b positive cells was significantly increased 3 days after
kainate (194422 cells) compared with controls (161=£15 cells, p<0.05, unpaired two-
tailed students t-test with equal variance; Fig 7.10). The sub population of s100b
positive cells, exhibiting a radial glial morphology (RG-s100b) was also increased
from18+3 cells in control tissue to 29+3 cells after kainate (p<0.01, unpaired two-
tailed students t-test with equal variance; Fig 7.11). The proportion of s100b positive
cells that had radial glial morphology was unchanged by IP kainate injection
(approximately 11% control and 15% kainate).
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Fig 7.11: Counts of astrocytes having Radial Glial (RG) moerphology in subgranular layer of the
dentate gyrus of transgenic mice, expressing eGFPunder the GFAP promoter. Animals were either
exposed to i.p. kainate B8 (50mg/kg) or i.p. saline as a control = and cell counts made from single 40x
confocal images of the hilar extreme of the gcl in three 20um sections per animal at a separation of
520pum, counting two images per section from 4/5 animals in the kainate and control groups
respectively, with counts expressed per mm to correct for differences in the length of hilus imaged.
Showing eGFP positive RG cells, s100b positive RG cells, RG cells that colocalizeboth eGFP and
s100b and the total number of RG cells counted. Values are expressed as mean = SD. Asterisks denote
a significant difference at p<0.05 determined by unpaired two-tailed students t -test with equal variance,

established using the F-test.

IP kainate injection also increased the numbers of cells staining for both EGFP and
s100b (45+11 cells) compared with 22+5 cells in controls (p<0.05, unpaired two-
tailed students t-test; Fig 7.10). This increase is not simply a result of increased
EGFP or s100b expression as the proportion of the EGFP population that also labels
with s100b increases after kainate (16% vs. 23%) as does the proportion of the s100b
population that also labels with EGFP (14% vs. 23%) and the proportion of the total
astrocyte population that express both EGFP and s100b (8% vs. 13%, all p<0.05,
unpaired two-tailed students t-test with equal variance; Fig 7.12). The number of
radial glial like cells that express both EGFP and s100b is significantly increased after
seizure, with 3.4+1.9 cells observed in control animals and 8.5+2.5 cells observed
after kainate. This increase is not proportionally different from the general increase

cells co-labelling EGFP and s100b, (control 15% and kainate 20%).
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Fig 7.12: Relative proportions of astrocytes in the sub granularlayer of the dentate gyrus of
transgenic mice, expressing EGFP under the GFAP promoter. Animals were either exposed to 1.p.
kainate B8 (50mg/kg) or i.p. saline as a control IJ and cell counts made from single 40x confocal
images of the hilar extreme of the gcl in three 20pmsections per animal at a separation of 520pum,
counting two images per section from 4/5 animals in the kainate and control groups respectively, with
counts expressed per mm to correct for differences in the length of hilus imaged. Showing the
proportions of: EGFP positive cells that colocalize with s100b positive cells (A), s100b positive cells
that colocalize with EGFP positive cells (B) and the proportion of the observed astrocyte population
that colocalizes EGFP and s100b (C). Values are expressed as mean = SD. Asterisks denote a
significant difference at p<0.05, determined by unpaired two-tailed students t -test assuming equal
variance.

The total astrocyte population observed (i.e. cells expressing EGFP, s100b or both) is
increased 3 days after seizure (343+46 cells vs. 276429 cells in controls, p<0.05,
unpaired two-tailed students t-test with equal variance; Fig 7.10). A corresponding
increase is observed in the total number of RG cells, expressing EGFP, s100b or both,
from 53+10 cells to 75+11 cells (p<0.05, unpaired two-tailed students t-test with
equal variance; Fig 7.11), these increases are of a similar magnitude, with 19% of
observed astrocytes being radial glial cells in the control group compared with 22% in

the kainate group.

7.3.6 Analysis of proliferating Cell phenotypes

The overall increase in proliferation identified with the epi-fluorescence analysis is
confirmed with the confocal analysis, BrdU labelling increases from 15 to 37 cells in
sub granular zone of the eight 20um thick images analysed in the control and kainate
groups respectively (p<0.05, Fishers exact test; Fig 7.13).

