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1 Summary 

 

In much of the brain, no neurons are born in the adulthood but two regions are 

exceptional to this rule: the dentate gyrus of the hippocampus (where neurons arrive from 

the subgranular zone) and the olfactory bulb (where neurons arrive from the 

subventricular zone). Even though several theories regarding the possible functional role 

of adult neurogenesis have been proposed, the properties of the precursor cells and their 

regulation in the dentate gyrus remain largely unknown. To get a better insight into this 

topic the following work has focused on the precursor cells of the adult dentate gyrus by 

growing them in vitro and studying their properties. 

 

In this thesis work I have focused on the following questions: 

1. Can precursor cells from the adult murine dentate gyrus be cultured ex vivo and 

maintained in a tissue culture environment for prolonged periods of time? 

2. Does the adult dentate gyrus harbor stem cells in the true sense of their definition? 

3. What are the characteristics of adult hippocampal precursor cells and how do they 

react to their environment? 

4. Do the precursor cells cultured ex vivo generate neurons that are similar in 

property to their in vivo counterparts? 

5. Does neural activity regulate neural precursor cells property in the dentate gyrus? 

6. If so, what is the mechanism that realizes this cross talk? 

 

Project 1: In vitro isolation and characterization of precursor cells isolated from 

adult murine dentate gyrus 

 

Stem cell cultures are key tools of basic and applied research in Regenerative Medicine. 

Despite widespread interest in adult hippocampal neurogenesis no protocol for long-term 

stem cell cultures from the hippocampus of adult mice existed. In this thesis work a new 

strategy is described to obtain serum-free monolayer cultures of neural precursor cells 

from microdissected dentate gyrus of adult mice. The precursor cells fulfilled the criteria 
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of stem cells: self-renewal in clonal analyses and multipotency. The precursor cell fate 

was sensitive to culture conditions with their phenotype highly influenced by factors 

within the media and externally applied growth factors. Neurons generated from these 

adherent dentate gyrus precursor cell cultures expressed the characteristic markers like 

transcription factor Prox1 and calcium binding protein calbindin expressed by mature 

granule cells in vivo. Similar to granule cells in vivo, treatment with kainic acid or brain 

derived neurotrophic factor (BDNF) elicited the expression of GABAergic markers, 

further supporting the correspondence between the in vitro and in vivo phenotype. These 

data, published in the journal PLoS ONE (Babu et al; PLoS ONE 2007 Apr 25; 2: e388), 

provide a new tool to generate adult murine dentate gyrus stem cell cultures and to 

analyze functional properties of precursor cells and their differentiated granule cell-like 

progeny in vitro. Similar to precursor cells isolated from the dentate gyrus, nestin-GFP-

expressing cells from corpus callosum/alveus and the SVZ were self-renewing and 

multipotent in vitro, whereas cells isolated from CA1 were not. These results are 

presently accepted and ready for publication in the journal Brain structure and function 

(Kronenberg et al; Brain structure and function) 

  

 

Project 2: Adult hippocampal precursor cells sense synaptic network plasticity to 

induce neuronal differentiation 

 

Precursor cells in the adult hippocampus reside in a region rich in neuronal network 

activity. In this thesis work it was hypothesized that neural precursor cells directly 

respond to changes in local network activity and to synaptic plasticity by initiating 

neuronal differentiation. Depolarization of hippocampal precursor cell cultures, increased 

the neuronal differentiation from precursor cells but raised the question whether this 

effect would reflect a physiological situation. In co-cultures with hippocampal neurons a 

brief pulse of LTP-inducing stimuli that generated synchronous neuronal network 

oscillations subsequently increased synaptic strength and led to significantly increased 

neuronal differentiation from neural precursor cells. This effect was seen only in the 

presence of synaptically connected mature neurons. When applied directly to precursor 
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cells, LTP did not induce neuronal differentiation. LTP-induced effects of neurons on 

precursor cells were mediated by increased release of neurotrophins. Neuronal 

differentiation was abolished when the neurotrophin signaling was blocked by 

neutralizing the secreted neurotrophin. These results show that synaptic activity levels 

influence neural precursor cell differentiation that may have important consequences on 

the neural network and information processing. 
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2 Introduction 

 

2.1 Adult neurogenesis 

 

The mammalian brain consists of a vast array of neurons that are born during fetal 

and early postnatal development. These neurons once born, undergo specific stages of 

maturation, and are selected, go on to integrate into the neuronal circuitry and form the 

functional nervous system. In almost all regions of the adult brain the existing neurons 

are not replaced and thus are left to preserve their numbers. For years, the only forms of 

structural changes in the brain were thought to be in the form of axonal sprouting, 

synaptic reorganization and glial proliferation. 

Almost four decades ago, pioneering work by Joseph Altman and Gopal Das 

suggested traces of continued neurogenesis in the adult nervous system (Altman and Das, 

1965b, a). This work remained unnoticed for years. But in the late 1970s and early 1980s, 

studies showed that newborn neurons in the hippocampus survived for long time (several 

weeks) and appeared to receive functional inputs (Kaplan and Hinds, 1977; Kaplan and 

Bell, 1983, 1984). Research from then on has collected a wealth of information regarding 

this process and the regulation of neurogenesis in the adult brain. The addition of new 

neurons throughout the lifetime of an animal provides a unique model system to study the 

continued development of the adult brain and also simultaneously delivers a unique tool 

for replacement and regenerative therapy. 

Throughout this thesis work the following nomenclature is used: “stem cells” are 

cells with demonstrated self-renewal (the ability to generate additional stem cells) and 

multipotency (the ability to generate neurons, oligodendrocytes and astrocytes); 

progenitor cells are the progeny of stem cells with limited self-renewal and lineage 

restriction. “Precursor cells” serves an umbrella term encompassing stem and progenitor 

cells as well as cells with undetermined but assumed degrees of stemness. 
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2.1.1 Active neurogenesis is present only in specific regions of the adult brain 

 

Adult neurogenesis, the process of neuronal birth, development and addition in 

the adult brain, has been shown to occur only in two regions within the adult nervous 

system. These are 1. The Subventricular zone (SVZ) where cells are born and they 

migrate to and finally reside in the olfactory bulb and 2. The subgranular zone (SGZ) of 

the dentate gyrus (DG) in the hippocampus, where cells are born and new neurons added 

to the existing adjoining granule cell layer (Fig 1). The presence of the precursor cells has 

been documented in several regions of the mammalian brain but neurogenesis is 

restricted to the above-mentioned regions. Throughout the neuraxis precursor cells have 

been detected that are competent in generating neurons albeit in vitro, outside their 

physiological locale. 

 

 

Figure 1: Neural stem cells within the adult murine brain 

Neural stem cells reside in two regions of the brain subventricular zone of the lateral ventricle and the 

subgranular zone of the dentate gyrus. The neural stem cells are self renewing and generate neuronal 

astrocytes and oligodendrocytes in these two regions of the brain. Figure adapted from (Taupin and Gage, 

2002). 

 

In the SVZ, the cells reside in the lateral wall of the lateral ventricle. The cells 

divide within this zone generating neuroblasts that migrate several millimeters along the 

narrow stream called rostral migratory stream (RMS) formed by a glial sheath (Lois and 

Alvarez-Buylla, 1994; Lois et al., 1996). During their migration the cells continue to 
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undergo mitosis to increase their numbers. These immature neurons have classical 

features of migratory neurons such as slender bipolar processes and are positive for 

several molecular markers previously associated with similar migratory neurons in the 

developing fetal brain. This process designated as “chain migration” is distinct from the 

radial and tangential migration, that are key during the early development of the nervous 

system (Alvarez-Buylla and Garcia-Verdugo, 2002). Once the immature neurons reach 

the olfactory bulb they become the glomerular and periglomerular interneurons 

performing functions that are not clear yet. These new neurons secrete GABA (Gamma 

Amino Butyric Acid) as their primary neurotransmitter. Some of these cells also exhibit 

dopaminergic phenotype (Hack et al., 2005). 

 
 

2.1.2 Anatomy of the adult mouse hippocampus 

 

The hippocampus derives its name from the unusual shape that resembles a sea 

horse (in Greek, “hippo” means horse and “kampos” means sea monster). The 

hippocampus remains one of the most exhaustively studied areas of the mammalian 

central nervous system due to its distinctive and readily identifiable morphological 

structure at both gross and microscopic levels. Hippocampus is a structural and functional 

component of the limbic system (or called the hippocampal formation). The hippocampal 

formation includes the following structures, entorhinal cortex, pre and parasubiculum, 

subiculum, hippocampus along with the DG. To some early imaginative neuroscientist 

the shape of the hippocampus formation as two interlocked C shapes structures, appeared 

to resemble the ram’s head of the Egyptian god Amon. Thus another name for the 

hippocampus proper is cornu ammonis, or “Ammon’s horn”. The cell bodies of the 

principal neuron layer (three to six cells deep) of the hippocampus, the pyramidal cell 

layer, is divided into three regions designated CA1, CA2 and CA3 (cornu ammonis) 

based on the size and appearance of the neurons. The neurons have elaborate dendrites 

extending to the cell layer in both directions. The apical dendrites originating from the 

apex of the pyramidal cell body traverse three strata: stratum lucidum, stratum radiatum 

and stratum lacunosum moleculare.  
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The external input to the hippocampus arrives largely from the entorhinal cortex, 

which projects via the perforant path to the subiculum, DG and the CA fields (Fig 2). The 

layer2 of the entorhinal cortex is the major site of origin of the afferents to DG and CA3. 

