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GLIAL CONTROL OF NEUROGENESIS IN RODENT MODELS OF EPILEPSY 

By Matthew Paul Sadgrove 

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. I have 
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 (Bamea and Nottebohm, 1994), new world primates (Gould, et 

al., 1998), old world primates (Komack 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). 

Un differentiated 

Stem cell 
Multi-potent 

Increasing differentiation 

4 

Progenitor cell 
committed 

Terminally differentiated 

Granule cell 

Astrocyte 

Oligodendrocyte 

Fig 1.1: Stages in the generation of cells in the dentate gyrus. Showing stemcefls 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 nervous system from which 
neural stem cells have been isolated. YmmNature 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 estabUsh 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 

fionctional 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 

intemeurons, 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 intemeurons, 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 CAl (Comu Ammonis), CA2, CAS 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). 

CAl ) XY 

A 

CAl 

XY1% 

CA3c 

CA3a 

Fig. 1.3: Diagram of the hippocampus showing the principal cell layers: the dentate gyrus, CA3 
and CAl cell layers and the subiculum, beyond which is the entorhinal cortex. Examples of CAl 
and CAB pyramidal neurons are shown, as well as a dentate granule cell (DG) and an intemeuron 
(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, intemeurons 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 G A B A A 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 &om 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. 5 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 5HTia 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 5HTiA 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., 

7 



2001). Observations such as this are important when planning m vh;o 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 et 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 signiGcantly lower for the trace conditioned memory task. 

This ef&ct 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 
neurogenesis 

References 

Age Y Brezun & Daszuta (2000) 

Enriched 
environment 

A 
Kempermann, et al. (1997); Young, et al. 
(1999) 

Exercise A van Praag, et al. (1999) 

Stress V 
Gould & Tanapat (1999); Lemaire, et al. 
(2000) 

Hippocampal-
dependent learning 

A Gould, et al. (1999) 

Estrogen A or ^ Banasr, et al. (2001) 

Alcohol V Pawlak, et al. (2002) 

Nicotine V Abrous, et al. (2002) 

y-irradiation V Kee, et al. (2002) 

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

Ischaemia A Liu, et al. (1998) 

Traumatic brain 
injury 

A Dash, et al. (2001) 

Corticosterone V Rodriguez, et al. (1998) 

Adrenalectomy A or ^ 
Cameron & McKay (1999); Montaron, et 
al. (1999) 

Glutamate V Gould & Tanapat (1999) 

NMDA V Cameron, et al. (1995) 

NMDAR. 
antagonists 

A 
Gould, et al. (1994); Nacher, et al. 
(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 (TLB), 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 &om 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 TLB. 

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 (Mathem, 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 Eber 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; Kemie, 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 (Bonfbco, 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 Eamshaw, 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 AMP A 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^^ ions 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 ions because the local Câ ^ concentration is initially veiy 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 (Vomov, 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 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, 

et al., 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., 

2 0 0 3 ^ 

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 6om 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 (Liu, 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 in 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 in situ 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; &om (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, etal., 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, comu 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 (CAl, CAS) and 
dentate gyrus granule cells (DG) are clearly recognisable (scale bar = 1 mm). B) 5^m 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 = lOO^m). 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 (El 6), these cells form the outer shell of the granule cell layer 

(closest to the hippocampal fissure and third ventricle). At about El 8 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 

(PI), and the secondary migration is complete by about PIO. 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 

20 



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 (Go, G is for gap). Cells 

that are likely to divide enter the cell cycle at Gi, 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 Gi, and Gz 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 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 

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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BrdU 
incorporated 

Fig 2.3: Cell cycle showing BrdU 
incorporation phase. GO represents a 
'permanently' post mitotic state, G1 the 
first gap phase of the cell cycle, G2 the 
second gap phase of the cell cycle, M the 
mitotic phase and S the DNA-synthesis 
phase. BrdU is incorporated in the S 
phase. 

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) (Sensenbreimer, 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 P-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 HeUx-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). 

nestin (R401) 
A2B5 
PSA-NCAM 
vimeatin 
U-p6 

TnJ-l 
NF-160 
SMI-31 

neuroepithelial jjjjjĵ ^^ neuroblast jjjjjjjjjjĤ  neuron 
cell ^ 

Fig 2.4: Expression profile of some common cell phenotype markers. PSA-NCAM, NF-160 (160 
kDa Neurofilament), U-p6 and TuJ-1 (both Class III P-tubulin markers) are neuronal markers. Nestin 
stains progenitor cells, A2B5 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 P-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. SI00b is another marker of astrocytes and its staining 

profile includes all parts of the cell, unlike GFAP and vimentin, making it easier to 

quantify. SI00b 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 efkct of seizures on neurogenesis in an w/ro 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 a l , 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 Mcllwain 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 (0.4|im pore; MiUipore, 

4 cultures per insert, in six well culture plates (Nunc) using plastic paddles. All 

cultures were maintained in vitro at 37°C with 100% humidity and a 5% CO2, 20% 

O2, 75% Nz 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 (ImM; 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 1ml 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 (lOpM) 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 (O.IM, pH 8.5) for 10 

minutes. All tissue for immunohistochemistry then received multiple washes in Tris-

Buffered Saline (TBS; O.IM, pH7.4). Non-specific peroxidase staining was 

eliminated by incubating for 10 minutes with 3% H2O2 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 TUJl clone, 1:1000; BabCo); TUC-4 (rabbit polyclonal, 1:500; 

Chemicon); SlOO 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 in beta tubulin, TUC4 or SI00 beta in TBS-TS 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 SI00 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 si00b, and early (TUC-4 and PSA-NCAM) and more general (class-Ill P-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 si00b or P-tubulin labelling produced high background staining, 

combination with TUC-4 showed clearer staining but was difficult to achieve on a 

consistent basis (Fig 2.6). Subsequently multiple fluorescent dyes and confbcal 

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 

confbcal microscope also identified that the staining was limited to two bands 

approximately 20pm thick on either side of the cultures, with the middle of the 

cultures showing no fluorescence (Fig 2.7). 
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Fig 2.5: Single immunochemistry on whole cultures. 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 lOx 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 si00b (A), the early neuronal marker TUC-4 
(C) and a marker for mature neurons class-Ill |3-tubulin (E), all antigens are visualized 
with DAB. Corresponding double stained cultures labelled with si00b (B), TUC-4 
(D) or class-Ill P-tubulin (F) all visualized with VIP (dark pink) and the proliferation 
marker BrdU (NDAB, Black). Images A and E are 1 Ox magnification, all other 
images are 20x magnification. 
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