Proliferation was observed in both EGFP positive astrocytes and s100b positive
astrocytes, the numbers of these cells that co-localize BrdU are larger in kainate
animals than controls (EGFP: kainate 9 cells, control 3 cells and s100b: kainate 4
cells, control 1 cell) although the numbers sampled are not sufficient for statistical

analysis. A similar observation can be made for the total number of proliferating
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astrocytes, which are EGFP or s100b positive, with the mean cell count increasing
from 0.4+1.0 cells per dentate image to 1.6£1.1 cells per dentate (p<0.05, t-test).
However, the observed values of 4 cells in control dentates and 13 cells in kainate
animals do not reach statistical significance if the more appropriate Fischer’s exact

test is applied (p>0.15; Fig 7.13).
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Fig 7.13: Counts of proliferating cells in the sub granular layer of the dentate gyrus of transgenic
mice, expressing eGFP under the GFAP promoter. Animals were either exposed to i.p. kainate &8
(50mg/keg) or i.p. saline as a control T and cell counts made from single 40x confocal images of the
hilar tip of the gcl in one 20pmsection per animal, counting two images per section from 4/5 animals in
the kainate and control groups respectively, with counts expressed per mm to correct for differences in
the length of hilus imaged. Showing total BrdU positive cells, BrdU positive cells colocalizing eGFP,
$100b, and all astrocytes colocalizing with BrdU. Values are expressed as mean = SD. Asterisks
denote significant differences determined by Fisher’s exact test (¥p<0.05).
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Fig 7.14: Relative proportions of astrocytes and proliferating astrocytes in the sub granular layer
of the dentate gyrus of transgenic mice, expressing EGFP under the GFAP promoter. Animals were
either exposed to 1.p. kainate B8 (50mg/kg) or i.p. saline as a control D and cell counts made from
single 40x confocal images of the hilar extreme of the gcl in three 20pum sections per animal at a
separation of 520um (A) and one section (B+C), counting two images per section from 4/5 animals in
the kainate and control groups respectively. Showing the proportion of EGFP positive cells that have
radial glial morphology (A), the proportion of BrdU positive cells that are also EGFP positive (B)and
the proportion of EGFP positive cells that are also BrdU positive (C). Values are expressed as mean £
SD. Analysis with Fischer’s exact test demonstrated no significant differences between groups.
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7.3.7 Co-localization of EGFP and early neuronal markers

Seizures did not affect the numbers of cells expressing PSA-NCAM in control and
kainate groups 26.3+5.2 and 29.3+8.7 cells per 40x confocal image respectively (Fig
7.15), neither did TUC-4 14.1+5.1 and 16.1£7.6 cells per image (Fig 7.16), at the time
point examined — 3 days after kainate administration. However interestingly, there
were cells that confocal analysis confirmed co-localized both EGFP and TUC-4 in
both the control and kainate groups (Fig 7.18) of these 75% had radial Glial
morphology. There were also cells that co-localized PSA-NCAM and EGFP in both
groups, although less than 20% of these had radial glial morphology (Fig 7.17).

There were no significant differences in the distributions of either of the neuronal

markers between control and kainate treated animals.
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Fig 7.15: Counts of astrocytes and migrating neurons in the sub granular layer of the dentate
gyrus of transgenic mice, expressing eGFP under the GFAP promoter. Animals were either exposed to
i.p. kainate @@ (50mg/kg) or i.p. saline as a control =3 and cell counts made from single 40x confocal
images of the hilar tip of the gcl in one 20um section per animal, counting two images per section from
4/5 animals in the kainate and control groups respectively, with counts expressed per mm to correct for
differences in the length of hilus imaged. Showing total eGFP positive cells, eGFP positive cells that
have radial glial (RG) morphology and PSA-NCAM, a marker for migrating neurons, positive cells (A)
and PSA-NCAM positive cells that colocalise eGFP or have RG morphology and are eGFP positive
(B). Values are expressed as mean=® SD. Asterisk denotes a significant (p<0.05) determined using an
unpaired two-tailled students t -test with equal variance identified using an F-test.
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Fig 7.16: Counts of astrocytes and immature neurons in the sub granular layer of the dentate
gyrus of transgenic mice, expressing eGFP under the GFAP promoter. Animals were either exposed to
i.p. kainate B8 (50mg/kg) or i.p.saline as a control CJand cell counts made from single 40x confocal
images of the hilar tip of the gcl in one 20um section per animal,counting two images per section from
4/5 animals in the kainate and control groups respectively, withcounts expressed per mm to correct for
differences in the length of hilus imaged. Showing totakGFP positive cells, eGFP positive cells that
have radial glial (RG) morphology and TUC-4, a marker for immature neurons, positive cells (A) and
TUC-4 positive cells thatcolocalise eGFPor have RG morphology and are eGFP positive (B). Values
are expressed as meant SD.
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Fig 7.17: PSA-NCAM and EGFP confocal images obtained by sequential scanning at 100x
magnification showing maximum projection (3D reconstruction) of the granule cell layer froma
transgenic mouse expressing EGFP under the promoter of hGFAP. Showing cells expressing PSA-
NCAM (Cy-3) in the red channel (A), cells containing EGFP which are or have been astrocytes