In contrast, the projections to CA1 and subiculum originate from the layer3 of the 

entorhinal cortex. 

 

Figure 2: Architectonic divisions of hippocampus 

The hippocampus is subdivided into the dentate gyrus CA1, CA3 and subiculum. CA1 and CA3 are 

composed of pyramidal cells. The input to the hippocampus is from the entorhinal cortex (EC). The dentate 

gyrus (DG) has three layers: the molecular layer (m), the granule cell layer (g) and the polymorphic layer 

(pl). The output from the DG is through the mossy fiber to the CA3. The CA3 projects to the CA1 via the 

Schaeffer collaterals 
 

The principal neurons of the DG on the other hand are the granule cells, which 

form the granule cell layer. The largely acellular molecular layer is located above the 

granule cells. Below the granule cell layer is a diffuse cellular layer called polymorphic 

cell layer (or hilus). The dentate granule cells are bipolar with axons entering the hilar 

region and the dendrites extending to the molecular layer from the opposite pole of the 

cell body. The dentate granule cells receive both cortical and hippocampal inputs and 

these afferent circuitries are finely segregated. The input arriving from the entorhinal 

cortex (cortical) terminates on the distal dendrites in the outer molecular layer and 

commissural/associational (hippocampal) fibers arising from the hilar mossy cells form 

synapses on proximal dendrites in the inner molecular layer. The SGZ receives 

modulatory serotonergic and catecolaminergic (adrenalin and noradrenalin) inputs. There 

is also some sparse dopaminergic input the SGZ. The dentate granule cells project 

unmyelinated axons called mossy fibers establishing synapses with a variety of cell types. 
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Classically, mossy fibers were shown to give rise to large en passant swelling and 

terminal expansions forming the giant mossy fiber boutons on the proximal dendritic 

portions of the CA3 pyramidal cells and large hilar neurons (mossy cells). Apart from the 

giant synapses on the CA3 cells, mossy fibers form numerous distinct synapses on the 

smooth dendrites of interneurons. In fact majority of the synapses by the mossy fibers are 

formed by small boutons and filopodial extensions of the giant expansions on the 

interneurons.  
 

 

2.1.3 Neurogenesis in the subgranular zone 

 

Within the DG the precursor cells are located in the subgranular layer. These cells 

divide and generate a large pool of neuroblasts and immature neurons. Most of these 

immature neurons are eliminated in their first and second week after birth, and 

presumably a selection process preserves the others (Gage, 2000; Kempermann et al., 

2004). Unlike the SVZ, neurons born in the SGZ do not migrate long distances, but are 

added to the adjacent granule cell layer. These neurons go on to integrate into the existing 

circuitry, thus performing the jobs that are assigned to them. Just what this job is, is not 

yet clear. 

Once born, the new cells generate axons that traverse the hilus and synapse with 

the dendrites of the CA3 pyramidal cells (Zhao et al., 2006). At the same time, cells also 

generate dendrites that radiate to the molecular layer, where they receive input from the 

incoming fibers of the entorhinal cortex. The newly generated neurons in the DG survive 

for the rest of life of the organism (Kempermann et al., 2003). Along the course of their 

development the new neurons start to exhibit membrane characteristic with enhanced 

capacity to facilitate synaptic plasticity and subsequently upon time showing similar 

properties to the adjacent granule cells (van Praag et al., 2002; Schmidt-Hieber et al., 

2004). GABAergic afferents are one of the first inputs to arrive to the new neurons in the 

dentate gyrus (Wang et al., 2005; Ge et al., 2006). The structural and functional 

complexity of the newly born neurons continues to grow with time similar to early 
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postnatal DG development, but with a protracted time period (Esposito et al., 2005) and 

in an environment that already bears mature functioning neurons. 

 

 

2.1.4 Regulation of endogenous neurogenesis in the adult dentate gyrus 

 

Adult neurogenesis is regulated by intrinsic (genetic) and a wide variety of 

extrinsic (micro environmental) factors. One of the first studies convincingly showing 

intrinsic regulation was based on the differences in basal neurogenesis levels in various 

genetic strains of laboratory mice (Kempermann et al., 1997a; Kempermann and Gage, 

2002). The genetic background of the animal affected all measures of neurogenesis –

proliferation, fate specification and survival. Interestingly, exposure of rodents to an 

enriched environment consisting of larger housing cages and toys increased the survival 

of newly born neurons in the SGZ without effecting the SVZ neurogenesis (Kempermann 

et al., 1997b; Nilsson et al., 1999; Brown et al., 2003). Voluntary physical exercise alone 

can greatly increase the proliferation and survival of newly born granule neurons (van 

Praag et al., 1999a). Endothelial cells seem to play a role in this mechanism by increasing 

vascular endothelial growth factor (VEGF) (Fabel et al., 2003). Astrocytes also regulate 

the generation of neurons by releasing several pro-neurogenic factors (Song et al., 2002; 

Lie et al., 2005). Other modes of physical activity such as water maze learning have also 

been shown to regulate neurogenesis in the adult DG (Gould et al., 1999a; Ehninger and 

Kempermann, 2006).  

The strongest negative regulators of adult neurogenesis known are aging and the 

serum level of steroid hormones (Cameron and McKay, 1999; Gould et al., 1999b). Aged 

transgenic mice that lacked the tumor suppressor gene p16INK4a exhibit higher fraction of 

neural progenitors in their SVZ than littermate controls (Molofsky et al., 2006) 

suggesting a role for this protein in aging induced suppression of adult neurogenesis. The 

negative effect of aging is also suggested to be a result of the increased level of steroids 

found during aging. Adrenelectomized mice have significantly higher levels of 

neurogenesis compared to sham-operated controls (Cameron and McKay, 1999).  
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In some animal models of depression and in physical and psychosocial stress 

experiments, a decrease in neurogenesis has been reported (Magarinos et al., 1996; Gould 

et al., 1998; Dranovsky and Hen, 2006). This view is supplemented by the observation 

that adult neurogenesis is positively regulated by clinically relevant antidepressant drugs 

(Malberg et al., 2000; Czeh et al., 2001). Adult neurogenesis is also affected by a variety 

of pathological conditions. Seizures induce massive neurogenesis in the DG (Parent et al., 

1997) and remains one of the strongest known positive regulator of neurogenesis. The 

development of newly born neurons is accelerated by seizures but display alteration in 

dendritic morphology, and are ectopically located with abnormal electrical properties 

compared to the normal granule cells (Scharfman, 2004; Overstreet-Wadiche et al., 

2006). Ischemic brain insults potently stimulate proliferation in both SGZ and SVZ. In a 

model of focal ischemia in striatum, precursor cells from the SVZ migrated towards the 

site of dying neurons in the striatum and expressed markers typical of medium spiny 

neurons – the phenotype of the dying neurons (Arvidsson et al., 2002). But most of these 

neurons died two to four weeks after the stroke. This study suggested that after ischemia 

the local microenvironment provides cues for the attraction and the differentiation of 

precursors cells, but fails to maintain the long-term survival of these cells. 

Intraventricular infusion of epidermal growth factor (EGF) and fibroblast growth factor–2 

(FGF2) after global cerebral ischemia led to increased proliferation, migration, neuronal 

differentiation and survival of precursors from the caudal periventricular zone to the 

hippocampus (Nakatomi et al., 2002). The newly populating cells had partially replaced 

the dying neurons in the CA1 region with the animals demonstrating improvement in 

hippocampal related behavioral tasks. 

 Studies in rodent brain exposed to radiation suggested extreme sensitivity of 

neural precursor cells towards low doses of radiation. Precursor cells failed to 

differentiate to neurons after they were exposed to radiation even though they retained the 

capacity for glial differentiation (Monje et al., 2002; Monje and Palmer, 2003). This 

dysfunction has been linked to microglial inflammatory response, which inhibits 

neurogenesis. This inhibition, caused partly by the microglial release of IL-6, could be 

prevented by anti-inflammatory treatment (Ekdahl et al., 2003; Monje et al., 2003). This 

is interesting considering that resting microglia favors neurogenesis by releasing several 
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pro-neurogenic mediators such as brain derived neurotrophic factor (BDNF) in the SVZ 

(Walton et al., 2006). Thus microglia can bidirectionally regulate neurogenesis in a 

context dependent manner.  

 Adult neurogenesis is also significantly altered in chronic neurological disorders. 

In the DG and CA1 of Alzheimer’s patients an increased expression of Doublecortin 

(DCX) and express Polysialated Neural Cell Adhesion Molecule (PSA-NCAM) was 

noticed (Jin et al., 2004). The proliferation of precursors in the SGZ and SVZ is reduced 

in Parkinson’s disease patients, presumably due to a loss of dopaminergic innervations 

(Hoglinger et al., 2004).  

 

 

2.2 Analysis of adult dentate gyrus neural precursor cells in vitro 

 

2.2.1 Isolation and characterization of precursor cells in vitro 

 

Adult neural stem cells were first isolated from the adult CNS of rodents 

(Reynolds and Weiss, 1992) and later also from humans (Kukekov et al., 1999; Palmer et 

al., 2001). But much of the work is done with precursor cells obtained from 

subventricular zone, leaving questions about precursor cells within DG open. In previous 

experiments the precursor cells have been allowed to proliferate in the presence of EGF 

plated onto uncoated surfaces. After couple of days, the cells produce aggregates (of 

cells) termed “neurospheres”. Cells within these aggregates stain for nestin, an 

intermediate filament protein characteristically found in precursor cells of diverse tissues 

(Reynolds and Weiss, 1992; Seaberg et al., 2004; Wiese et al., 2004). These cells could 

be passaged and produced neurons as well as glial cells when the mitogen was withdrawn 

from the culture. When transplanted, these cells also generate neurons, sidelining the 

argument of in vitro artifact as the basis for these observations. Because of the defined 

conditions of cell culture and the easy experimental access, manipulations of adult 

precursor cells in vitro allow the analysis of both intrinsic and extrinsic mechanisms that 

regulate the various steps involved in neurogenesis.  



Precursor cells in adult dentate gyrus  Introduction 

14 

2.2.2 Neurospheres and monolayer cultures 

 

Neural precursor cells have been traditionally cultured as neurospheres by plating 

then on an uncoated surface with mitogen containing medium for prolonged propagation. 

After several days, the cells start to form spheres. Each sphere harbors several hundreds 

to thousands of cells. As the most energy conserving conformation is in the spherical 

form, in the absence of any attachment factors the cells remain in the sphere form.  The 

cellular interaction within the sphere is heterogenous (Reynolds and Rietze, 2005). The 

innermost core of a sphere is presumably “blind” to the culture medium. The growth and 

fate of these cells is likely to be dependent on the factors secreted by the adjacent cells. 

Neurospheres nonetheless provide a good model to study the three-dimensional 

regulation of neural precursor cells.  

Adherent monolayer culture, alternatively, allows a more homogenous concentration 

of the media contents around the cells in the culture dish. Surprisingly despite the fact 

that the majority of studies on adult neurogenesis and adult neural precursor cells are 

done in mice, no protocol for long-term monolayer stem cell cultures from the adult 

murine DG has been reported. Monolayer cultures have been established only for rats and 

cultures from mouse hippocampus have only been maintained as neurosphere cultures 

derived from the entire hippocampal formation (Palmer et al., 1997; Seaberg and van der 

Kooy, 2002; Bull and Bartlett, 2005). Consequently, information about stem cells in the 

adult mouse DG has been either inferred from rat studies or from mouse neurosphere 

studies that have not assessed whether the model system produced cells that mirrored the 

in vivo situation. An adequate hippocampal stem cell culture model would have to meet 

two key requirements: The culture would have to build on a reliable precursor cell 

population with known “stemness” properties and yield cells with truly neuronal 

properties reflecting the neuronal phenotype of granule cells in vivo. 

Neurospheres, which are the most widely used form of culturing mouse neural precursor 

cells, have limitations, because they are heterogeneous (Reynolds and Rietze, 2005). 

Cells at the core of the sphere differentiate and each neurosphere might actually contain 

only few precursor cells which become diluted with each ensuing passage (Reynolds and 
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Rietze, 2005). Functional studies requiring real-time resolution on a single cell level are 

limited, if not impossible, in the multicellular clusters. 

 

 

Figure 3: Methodology for the culturing of neural precursor cells in vitro 

The desired brain region from which the neural precursor cells are to be cultured is enzymatically digested 

and plated in mitogen containing serum free medium. The precursor cells proliferate and populate the 

culture dish. 

 

Adherent monolayer cultures better reveal the morphology of individual cells and 

fully expose cells to a controlled extracellular environment. Monolayer cultures were 

originally described for hippocampal stem cells from adult rats or from cells isolated 

from whole mouse brains but have not yet been adapted for adult mouse hippocampus or 

subdissected hippocampal DG (Gage et al., 1995; Palmer et al., 1999; Ray and Gage, 

2006). Furthermore, it has been disputed whether stem cells in the strict sense of the 

definition exist in the adult hippocampus (Seaberg and van der Kooy, 2002; Bull and 

Bartlett, 2005). With the working hypothesis that a combination of methodological and 

species-related reasons might have led to the impression that no stem cells existed in the 

adult hippocampus, a murine monolayer stem cell culture system was developed to 

directly test this hypothesis (Fig 3). The modified method used to generate monolayer 

precursor cells in the present thesis work and the results obtained have been published in 

the journal PLoS ONE (Babu et al., 2007).  

 

 

2.2.3 Identification of stem cells 

 

What constitutes a stem cell? And how does one distinguish between a stem cell 

and other cells types in the neighborhood? Stem cells are conceptually defined as cells 
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that can self renew and have the capacity to generate all three cell types of the brain – 

neurons, astrocytes and oligodendrocytes. Several proteins have been characterized that 

are restricted in their expression pattern to precursor cells. Molecular markers are the 

vital elements in the study of cell differentiation and fate commitment, as defined sets of 

markers are needed to assign cells to specific types and their hierarchical positions. One 

of the first precursor cell marker to be identified was nestin (Lendahl et al., 1990), a type 

IV intermediate filament protein. It is expressed by a wide variety of precursor cells 

obtained from the neuroepithelium. However, it is expressed by a wide variety of cells 

outside the bracket of neural precursor cells such as reactive astrocytes, muscle precursor 

cells and pancreatic precursor cells (Zulewski et al., 2001). Several other markers have 

also been reported to be associated with precursor cells. The astrocytic protein Glial 

fibrillary acidic protein (GFAP) is also present in the adult neural stem cells in adult SVZ 

and SGZ (Doetsch et al., 1999; Laywell et al., 2000; Seri et al., 2001). The stem cells in 

the neurogenic areas also show characteristics of radial glia cells. Brain lipid binding 

protein (BLBP) is a marker associated with radial glia in the developing brain and is also 

expressed by the proliferating cells in the adult DG. It has been shown that BLBP is 

expressed by both the GFAP expressing “stem cells” and DCX expressing progenitor 

cells (Steiner et al., 2006). Another gene associated with “stemness” in neural precursor 

cells, is the transcription factor Sox2 (SRY related high mobility group). Sox2 is 

expressed in the adult SGZ (Komitova and Eriksson, 2004) and furthermore, transgenic 

mice in which EGFP (enhanced green fluorescent protein) is driven by Sox2, show EGFP 

expression in the SGZ of the DG. After isolation by FACS these cells and have been 

shown to behave as stem cells in vitro (D'Amour and Gage, 2003). This result is 

significant considering that Sox2 is involved in the maintenance of fetal precursor cells in 

the proliferative state by inhibiting differentiation in these cells (Wegner and Stolt, 2005). 

Mature neurons have been generally identified by detecting the neuron specific 

microtubule associated protein-Map2ab and the pan neuronal marker β-III-tubulin (Tuj1). 

Doublecortin (DCX), another microtubule-associated protein is also widely used to detect 

immature migrating neurons. DCX is important in cell division and migration of newly 

born cells in the developing cortex. DCX is seen in the adult SGZ in a large population of 

proliferating precursors (Kempermann et al., 2003). This marker is absent from the 
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putative GFAP expressing stem cells, and appears only in cells committed to the neuronal 

lineage (Kempermann et al., 2004). Cells expressing DCX also express PSA-NCAM.  

 

Figure 4: Schematic representation of the assay undertaken to study the self renewal and 

multipotentiality of adult neural stem cells 

The neural precursor cells are isolated from the adult dentate gyrus and then exposed to mitogen for 

propagation. Neural precursor cells are plated at low density or as single cells to test for self-renewal. Such 

renewing neural stem cells are then single cell dissociated and replated at low density or as single cells to 

assess for the self-renewal. At each step a part of the cells are differentiated to check for their ability to 

generate neurons, astrocytes and oligodendrocytes, proving the multipotentiality of the neural stem cells.  