expressing GFAP in the green channel (C), and co-localization of the two markers (B).
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Fig 7.18: TUC-4 and EGFP confocal images obtained by sequential scanning at 100x magnification
showing 1pm optical sections of the granule cell layer and hilus from a transgenic mouse expressing
EGFP under the promoter of GFAP. Showing cells expressing the neuronal marker TUC-4 (Cy-3) in
the red channel (A), cells containing EGFP which are or have been astrocytes expressing GFAP in the
green channel (B) and the co-localization of the neuronal marker TUC-4 (red) with the astrocytic
marker EGFP-GFAP (green) (C). The corresponding maximum projection (3D reconstruction) of the
actual 20pm coronal section imaged (D) also shows clear colocalization between EGFP and TUC-4.

215



7.4 Discussion

The transgenic mouse model expressing EGFP under the promoter of GFAP has
enabled us to examine the effects of seizures upon the proliferation of several
populations of astrocytes. Among these cells identified are cells with radial glial
morphology, which have previously been proposed as a stem/progenitor cell
population in the sub granular zone of the dentate gyrus, capable of generating new
neurons in adulthood (Seri, Garcia-Verdugo et al., 2001). Additionally images of

immature neurons with an apparent astrocytic heritage have been obtained.

7.4.1 Kainate increases the abundance of several different astrocytic populations
During the experiments at as many points as were possible, the gross analysis of
tissue using epifluorescence imaging has been corroborated with analysis of confocal
images. This secondary analysis is important because the intensity of many of the
EGFP positive cells is low (Nolte, Matyash et al., 2001). Some of these cells when
examined using epifluorescence are not bright enough to be counted. However, the
brightness of confocal images can be enhanced allowing all positive cells to be
detected. Differences between the confocal results and the epifluorescence
experiments could have indicated a shift in EGFP fluorescence intensity between
control and kainate treated animals, rather than actual changes in cell number.
Seizures produced an increase in both EGFP positive cells and in EGFP-RG cells at
three days, these increases are of a similar magnitude as in both controls and kainates
RG cells formed approximately 30% of the EGFP cell population. This effect was
seen in both the confocal and epifluorescent experiments demonstrating a robust
response that is independent of the analytical method used. Confocal imaging also
allowed investigation of six different astrocyte populations. Three of these groups are
RG cells expressing EGFP, s100b, or both. The other three groups identified are cells
that express one or both of those markers and do not have radial glial morphology.
Expression of all these cell types is significantly increased at three days after seizure,

indicating astrocytic activation as a result of seizure.
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7.4.2 An asymmetric increase in proliferation results in a astrocytic proliferation
being disproportionately increased after kainate.

In this mouse model, 3 days after kainate an approximately 2.5 fold increase in
proliferation was observed. This increase is of a similar magnitude to the increase
observed contralaterally to an intracerebroventricular injection of kainate in the rat
(Gray and Sundstrom, 1998). That study also examined the abundance of BrdU and
GFAP positive cells in the dentates, finding no increase in the number of dividing
astrocytes after seizures. However, the results described here show clear increases in
proliferation in EGFP positive and RG-EGFP positive cells after seizure. These
increases are six fold and ten fold respectively (Fig 7.6), and are proportionally larger
than the overall increase in proliferation, indicating the differential up-regulation of
astrocytic proliferation. The apparent inconsistencies between the studies could, in
part, be due to the difficulty in confidently co-localising BrdU and GFAP
immunostaining (discussed above, chapter 7.1.3). Additionally, the BrdU labelling
profiles are different in the two experiments, in the study of Gray and Sundstrom
marker co-localisation is examined on day 7 after seizures using a label and survive
protocol, whereas in the above experiments co-localisation is examined on day 3
using a pulse labelling protocol. Since our hypothesis is that, the astrocytes form a
stem/progenitor cell population that divide shortly after seizure to generate a later

increase in neurons this difference between the experiments is not inexplicable.

7.4.3 Stem cell proliferation after seizures — the importance of radial glial cells
The largest increase in proliferation we detected after seizures, when grouped by
phenotype is in RG-EGFP positive cells, which are the radial glial cell type that
Alvarez-Buylla proposed as stem cells (Seri, Garcia-Verdugo et al., 2001). Recent
work, using transgenic mice expressing EGFP under the nestin promoter and BrdU
pulse labelling, identified two populations of nestin positive cells. “Type 1’ cells had
radial glial morphology, expressed GFAP, were located in the SGZ, and were rarely
dividing. ‘Type 2’ cells had were about half as abundant as type 1 cells, were
generally GFAP negative, had small bodies without a radial process, were located in
the SGZ and GCL, and were rapidly dividing. Neither ‘type 1° or ‘type 2’ cells
expressed s100b (Filippov, Kronenberg et al., 2003). Additionally, although the
authors did not specifically refer to GFAP positive/ EGFP (nestin) negative cells with

radial glial morphology these are also visible in some of their figures. Another group
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examining primary cultures taken from ‘germinal zones’ demonstrated that the stem
cells in these regions express GFAP in postnatal and adult tissue, but not in
embryonic tissue. Furthermore, they describe three distinct phases of cell
proliferation in these cultures as growth conditions were changed. Initially cultures
grown in serum-based medium are GFAP positive and nestin negative, passage and
transfer to serum free medium containing FGF2 resulted in nestin positive
neurosphere development. Finally, withdrawal of FGF2 resulted in differentiation
producing neurons, oligodendrocytes, and astrocytes (Imura, Kormnblum et al., 2003).
The work of Filippov and Imura, considered in combination with our observations,
notably that shortly after seizure the largest increase in proliferation is in EGFP
(GFAP) positive radial glial type cells, with a smaller, but still above average increase
in EGFP positive cells that lack a radial process, permit the postulation of the
phenotypic identities of the stem/progenitor cells residing in the SGZ in the model
proposed by Alvarez-Buylla’s group (Seri, Garcia-Verdugo et al., 2001).

7.4.4 A hypothesis modelling proliferation in the adult dentate gyrus

The EGFP positive cells that lack a radial process in our experiments probably equate
to the rapidly dividing, transient ‘D cells’ of Alvarez-Buylla, the ‘type 2’ cells in
Filippov’s work. Although some of the ‘type 2’ cells did not express GFAP the
continued identification of these cells with EGFP marker we used should be possible
as the EGFP remains detectable in the cell for a short period after GFAP protein
expression has ceased. Under normal conditions, some of the EGFP positive cells
with radial glial morphology identified in our study probably equate to the slowly
dividing B cells proposed by Alvarez-Buylla, and the ‘type 1” cells in Filippov’s
experiments. Importantly, not all RG-EGFP cells are actively dividing ‘B cells’,
some remain quiescent, possibly the fraction detected but not described by Filippov et
al., which are GFAP positive and nestin negative. The presence of a population of
proliferative cells, which can become quiescent, could be a part of the age related
decrease in neurogenesis. Examining the proliferation in immature transgenic
animals, possibly using the organotypic model detailed in chapter 5, could test this.
After seizure induction, activation of the quiescent cells occurs, hence the greatest
increase in RG-EGFP and BrdU positive cells. By day 3 these could also have
generated more rapidly dividing non-radial EGFP positive ‘D cells’, a population in

which is also differentially increased.
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The ‘D cells’ are described as capable of a limited number of rapid divisions, what is
the trigger for this final differentiation? Since some of the ‘type 2’ cells described by
Filippov are not GFAP positive could the loss of GFAP expression be the trigger for

terminal differentiation?