 



Precursor cells in adult dentate gyrus  Introduction 

18 

 

Mature neurons are detected by the presence of neuronal nuclear antigen (NeuN) along 

with the absence of other non-neuronal and immature markers. In the DG, the prospero 

related protein (Prox-1) is a marker widely used to distinguish the dentate granule cells 

from the other neural cell types in the surrounding (Pleasure et al., 2000; Bick-Sander et 

al., 2006). 

Due to their rarity, functional characterization of the precursor cells have been 

restricted to ex vivo approach, by bringing the cells to a tissue culture environment (Fig 

4). Defined media is added to the cells that are permissive for cells that proliferate. After 

several days when the cells proliferate, the precursor cells outnumber other cell types. By 

controlling the plating density, each neurosphere could be made to arise from a single 

cell. After trypsinization and single cell dissociation, the cells are again plated with 

mitogens (Fig 4). Any subsequent formation of secondary neurospheres is indicative of 

self-renewal of the cells. Demonstration of self-renewal is a strong indicator of the 

presence of stem cells in the culture. The neurospheres that arise from a single cell are 

then differentiated. The generation of neurons and glial cells from these suggests the 

presence of multipotent stem cells (Fig 4). 
 

 

2.2.4 Regulation of adult neurogenesis: role of neuronal activity  

 

New neurons are born and integrate into the existing machinery of the brain and 

survive for almost the life of the animal. This has led researchers to believe that 

neurogenesis could be mechanism of a “hard wiring” form of memory acquisition or 

consolidation. Neural activity has been shown to regulate neural differentiation from 

adult precursor cells. Kainic acid, an agonist at the non NMDA receptor subtype of 

glutamate receptor, induces a potent increase in neurogenesis in the DG (Jessberger et al., 

2005). Methods of generalized neural excitation have involved membrane depolarization 

(Deisseroth et al., 2004) which mimic areas of increased activity involving action 

potential (AP) firing. Incidentally, AP firing in the dentate gyrus is notably sparse but 

intrinsic activity, most notably in the sense of oscillations is high. Neural information 
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processing also involves AP independent process such as EPSCs (Excitatory Postsynaptic 

Currents), which are synaptic events that occur even in the absence of AP. Due to their 

strategic location adult precursor cells may very well be influenced by changes in such 

synaptic activity. 

Within the hippocampus, oscillation and synchrony of neuronal networks bring 

about a wide range of information coding and storage capacity (Buzsaki, 2002; Axmacher 

et al., 2006). Neurogenesis may have a predetermined instructive role in the network or 

may alter the general properties of the existing neurons. Adult-born new hippocampal 

neurons are not only highly excitable but transiently also undergo long-term potentiation 

(LTP) at relatively lower levels of activating stimuli than older granule cells (Schmidt-

Hieber et al., 2004). Such computationally intensive functions demand the intriguing 

hypothesis that network changes might be directly sensed by the neural precursor cells, 

relaying this change as a pro neurogenic signal. Or in other words could coherent 

synchronous oscillatory neural network activity contribute to properties that might 

influence neuronal differentiation from adult hippocampal precursor cells? 

Behavioral activity such as voluntary physical exercise (van Praag et al., 1999b), and 

environmental enrichment (Duffy et al., 2001) generate synchronized activity in the 

hippocampus, modulate learning and memory and also LTP. Similarly Environmental 

enrichment, voluntary physical exercise, aging, and learning and memory paradigms 

regulate neurogenesis in the DG (Kempermann et al., 1997b; Cameron and McKay, 1999; 

Gould et al., 1999a; van Praag et al., 1999a; Shors et al., 2002). Thus even though 

neurogenesis and synaptic plasticity have been suggested to be relevant for hippocampal 

function, the question whether there is an intersection between these two phenomenon 

has not been addressed. Precisely whether LTP in itself could regulate precursors cell 

population kinetics had not been dealt into.  

Though the conceptual gap between neurogenesis and behavior is large, targeted 

modification of neuronal differentiation will potentially influence the coding and storage 

capacity of the network, to which it is added, and change the behavior of the organism.  

In the present study we set out to determine the relationship between synaptic network 

plasticity and cellular plasticity. To accomplish this we developed a co-culture model 

consisting of hippocampal neurons and hippocampal precursor cells that allowed control 



Precursor cells in adult dentate gyrus  Introduction 

20 

of neuronal activity levels. Hippocampal neurons are an excellent model to study 

oscillatory activity and its synaptic relevance. Hippocampal neurons in culture show low 

synaptic release probability, which increases after brief Ca2+ rises through NMDA 

receptor activation. Although the short-term cellular effects of such stimuli on mature 

functional neurons are well documented (Malenka, 2003; Malenka and Bear, 2004), the 

effects of such changes in a network of neurons and neural precursor cells are not known. 

To study the effect of synaptic plasticity on neural precursor cells we overlaid 

hippocampal neurons with labeled adult hippocampal precursor cells.  

Using this model following questions have been addressed: (1) Can precursor cells from 

the DG directly detect neuronal network activity? (2) How do precursor cells respond to 

changes in synaptic activity levels? (3) What is the signaling mechanism that relays 

between the synaptically active neurons and precursor cells? 
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3 Materials and Methods 

 

3.1 Tissue dissection 

 

All institutional regulations regarding animal ethics were followed. Adult female 

mice (C57Bl/6 or CD1) were killed by an overdose of ketamine and then decapitated. 

After removing the overlying skin and the skull the brains were removed and placed in a 

cold buffer saline solution (DPBS with 0.6% Glucose). The DPBS consisted of the 

following ingredients (in mM): Na2HPO4H2O, 8; KH2PO4, 1.4; NaCl, 137; KCl, 3. The 

brains were then dissected under a stereomicroscope. The brains were split along the 

interhemispherical cleft. After removing the cerebellum and the spinal cord, the base of 

the brain and the thalamus were pinched off and the hippocampus was cleared from the 

rest of the neocortical tissue.  The DG was further dissected out of the hippocampus by 

drawing a wedge along the hippocampal fissure separating the DG from the rest of the 

hippocampus. The dissected tissue was placed in the cold DPBS. The dissected DG from 

4 - 5 animals per preparation was pooled for further procedures.  

In order to further refine the microsdissection, brains were removed from the skull 

in a subset of mice and were placed in cold artificial CSF (aCSF) that was constantly 

bubbled with 95%O2 / 5% CO2. The aCSF consisted of the following ingredients (in 

mM): NaCl, 124; KCl, 2.5; NaH2PO4, 1.25; CaCl2, 1; MgCl2, 1; NaHCO3, 25; D-

Glucose, 10. The brains were sliced coronally (300µm) using a vibratome (Leica) and the 

coronal slices with the hippocampus and the dentate gyrus collected and placed in cold 

aCSF. The slices were then moved under a dissecting microscope to dissect out the 

dentate gyrus and free it from the hippocampus and the surrounding ventricular tissue to 

avoid contamination from the precursor cells that are located also within this region. For 

extracting SVZ and corpus callosum, the regions were extracted under the microscope 

and placed in the cold saline buffer analogous to the procedure for DG. These dissections 

were done with nestin-GFP mice to clearly delineate the regions with precursor cells 

from one another. 
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3.2 Tissue digestion 

 

The pooled tissue was dissociated by digestion with a mixture of Papain 

(2.5U/ml) (Worthington), Dispase (1U/ml) (Roche) and Deoxyribonuclease (250U/ml) 

(Worthington) for 30 to 40 min at 37°C. The tissue was then triturated and centrifuged at 

1000  g for 3 minutes. The enzymes were discarded and fresh DPBS added and then 

centrifuged. This washing procedure was carried out three times to prevent any carryover 

of the enzyme mixture. The course cell suspension was passed through a 40µm cell 

strainer (Becton Dickinson) to obtain a single cell suspension. The single cell suspension 

was then subjected to percoll density gradient centrifugation to enrich for precursor cells. 

The cell suspension was mixed with equal volume of Percoll and was centrifuged at 

20,000 × g for 30 min. The stock of isotonic Percoll (Amersham) was prepared by 

diluting 9 parts of Percoll with 1 part 10X PBS. After the centrifugation the cells were 

freed of Percoll by washing three times with DPBS. The cells were subsequently 

collected and transferred to proliferation medium consisting of Neurobasal (Invitrogen), 

2% B/27 (Invitrogen), 2 mM Glutamax (Invitrogen), Pen-Strep (Sigma), 20 ng/ml human 

Fibroblast Growth Factor-2 (FGF2 from R&D or Peprotech) , and 20 ng/ml human 

Epidermal Growth Factor (EGF from R&D or Peprotech). Based on the sedimentation of 

the mouse cells in the continuous gradient it was determined that precursor cells could be 

selectively enriched in the cell pellet formed in a solution of 22% Percoll following low 

speed centrifugation (1000  g, 10 minutes, room temperature). The pellet of cells were 

then mixed with 22% Percoll and centrifuged at 1000  g for 10 minutes. The 

stem/progenitor cells and erythrocytes in the pellet are collected and then resuspended in 

a mixture of 70% Percoll. The erythrocyte pellet was discarded whereas precursor cells 

were rinsed free of Percoll and plated with proliferation medium and placed in a 5% CO2 

incubator. The medium was changed the following day and then every 2-3 days 

thereafter. 