7.4.5 Observation of immature neurons derived from astrocytes

The co-localization of EGFP and PSA-NCAM (Fig 7.16) and EGFP and TUC-4 (Fig
7.16) are especially important observations. This demonstrates that cells that have
recently synthesized EGFP, and were therefore of astroglial lineage have generated
cells, which are committed to a neuronal fate. Ideally, these cells co-localize BrdU,
showing that they are indeed newly generated cells. However, because cells were
only permitted to survive for 2 hours after BrdU administration, the cell cycle has not
been completed and so BrdU should not be co-localised with immature neuronal
markers, as it is unlikely that even these early neuronal markers would be expressed
in the cells showing BrdU incorporation. These experiments are also limited by

practical constraints as PSA-NCAM and to a lesser extent TUC-4 are not stable in

acid.
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Chapter 8

General Discussion
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The aim of this thesis is to investigate the control of dentate neurogenesis, especially,
after seizures, and to identify the principle cells involved in these processes (Chapter
1.9). The results obtained when combined have led to the formulation of a hypothesis
to describe the process of neurogenesis after kainate induced seizures, which may
arguably be extended to describe the same phenomenon in many other types of brain
injury.

My hypothesis is that Brain injury results in either death or inactivation of a
progenitor cell population with consequent recruitment of either a quiescent or slowly
dividing stem cell population which results in restoration of a functioning progenitor

cell population with return to a normal or near normal proliferative state.

A direct consequence of this hypothesis is the requirement for at least two distinct
types of precursor cells in the neurogenic SGZ. This is not the accepted view of
dentate neurogenesis as reported by Nowakowski (Nowakowski, et al., 1989) who
mathematically modelled SGZ proliferation as a single precursor population
undergoing continuous asymmetric division to yield another precursor cell and a new
granule cell neuron. This work assumed a steady state of division but did not show
that models with two or more precursor cells were inferior; in fact they are equally
valid (see discussion chapter 6). The clonal BrdU labelling studies (Chapter 6) found
a subpopulation of BrdU pre-labelled cells that were still dividing 5 days after kainate
and 6 days after BrdU injection, by which time BrdU should have been diluted below
detection if a steady state of continually dividing cells was occurring (Hayes and
Nowakowski, 2002). Even more significantly we found a population of cells (PCNA
only staining) that were not BrdU pre-labelled but who contributed most to the seizure
induced proliferation as compared to the dividing pre-labelled clone (BrdU + PCNA)
on day two post kainate. This was reflected in the proportion of PCNA cells that were
BrdU positive at this time point with no change in the ratio in saline animals
compared to a decrease in the ratio in kainate treated animals. Dilution of the BrdU
label was unlikely to be a significant factor at his time point because total BrdU
counts in the kainate group peaked at day 2 post kainate (Day 3 after BrdU injection)
implying that BrdU was still detectable in progeny despite multiple divisions up to
this point. The only other study of a similar nature in adult rats claimed that BrdU
dilution begins as early as one day (approx. 1 cell cycle) after addition (Dayer, et al.,

2003), and suggest that variable dilution between cells could be related to the duration
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of an individual cells exposure to BrdU while in S-phase, with different
concentrations of BrdU between cells defining detection. However, the BrdU and Ki-
67 double labelling work of Dayer et al. used a fluorescent secondary antibody, with
no amplification step, which means that the BrdU signal will dilute beyond detection
faster than in our studies, where amplification was used for primary antibody
detection, and indeed initial tests using un-amplified fluorescent labelling when
determining the optimal conditions in our experiments appeared to identify fewer
BrdU positive cells than the amplification technique detected (qualitative
observation). Additionally, the work of Nowakowski’s group using the same
amplification technique as I used found dilution occurred after a similar number of
cell cycles to my estimated dilution point. The time to dilution was different between
the two experiments, as Nowakowski used adult mice, and these have a shorter cell
cycle time than the adult rats I used, however the number of divisions a cell undergoes
is the critical factor in failure to detect a dividing cell due to dilution, and the length of

the cell cycle merely defines the time at which the dividing cell will cease to be

detectable.