Test for self-renewal and multipotency: For self renewal experiments, cells were 

trypsinized, triturated, centrifuged and resuspended in medium. Cells were then either 

plated at a very low density (often referred to as “clonal density”) or individually 

aspirated under microscopic control and seeded in separate wells of a microtiter plate. 
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The presence of only single cells per well was confirmed under the microscope 24h later. 

In either case, the cells were plated in conditioned medium together with fresh medium in 

1:1 ratio with 20ng/ml of both EGF and FGF2. The conditioned medium was prepared 

from medium incubated for 48 hrs in proliferating precursor cells. The media was 

centrifuged and the supernatant preserved at 4°C when used on the same or the next day 

or at -80°C for long term storage. 

 

3.3 Propagation of neural precursor cells 

 

The surface of the culture dishes (polystyrene petri dishes and culture flasks, or 

glass coverslips in multiwell plates; Nunc/TPP) was first coated with 10 µg/ml Poly-D-

Lysine (Sigma) overnight at room temperature. After several rinses in water, the surfaces 

were left to dry. The surfaces were then coated with 5 µg/ml Laminin (Tebu-bio & 

Roche) at 37°C overnight. The plates or coverslips were stored at –20°C for future use. 

After removing excess coating solution, the cells were plated directly onto the surface in 

proliferation medium. Subsequently, the cultures were fed with new medium every 2-3 

days by replacing 75% of the medium. The cells were maintained at a density of 104 

cells/cm2. This required the cells to be passaged every 4-5 days. To induce and maintain 

differentiation the growth medium was replaced with growth medium free of mitogens. 

To enhance differentiation the medium was supplemented with 0.5µM retinoic acid 

(Sigma) or 0.5% fetal bovine serum. N2 supplement was from Invitrogen. 

Whenever applied, the following growth factors were added in the following 

concentration:  

human Brain Derived Neurotrophic Factor (hBDNF; Peprotech) 100ng/ml  

human Insulin (Sigma)      10µg/ml 

Bone morphogenic protein (BMP; Peprotech)   50ng/ml 

Leukemia inhibitory factor (LIF; Stem cells)    50ng/ml 

Vascular endothelial growth factor (VEGF; Peprotech)  100ng/ml 

Neurotrophin3 (NT3; Peprotech)     100ng/ml 

Endothelial cell growth factor (ECGF; Roche)   10µg/ml 
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Sonic hedgehog (Shh; R&D)      1µg/ml 

  

The retrovirus for labeling the precursor cells with EGFP was a kind gift of Prof. 

Wolfgang Uckert (MDC, Berlin). Precursor cells were transduced overnight and the 

following day were washed and then fresh proliferation medium added. The cells were 

allowed to proliferate and express EGFP for 2 days after which the precursor cells were 

fluorescent activated cell sorted (FACS) for EGFP expression. The sorted cells were 

propagated and used for coculture experiments. 

 

3.4 Immunocytochemistry of cultured cells 

 

All steps were carried out at room temperature except when indicated otherwise. 

Cells cultured on glass cover slips were fixed with cooled 4% Paraformaldehyde (PFA) 

in 0.1M phosphate buffer (pH 7.4) for 20-30 min. After washes with Tris-buffered saline 

(TBS), cells were blocked with 3% Donkey serum (Chemicon) containing 0.2% Triton 

X-100. Primary antibodies were diluted in blocking buffer and the cells were incubated 

overnight at 4°C. After 3 washes with TBS, secondary antibodies were diluted in TBS 

and the cells were incubated for 2 h. The cells were further washed to remove the excess 

antibody and then mounted on glass slides with PVA-DABCO (Polyvinyl alcohol- diaza-

bicyclo-octane ).  

The following primary antibody and dilutions were used.  

Monoclonal: anti-nestin 1:400 (BD pharmingen); anti-RC2 1:50 (DHSB Iowa); anti-βIII 

tubulin (Tuj-1) 1:1000 (Promega); anti-GAD67 1:1000 (Chemicon); anti-NeuN 1:100 

(Chemicon); anti-Map2ab 1:500 (Sigma); anti-CNPase 1:100. Rat anti-BrdU 1:500 

(Advance); anti-PSA-NCAM IgM 1:400 (Chemicon) 

Polyclonal: rabbit anti-βIII tubulin 1 1:1000 (Covance); guinea pig anti-GFAP 1:1000 

(Advanced Immunochemistry); rabbit anti-NG2 1:200 (Chemicon); Rabbit anti Map2 

1:2000 (Chemicon); goat anti-Calbindin 1:250 (SWANT); goat anti-calretinin 1:250 

(SWANT); rabbit anit-Prox-1 1:5000 (Chemicon); rabbit anti-Synaptoporin 1:200 

(Chemicon); rabbit anti-BLBP 1:2000 (kind gift of Nathaniel Heintz Rockefeller 
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University, New York); mouse anti Synaptophysin 1:100 (Abcam); Rabbit anti-GluR1 

1:100 (Chemicon); rabbit anti-GAP43 1:250 (Chemicon). 

The fluorophore-coupled secondary antibodies were raised in donkey (Dianova) and used 

at 1:250. A Leica TCS/SP2 confocal microscope (Leica, Bensheim) was used to evaluate  

the fluorescent staining using appropriate excitation beams. All analyses were done in 

sequential scanning mode to avoid channel bleeding and thus the detection of spurious 

double labeling. Counting was done with a Zeiss Axioplan2 epifluorescence microscope 

with appropriate filters. 

 

3.5 Glutamic acid decarboxylase induction 

 

Proliferating precursor cells were plated at 1 – 2 × 104 cells/cm2. The cells were 

withdrawn from the proliferation medium and allowed to differentiate for 2-3 weeks. On 

the day of the experiment, 10 µM KA (Sigma) or 100 ng/ml of BDNF (Peprotech) was 

added directly to the medium and the cultures were left in the incubator for 30 min. The 

medium was removed and the cultures were washed twice with fresh medium. They were 

then incubated in fresh medium for 3h and left in the incubator for additional 3h. Cells 

were fixed and underwent immunocytochemical procedures as described above, except 

that 0.25% Triton X-100 was added to the blocking solution and avoided thereafter. 

Confocal microscopy was used to detect the levels of the Glutamic acid decarboxylase 

(GAD) induction. The confocal settings were kept identical for both control and the KA 

and BDNF incubated culture. 

 

3.6 Primary hippocampal cell culture 

 

For culture of primary hippocampal neurons, postnatal mice (postnatal days 0-1) 

were killed by decapitation and the hippocampus made free from the rest of the cortex. 

The hippocampus was then subjected to digestion by papain (20U/ml) for 30-40minutes 

at 37°C. The papain was washed of with Trypsin inhibitor (1mg/ml). The cell suspension 

was counted and plated on to poly-lysine / laminin coated coverslips at 5 104 cells/cm2. 
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The hippocampal cells were then plated in the following medium: Neurobasal, B27 (2%) 

and Glutamax (2mM). 

The coculture was established by trypsinizing the EGFP labeled precursor cells and then 

overlaying the primary hippocampal neurons with precursor cell suspension at a density 

of 105 cells/cm2 by replacing 75% of the medium. To sequester endogenously secreted 

BDNF recombinant Fc-TrkB (R&D) and bioneutralizing antibody against BDNF (Santa-

Cruz) was added at a concentration of 1-10µg/ml. Rabbit anti-NT3 was used at a 

concentration of 1-10µg/ml for neutralizing endogenously secreted NT3. 

 

 

3.7 RT-PCR 

 

Precursor cells were cultured as adherent cultures or as neurospheres and 

differentiated for 5 – 8 days. RNA was extracted with RNAeasy kit (Quiagen). The RNA 

was diluted in RNAse free water. After spectrophotometric quantification, RNA from 

each sample was reverse-transcribed in a final volume of 50 µl. 1µg of the RNA was 

mixed with 1µg of random primers (Invitrogen) at 70°C for 10 min. Samples were 

rapidly cooled on ice and RT-Buffer, 0.1 M DTT and dNTPs were added. After addition 

of reverse transcriptase (Invitrogen) the reaction mixture was incubated for 90 minutes at 

42°C. After this, the reaction mixture was incubated at 70°C for 10 min to inactivate the 

reverse transcriptase. Two µl of the reaction mixture was used for the PCR reaction with 

gene specific primers. The annealing time was determined individually for all primers to 

deliver a single product. The PCR protocol consisted of the following reaction cycles: 

initial denaturing at 95°C for 10 min followed by 40 cycles of 45s at 95°C for, 45s at 

57°C, and 1 min at 72°C. The reaction was concluded by a final extension of 10 min at 

72°C. The annealing temperature was varied for primers depending on the specific 

requirements. Products were run on 1-1.5% agarose gels and analyzed under UV light 

after staining with ethidium bromide. Equal volume of cDNA was added for comparison. 

The primers used for detecting the mRNA and their annealing temperatures are listed 

below.  
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Table 1 PCR primer sequences 

 

Gene  °C Primers 

Nestin Forward 63 5’-AGGTTTGAAGACGCAGAGGA-3’ 

 Reverse  5’-TTCGAGAGATTCGAGGGAGA-3’ 

GFAP Forward 57 5'-CACGAACGAGTCCCTAGAGC-3’ 

 Reverse  5'-TCACATCACCACGTCCTTGT-3’ 

Pax6 Forward 57 5'-ACAGAGTTCTTCGCAACCTGGCTA-3’ 

 Reverse  5'-ACTGGTACTGAAGCTGCTGCTGAT-3’ 

BLBP Forward 57 5'-TTCGGTTGGATGGAGACAAGCTCA-3’ 

 Reverse  5'-GCTTCATTAGCTGGCTAACTCTGGGA-3’ 

Vimentin Forward 57 5'-AGATGGCTCGTCACCTTCGTGAAT-3’ 

 Reverse  5'-TCCTTCTTGCTGGTACTGCACTGT-3’ 

NeuroD1 Forward 57 5’-ATTGCGTTGCCTTAGCACTT-3’ 

 Reverse  5’-TGCATTTCGGTTTTCATCCT-3’ 

Sox2 Forward 57 5’-CTCTGCACATGAAGGAGCAC-3’ 

 Reverse  5’-ATGTAGGTCTGCGAGCTGGT-3’ 

BDNF Forward 57 5'-GGTATCCAAAGGCCAACTGA-3’  

 Reverse  5'-CTTATGAATCGCCAGCCAAT-3’ 

Camk4 Forward 60 5’-CTTCGAGGTGGAGTCAGAGC-3’ 

 Reverse  5’-TTTGAGGTCACGATGGACAA-3’ 

Camk2α Forward 57 5’- AGGGGCACCACTACCTTATCT -3’ 

 Reverse  5’- CTTCAGGTCACGATGCACCA -3’ 

Dcx  Forward 57 5’-GGAAACCGGAGTTGTCAAAA-3’ 

 Reverse  5’-ATGGAATCGCCAAGTGAATC-3’ 

TrkB Forward 57 5’-TGGTGCATTCCATTCACTGT-3’ 

 Reverse  5’-CTTGGCCATCAGGGTGTAGT-3’ 

Mash Forward 57 5’-GTTGGTCAACCTGGGTTTTG-3’ 

 Reverse  5’-GAACCCGCCATAGAGTTCAA-3’ 

VGLUT1 Forward 57 5’– TCCCAGGACTGATTCTCACC – 3’ 
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 Reverse  5’– ACACAACAAATGGCCACTGA – 3’ 

TrkC Forward 57 5’– CCTGACACAGTGGTCATTGG– 3’ 

 Reverse  5’– TCCCTCTGGAAATCCTTCCT– 3’ 

 

3.8 Immunohistochemistry 

 

Animals were overdosed with ketamine and after the absence of pain reflexes 

thoracotomy was carried out and the mice were perfused with 0.9% saline to wash out the 

blood. This was followed by perfusion with 4% (Paraformaldehyde) PFA to fixed the 

tissue. The brain was dissected free from the skull and placed in 4% PFA overnight at 

4°C. The following day the PFA was removed and replaced with 30% Sucrose (in 0.1 M 

Phosphate buffer) solution. The brains were sliced using a sliding microtome at a 

thickness of 40 µm with the platform at minus 75°C maintained by dry ice. The slices 

were transferred to cryoprotectant solution and kept at 4°C for future use.  

The slices were transferred from the cryoprotectant solution and washed with 

multiple washes of TBS. The slices were blocked by placing them in blocking solution 

(TBS containing 3% donkey serum and 0.1% Tx-100) to minimize non-specific antibody 

interactions. After blocking for 1 hr at room temperature the slices were incubated in 

primary antibody for 48 hrs at 4°C. Primary antibodies were diluted in antibody blocking 

solutions. The slices were subsequently washed three times with TBS at room 

temperature to wash away the excess unbound antibody. The slices were then incubated 

in secondary antibodies diluted in antibody blocking solution. The secondary antibodies 

were coupled to biotin for enhancing the signal whenever appropriate. Streptavidin 

conjugated horseradish peroxidase (HRP) was subsequently added. The slices were 

incubated in a solution containing DAB (Diaminobenzidine) when light microscopy was 

used to detect the antibody staining. Otherwise fluorescent coupled secondary antibodies 

were used to reveal it using confocal microscopy. 

 

3.9 LTP in cultured hippocampal cells 
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All stimulations were applied on the day following the initiation of the coculture. 

The medium was washed off and replaced by Hepes-buffered extracellular saline (ECS) 

solutions. consisting of the following: NaCl, 140 mM; KCl, 5 mM; CaCl2, 1 mM; Hepes, 

25 mM; Glucose, 33 mM; adjusted to pH 7.4 with NaOH. To block GABAergic receptors 

Bicucullin (20 µM; Sigma) or SR95521 (10 µM; Tocris) was added to the extracellular 

saline solution. To stimulate opening of synaptic NMDA receptors and oscillations in the 

neuronal network glycine was added at 100 µM. Strychnine (Sigma) was added at 1µM 

to prevent the potential stimulation of glycinergic receptors by added glycine. In the 

control solution, MgCl2 was added instead of glycine at 1mM concentration to maintain 

the voltage dependent block of NMDA receptors. The stimulations were done at room 

temperature. APV (50 µM), MK-801 (5 µM) or KN-93 (1 mM) were added directly to 

the glycine containing solution. After stimulation the cultures were replaced with fresh 

medium and returned to the CO2 incubator. 

 

3.10 Electrophysiology  

 

This part of the study was performed at University of Freiburg at Institute of 

Physiology with the support of Dr. Josef Bischofberger. Whole-cell recordings were 

performed on cultures after 9-10 days, similar to cell biological experiments. All 

recordings were made at room temperature. The intracellular solution contained K-

Gluconate, 110 mM; KCl, 25 mM; EGTA, 0.1 mM; Hepes, 10 mM; K2ATP, 4 mM and 

GTP, 0.3 mM; osmolarity was 290-300 mOsm. The extracellular solution was same as 

the ECS mentioned in the previous paragraph. The cells were voltage clamped at minus 

80mV to detect mEPSCs. Tetrodotoxin (TTX), when used to select for mEPSCs was 

added at a concentration of 1 mM. The recordings were performed using Axopatch 200A 

amplifier (Axon Instruments Inc) and records were filtered at 5 KHz, digitized and 

subsequently analyzed by Stimfit (Christoph Schmidt-Hieber) based on template 

matching. Series resistance was checked every 5 minutes. Experiments with more than 

10% change in series resistance were discarded.  
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3.11 Calcium imaging 

 

Fura–2 was purchased from MoBiTec and was dissolved in DMSO to generate a 

stock solution of 5 mM. The final concentration in which the cells to be imaged were 

incubated was 10 µM 30 min. After this the cells were washed and the dye allowed to de-

esterify for 10 min. The cells were imaged under a fluorescent microscope in 

extracellular solution as mentioned before. The dye was excited using a monochromatic 

source at wavelengths 330nm and 360nm. The emission was collected at 510nM. The 

ratio between the emissions from the two excitation was calculated and the intracellular 

Ca2+ concentration deciphered. 