The clonal proliferation study relies on detecting BrdU tagged cells over time, and
although considerable work was done to establish that this BrdU dilution did not
occur until after day 2 post seizure, when the recruitment of a quiescent stem cell
population was detected, the possibility of an earlier dilution point cannot be totally
excluded. If subsequent experiments were to demonstrate a more rapid dilution of the
BrdU label than I have predicted, the conclusion that a quiescent stem cell population
is recruited might be questioned based solely on the clonal labelling experiments.
However, the considerable evidence obtained from the clonal experiments in support
of the hypothesized quiescent or slowly dividing stem cell population selectively
recruited to division in response to seizure induction was confirmed by the subsequent
EGFP studies. These EGFP studies in transgenic mice expressing EGFP on the
hGFAP promoter showed that the number of radial glial GFAP positive cells
increased 3 days post kainate and that this population of cells was selectively
recruited to divide. Work by Alvarez-Buylla’s group has shown that these astrocytes
give rise to neurons in the dentate gyrus (Seri, and Alvarez-Buylla, 2002). Previously,
Alvarez-Buylla’s group had identified two types of dividing cell by their morphology

and activity; small, simple, rapidly dividing cells (D cells) and larger, slowly dividing
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cells with a radial process (B cells)(Seri, et al., 2001). By selectively killing mitotic
cells, and then allowing cell division to return Seri found the SGZ astrocytes (B cells)
were the first dividing cells to recommence division (after 2 days) and that D cell
division resumed by about 4 days, with new neurons detected at 8 days. Detection of
alkaline phosphatase activity in BrdU positive neurons of mice, where retroviral
labelling had coupled alkaline phosphatase synthesis to the GFAP promoter supported
the genesis of neurons from the SGZ astrocytes (B cells), although the involvement of
the D cells could not be established in this paradigm (Seri, et al., 2001).

Using a different method, our transgenic mouse experiments confirmed Seri’s
findings, establishing that some cells with an astrocytic heritage also have neurogenic
properties, by co-localising faintly EGFP positive cells markers for neuroblasts (TUC-
4 and PSA-NCAM). This observation coupled with the detected increase in SGZ
astrocyte proliferation after seizure strongly support the hypothesis that these are the
quiescent or slowly dividing population of cells that the clonal labelling studies

predicted would be activated by seizures.

The experiments carried out in the cultures also appear to concur with the experiments
of Seri, who used cytosine-f3-D-arabinofuranoside and procarbazol treatment to kill
dividing cells, eliminating proliferation, and then observed a slow recovery when the
anti-mitotic cocktail was removed. Our culture experiments were not specifically
designed to eliminate dividing cells, however a rapid phase of cell death was induced
by kainate, in the SGZ, where the where the progenitor cells are known to reside
(Altman and Das, 1965) in our culture model. The cell death was followed by a
significant attenuation of proliferation, and a later recovery to initial levels. Although
our culture experiments fail to demonstrate a direct causative link between the cell
death and the decreased proliferation the independent observation that selective loss
of proliferating cells produces a similar drop in proliferation followed by a recovery

along a similar timescale is a persuasive argument in support of this theory.

The difference in detected cell death between the in vitro and in vivo models used in
the studies is important, and requires explanation, as all the seizure experiments
described here used the same chemoconvulsant; kainate. The observed differences

probably arise from a combination of two factors, the age of the tissue and the method

223



of application. In adult tissue, IP kainate injection causes some granule cell death,
and ICV injection causes very little granule cell death (Nadler, 1981). Kainate
administration to perinatal tissue can cause a brief phase of cell death with a
subsequent desensitisation mediated by decreased kainate receptor density (Tandon, et
al., 2002). The observations of Tandon agree well with our findings, where in the
immature OHSC study cell death was detected early after seizure and then declined.
The absence of detected cell death contralateral to unilateral ICV kainate injection
also fits with the observations of Nadler, however we detected some cell death in the
dentates ipsilateral to kainite injection in this study. Although Nadler reported some
cell death this was not considered significant, the reasons for differences may lie in
the different methods used to detect the cell death, our study involved measuring an
area of fluorescence above threshold, and not counting cell bodies. At later times this
could lead to over estimation of cell death due to detection of inputs into the granule
cell layer from cells in the hilus, as FJB detects synapses and processes in addition to
the soma of dead cells. However the slight decrease (not significant) in BrdU pre-
labelled cell counts between time 0 controls and 6 hours post kainate could indicate a

small contribution of cell progenitor cell death, similar to that observed in the

cultures.