 

3.12 ELISA 

 

BDNF protein was measured with direct ELISA method as described previously 

but with slight modifications (Balkowiec and Katz, 2002). Sterile ELISA plates (96-well) 

were treated with Poly-D-Lysine (50 µg/ml) for 1hr at room temperature, rinsed with 

sterile double distilled water and air-dried. Equal amounts of the supernatant from the 

various time points after stimulations were adsorbed onto the plates by incubating the 

medium for 1 hr at 37°C. The plates were then washed with TBS with 0.05% Tween-20 

and blocked for 45 min with 5% bovine serum albumin (BSA). Subsequently, anti-BDNF 

antibody was added for 1hr at room temperature under gentle shaking. After washing the 

primary antibody the HRP coupled secondary antibody was added for 1hr at room 

temperature in blocking solution. After several washings the substrate 

orthophenylenediamine was added in Phosphate Citrate buffer. The plates were read at 

490 nm with the reference wavelength of 405 nm in a Wallac multiplate 

spectrophotometer. 
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4 Results 

 

4.1 Characterization of precursor cells isolated from the adult murine dentate gyrus 

 

4.1.1 Isolation and characterization of proliferating precursors from micro-dissected 

adult murine dentate gyrus 

 

Dissection of the entire hippocampus to initiate cultures from neural precursor cells 

had previously led to controversy because corpus callosum and the SVZ of the lateral 

ventricles are potential sources of contamination with other stem cells. Here a 

standardized microdissection procedures was developed to separate the DG from other 

hippocampal regions along the hippocampal fissure (Fig. 5a-d). Particular care was taken 

to avoid any contamination by tissue from the SVZ of lateral and 3rd ventricle. In 

addition, the use of mice expressing EGFP under the neural enhancer element of the 

nestin promoter assisted in visually separating the nestin-EGFP cells within the DG from 

the rest of the hippocampus (Yamaguchi et al., 2000); Fig. 5a-c). Within the dissected 

area, GFP-expressing cells were present only in the region of the SGZ between the hilus 

and the granule cell layer or SGZ (Fig. 5c). Immediately after isolation any nestin-GFP 

expressing cells in the cultures could only derive from this region. Care was taken to 

include the tip of the DG, the area of the hippocampus with the highest density of 

proliferating cells. The tissue was homogenized and digested with papain. A series of 

continuous and step Percoll gradients was carried out to isolate the proliferating precursor 

cells from other cells in the homogenate. Proliferating precursor cells have a high density, 

allowing these less buoyant cells to be separated from the non-proliferating cells on 

continuous density gradients spanning between 1.053 - 1.075 g/ml and on centrifugation 

at >10,000 × g. Centrifugation yielded three visible cell layers (Fig. 5e). The uppermost 

layer (1.053 g/ml) was composed of cell debris, myelin and differentiated cells. The 

lowermost layer (> 1.075 g/ml) contained erythrocytes. The middle layer was collected 

and used to initiate cultures (Fig. 5e). 
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Immunohistochemistry for nestin, GFAP and PSA-NCAM, markers of hippocampal 

precursor cells in vivo (Filippov et al., 2003; Fukuda et al., 2003), did not reveal putative 

precursor cells below 1.053 g/ml. The fraction > 1.075 g/ml contained cells expressing 

nestin and PSA-NCAM (Fig. 5g,h). 

 

Figure 5: Isolation of endogenous precursor cells from the adult mouse dentate gyrus 

A; Coronal section of a mouse hippocampus of a nestin-GFP transgenic mouse. Nestin positive cells can be 

seen localized in the subgranular zone. B; Scheme depicting the dissected region that was used for isolation 

of the precursor. C; the tissue was homogenized and separated on a Percoll density gradient. Proliferating 

precursors were present in the region with density >1.053gm/ml (>22% Percoll). The Erythrocytes were 

enriched in the region with density >1.075gm/ml (>65% Percoll). D; Part of the tissue was subjected to 

routine immunochemistry. The dissected region showed the region was indeed Dentate Gyrus, GFP 

(green), NeuN (Red), Prox1 (blue). E, F; One day after isolation and plating on Poly-Lysine/laminin coated 
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surface, percoll enriched DG precursor cells displayed nestin (green) immunoreactivity that colabeled with 

either GFAP (blue) or PSA-NCAM (red). 

Of all the nucleated cells recovered from the fraction > 1.053g/ml 23.5 ± 1.7% were 

nestin-positive (mean ± s.e.m.), 42.9 ± 4.6% were positive for GFAP, and 28.0 ± 6.00% 

of the nestin-positive cells were PSA-NCAM-positive. 

Cells were cultured on poly-D-lysine and laminin-coated surfaces in defined medium 

with mitogens FGF2 and EGF (each 20 ng/ml). After a few days, the cells began to 

proliferate and populate the culture dish (Fig. 6a). Upon passaging, the cells did not 

persist in the presence of FGF2 alone, but needed both EGF and FGF2 for continuous 

proliferation. 

Cells were passaged every 5 - 6 days, when the cells reached 80 - 90% confluency. 

Cell growth and survival in culture are generally highly dependent on cell density. 

Optimal growth required that cultures maintained a minimum density at plating. Failure 

to passage the cells in a timely manner (despite medium change) resulted in massive cell 

death, suggesting that higher cell densities negatively affected stem cell survival even in 

the presence of extrinsic trophic support.  

 

 

Figure 6: Mouse precursor cells in adherent culture 

A; Phase contrast image of mouse precursor cells grown as adherent cultures. Note the phase bright cell 

characteristic of proliferating precursor cells. B; Incubation with BrdU (20µM) revealed they were 

proliferating and also costained for nestin, a precursor cells marker; Nestin (Green), BrdU (Red).  

 

Incubation with the permanent S-phase marker bromodeoxyuridine (BrdU) revealed 

up to 95% of the cells to be proliferating (Fig. 6b). BrdU-positive cells displayed spindle 

shaped morphologies characteristic of precursor cells (Fig. 6b), whereas BrdU-negative 
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cells showed flat morphologies resembling mature astrocytes. Almost all BrdU-positive 

cells were also nestin-positive. 

The cells could be passaged up to 65 times, beyond which no further attempts were 

undertaken. Proliferating cells could be frozen down in 10% Dimethyl sulfoxide (DMSO) 

in proliferation medium and be recovered by rapidly bringing them to 37°C and plating in 

fresh medium (data not shown). 

 

 

4.1.2 Clonal analysis of neural precursor cells reveals their stemness properties 

 

As key criterion of stemness, the potential for self-renewal was studied (Reynolds 

and Rietze, 2005). For clonal analysis, which is technically challenging under adherent 

conditions, use of the colony-forming capabilities of the detached precursor cells was 

made (Reynolds and Rietze, 2005). At 10 - 14 days after isolation, the cells were 

trypsinized and plated at a density of 1000 cells per well (24-well plate) as previously 

defined to provide optimal clonal sphere growth (Seaberg and van der Kooy, 2002). It 

was found that 17.5 ± 2.1% of the plated single cells gave rise to clonal neurospheres 

(Fig. 7a). To assess whether primary neurospheres indeed contained self-renewing 

precursor cells, single primary neurospheres were dispersed to obtain single cell 

suspensions and were plated again at clonal density. After 10 - 14 days, approximately 

10% of the plated cells generated secondary neurospheres. Thus, precursor cells from the 

adult murine DG fulfilled the criteria of self-renewal that had been established in 

previous studies to document differences between the SVZ and DG (Seaberg and van der 

Kooy, 2002; Bull and Bartlett, 2005). To unambiguously assess whether the precursor 

cells indeed had the ability to self-renew, single cells were aspirated under the 

microscope and placed them into individual wells of a multiwell plate. Their sphere-like 

colony-forming was assessed 6 days later. Neurospheres were present in 15.6% of the 

wells. The above studies were performed in C57Bl/6 mice, whereas other reports on 

murine neural precursor cells had used CD1 mice (Seaberg and van der Kooy, 2002). To 

rule out strain-related differences that might contribute to the reported differences in stem 



Precursor cells in adult dentate gyrus  Results 

35 

cells characteristics, the above experiments with DG precursor cells were undertaken 

with precursor cells from the outbred strain CD1. There was no difference between 

precursor cells in their sphere forming capacity from the two strains. Self-renewal was 

compared with fresh as well as passaged cultures. Self-renewal could be successfully 

demonstrated at the 20th, 40th, and 60th passage. Irrespective of the passage number, the 

precursor cells showed immunoreactions for nestin and BrdU. These results suggested 

that over successive passages precursor cells from the adult DG could self renew.  

 

 

Figure 7: Precursor cells from dentate gyrus show self renewal when plated in clonal density, 

suggestive of the presence of stem cells  

A; Clonally plated single neural precursor cells proliferated gave rise to neurospheres. B; Single 

neurosphere in proliferating conditions showed mixture of cells within them that were in all stages of 

development. These spheres on fixing and staining showed a differentiated core lacking nestin (Green) but 

was positive for astrocytic marker GFAP (Blue). Neuronal differentiation aas judged by Doublecortin 

expression (Red). C; The spheres on differentiation differentiated to all three lineages Neurons β-III-

tubulin (Red), Astrocytes- (GFAP, Blue), Oligodendrocytes- (CNPase, Green). D; Upon differentiation, 

single clonal spheres upregulated both neuronal and glial genes as shown using RT-PCR for NeuroD and 

GFAP. 
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To assess whether clonally derived cell populations were capable of generating 

differentiated cells of the three neural lineages – neurons, astrocytes, and 

oligodendrocytes – individual clusters were plated onto laminin-coated surfaces and 

allowed to differentiate. Differentiation was induced by withdrawing the mitogens and 

adding fetal bovine serum and retinoic acid. At the time of plating, the core of the clusters 

was largely composed of differentiated cells, many of which stained for GFAP or DCX, a 

marker associated with migratory neuroblasts in vivo (Fig. 7b; (Kempermann et al., 

2003). Immunohistochemistry revealed that 75% of the clonally derived colonies 

generated neurons (β-III-tubulin), astrocytes (GFAP) and oligodendrocytes (CNPase; Fig. 