The reported and observed differences in cell death between adult and immature
tissue in response to seizures also raises questions about the proliferative responses in
these two tissue types. The immature SGZ is also a more actively proliferative
environment than the adult SGZ, which might complicate comparison between the
adult and neo-natal tissue. However, analysis of gene expression profiles during
development and after seizure induction has identified a large numbers of genes,
including Neuro D,with known neurogenic properties common to both groups,
indicating that the proliferative machinery is conserved from young to aged animals
(Elliott, et al., 2003). Basic fibroblast growth factor (FGF) is also among these genes,
Yoshimura demonstrated that increased proliferation after seizures was significantly
attenuated in adult mice lacking the FGF-2 gene, compared with wild-type littermates.
This attenuation was reversed by FGF-2 gene transfer via a viral vector (Yoshimura,
etal., 2001). Application of subcutaneous FGF increases proliferation in both adult
and immature rats (Wagner, et al., 1999), further supporting conserved control

mechanisms of cell proliferation from development through to adult life.
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The existence of a quiescent stem cell population in the SGZ of the dentate gyrus is
hinted at by several studies. Neurogenesis decreases with increasing age and
Cameron et al. demonstrated that this age related decrease in neurogenesis could be
abolished by adrenalectomy, with young and aged rats having significantly increased
and similar levels of neurogenesis after the adrenalectomy (Cameron and McKay,
1999). Gray et al. found that while aged rats had significantly lower neurogenesis
than young animals, after seizures both young and old animals demonstrated
neurogenesis that had increased to the same level, with no difference between them
(Gray, et al., 2002). However, a report by Seaberg and van Der Kooy appeared to
indicate that true stem cells are not present in the dentate gyrus, postulating instead
the presence of progenitor cells capable of only a limited number of divisions before
terminal differentiation, since this could explain the decrease in neurogenesis
observed with age (Seaberg and van Der, 2002). Seaberg’s study was carried out on
primary dissociated cell culture. In contrast, the studies of Gray et al., and Cameron
and McKay were in vivo. Additionally, a separate study in primary dissociated cell
culture demonstrated that a culture of GFAP positive cells can fulfil the requirements
stipulated for definition as stem cells, they can self-replicate, produce intermediate
partially fate specified neurospheres, which will then give rise to cells of multiple
phenotypes, and interestingly the progress through these states is regulated by the

extracellular milieu (Imura, et al., 2003).

Our study extends the results of a previous study (Nacher, et al., 2001) which showed
a greater number of radial glia-like cells 7 and 21 days after NMDA receptor
blockade-induced cell proliferation and neurogenesis, revealing that radial glia-like
astrocytes proliferate earlier, before the newly generated cells express neuronal
markers, further supporting their role as precursor cells Seri, et al., 2001). Due to
their increased number, our data also indicate that these radial glia-like cells are
initially recruited to divide symmetrically, early after seizure induction, although

further experiments are needed to directly prove this assumption.

The “dedifferentiation” and proliferation of Muller Glia after neurotoxic damage has
been reported in the chicken retina (Fischer and Reh, 2001) with the generation of

new neurons and glia, although the majority of newly produced cells remain
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undifferentiated. This has interesting parallels with our organotypic slice culture
experiments and with our EGFP positive radial glia-like proliferation after kainate
induced damage. The proliferative response of Muller Glia appears to be mediated by
FGF2 and insulin (Fischer, et al., 2002). The control of radial glia like cell
proliferation in the dentate gyrus remains unknown but as noted above, FGF2 and
Insulin are both important growth factors for SGZ proliferation and neurogenesis.
Future work will concentrate on identifying the salient growth factors for radial glia-
like cell proliferation. We identified three subpopulations of cells with radial glial like
morphology and expressing astrocytic markers based on GFAP-(EGFP) and S1008
staining. The EGFP and S100p positive cells appeared largely separate but the
interesting phenomenon was the increase in EGFP + S100B co-localised radial glia
like cells after kainate induced seizures/damage. Filippov et al have identified nestin
positive cells with radial glia like morphology in the dentate SGZ, a proportion of
which expressed sodium channels and membrane current patterns of an immature
neuronal phenotype (Filippov, et al., 2003). Although we did not stain for nestin after
kainate as kainate is known to induce nestin expression in hippocampal astrocytes, it
is intriguing to speculate that radial glial like cells expressing astrocytic markers are
not a homogenous population and their differing immunohistochemical signatures

may reflect different stages in neuronal and or proliferative commitment.

In conclusion, the work presented here has provided evidence to confirm the identity
of a previously reported slowly dividing stem cell population in the dentate gyrus, and
established that these cells are central to the increased neurogenesis observed in

response to kainate induced seizures.
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