7c). Differentiating cultures up-regulated mRNA for NeuroD1, a key transcription factor 

in the neuronal lineage (Fig. 7d). Self-renewing clonal populations demonstrated similar 

tri-lineage potential at the 20th, 40th, and 60th passage proving that the adherent culture 

protocol used here could retain the stem cells within them for extended periods of time. 

 

4.1.3 Nestin-GFP expressing cells from SVZ, dentate gyrus, and corpus 

callosum/alveus are proliferative and multipotent in vitro, whereas those from CA1 

are not 

 

To investigate the "stemness" of nestin-GFP-expressing precursor cells in SVZ, 

corpus callosum and alveus as well as in CA1 adult neural precursor cells were isolated. 

SVZ, corpus callosum plus alveus, stratum oriens of CA1 and the CA1 pyramidal cell 

layer were isolated by microdissection (Fig. 8a,b). The cells were single cell 

homogenized similar to that of dentate gyrus and then plated in serum free medium. Cells 

from all regions were plated at 1000 cells/ well of a 96 well plate. Well-separated cells 

were followed for 2-3 weeks and assessed for their potential to proliferate. About 20% of 

the cells from corpus callosum/alveus and SVZ gave rise to neurospheres (< 50 cells), 

whereas cells isolated from subregions of CA1 failed to give rise to any colonies (Fig. 8b-

f). Thus, cells from corpus callosum/alveus and SVZ proliferated in culture like cells 

from the dentate gyrus, whereas cells isolated from CA1 (stratum oriens and pyramidal 
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cell layer) did not (Fig. 8c,e-f). Cultures from CA1 were followed for 12 weeks and failed 

to proliferate (Fig 8c). 

 

Figure 8: Nestin-GFP-expressing cells from SVZ and corpus callosum/alveus are proliferative and 

multipotent in vitro while that from CA1 are not 

A-F; Corpus callosum plus alveus (CC) and subregions of CA1 were microdissected and precursor cells 

isolated and cultured. Adult stem cell culture yielded neurospheres from tissue dissected from CC (F) and 

from the SVZ (D, E) whereas cells from CA1 subregions failed to proliferate (B, C). The hole in the brain 

slice of a nestin-GFP transgenic mouse after microdissection is shown in (B). Note strong GFP 

fluorescence in corpus callosum/ alveus and in progenitor cells in the dentate gyrus (B). G; Cells in the 

adult neural stem cell culture immunoreactive to nestin (red) also show GFP (green) in them. H; Cells in 

adult neural stem cell culture immunoreactive to nestin (red) or GFAP (blue). I; Precursor cells isolated 

from corpus callosum/alveus of (C57Bl/6 mice) can be differentiated into neurons in vitro. The staining 

shows cells that display immunoreactivity to TuJ1 (ms-monoclonal), an early postmitotic neuronal marker 

(green). Red: NG2 (Rb-polyclonal); blue: GFAP (Gp-polyclonal). 

 

To assess multipotency the clonal secondary spheres obtained were allowed to undergo 

differentiation. These differentiation studies were carried out in wild type C57Bl/6 

animals so as to prevent any interference with the GFP signal from the nestin-GFP mice 

(Fig 8g-h). When clonally proliferated cultures (Fig. 8i) were subjected to differentiating 
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conditions (1% fetal bovine serum with 1µM retinoic acid), cells from the SVZ as well as 

from corpus callosum/alveus gave rise to both neurons and glia (20% TuJ1-positive 

neurons, 47% GFAP-positive astrocytes, 22% NG2-positive oligodendrocytes precursor 

cells; Fig 4i). These data indicated that the precursor cells in the SVZ and the corpus 

callosum/alveus are capable of self-renewal and give rise to neurons and glial cells in 

vitro. 

 

 

4.1.4 Proliferating precursor cells exhibit radial glia-like properties and generate 

neurons after differentiation 

 

The cultured precursor cells displayed features of radial glia as indicated by 

immunoreaction with antibodies against RC2 antigen (Misson et al., 1988), BLBP and 

GLAST (Fig. 9a,b). The cells also expressed the transcription factor Sox2 (Fig. 9b), a 

protein associated with “stemness” in neural precursor cells. In addition, the adherent 

precursor cells expressed mRNA of nestin, GFAP, Sox2, Pax6, and vimentin (Fig 9c). 

These set of markers are diagnostic for radial glia, which have the potential to give rise to 

neurons and astrocytes during development. BLBP and Sox-2 are also expressed by 

proliferating cells in the SGZ (Steiner et al., 2006) 

In the course of differentiation induced by withdrawal of mitogens, the precursor 

cells started as polygonal to spindle-shaped cells, subsequently acquiring bipolar 

morphologies. At 10 - 14 days, the immature neurons started to develop multiple 

elaborate processes positive for β-III-tubulin (Fig. 9d). BrdU incubation and subsequent 

differentiation yielded neurons positive for the microtubule associated protein 2ab 

(Map2ab) with BrdU-labeled nucleus (Fig 9e). Cells lacking neuronal marker were 

strongly positive for GFAP and morphologically resembled protoplasmic or type-II 

astrocytes (Fig. 9d). 

Quantitatively, the generation of neurons was dependent on both cell density and the 

presence of external soluble factors. We empirically found that the best density for 
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neuronal lineage commitment was 1-2 × 104 cells/cm2. The proportion of cells in clonal 

colonies adopting neuronal fates (0.8 - 1%) was far below the rate seen in the neurogenic 

area of the DG in vivo, where about 80% of the new cells are neurons (Kempermann et 

al., 1997a) but is consistent with the level of in vitro neurogenesis from adult neural stem 

cells in prior reports (Palmer et al., 1995).  

 

Figure 9: Proliferating precursor cells show features of radial glia and on differentiation generate 

neurons and astroglia.  

A; Proliferating precursor cells express nestin (Green), RC2 (Red), BLBP (Blue). B; The precursor cells 

also immunostained for GLAST (Green) and Sox2 (Red). C; RT-PCR analysis of RNA from precursor 

cells suggests radial glia like phenotype: nestin, GFAP, Vim, BLBP, Pax6, Sox2. D; Precursor cells on 

differentiation generate neurons (β-III-tubulin, Green), Astrocytes (GFAP, Blue). E; Addition of BrdU and 

subsequent differentiation derived BrdU (green) positive neurons (Map2ab, Red). 
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Further studies are needed to ascertain the combinatorial patterns of stimulation that 

direct neural precursor cells to a particular lineage. For example, the influences of 

endothelial cells or astrocytes may provide important neurogenic cues but the exact 

signaling molecules that promote neurogenesis in this context are still not well defined 

(Palmer et al., 2000; Louissaint et al., 2002; Song et al., 2002; Shen et al., 2004) 

 

4.1.5 Exogenous factors influence the neuronal differentiation capacity of neural 

precursor cells 

 

A strong difference in neuronal differentiation was observed between simultaneous 

withdrawal of EGF and FGF2 compared to sequential growth factor withdrawal. When a 

low concentration of FGF2 (5 ng/ml) was added to the growth factor-withdrawn 

precursor cells, a greater number of neurons were generated in comparison to a low 

concentration of re-added EGF (Fig. 10a). This result is similar to an earlier study that 

suggested a neurogenic role of FGF2 on rat hippocampal precursor cells (Palmer et al., 

1999). Cell density in the culture turned out to be higher with EGF than with FGF2 alone. 

Cell density with either EGF or FGF2 alone, however, was significantly greater than 

without the growth factors, suggesting that both the growth factors exhibited a pro-

proliferative effect, with EGF being more potent than FGF2 (Fig 10b). Sustained 

neuronal differentiation in the presence of low FGF2 (5 ng/ml) resulted in a higher cell 

density in the culture but led to a decrease in the number of cells that differentiated into 

neurons (Fig. 10c). When the cells were differentiated after short growth factor 

stimulation, greater numbers of neurons were generated with FGF2 than with EGF. When 

precursor cells were differentiated in the presence of EGF alone, the cells showed 

morphological features of glial cells. Taken together with the previous result that EGF 

together with FGF2 was needed for maintaining precursor cell renewal, the most 

parsimonious conclusion is that EGF causes self-renewal of stem cells and FGF2 

maintains their neurogenic potential. It is likely that these effects are due to the trophic 

effects of FGF2 on neural progenitor cells produced upon asymmetric division of stem 

cells. 
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Figure 10: Differential effect of growth factors on neural precursor cells 

A; FGF2 increased the neuronal differentiation compared to EGF. Precursor cells differentiated with EGF 

and FGF were stained with β-III-tubulin at four days after differentiation. B; Both FGF2 and EGF 

increased cell survival in the cultured compared to control. C; FGF showed a differential effect on β-III-

tubulin positive neuronal differentiation, depending on the duration of treatment. Short treatment led to 

increased number of β-III-tubulin positive neurons from precursor cells while prolonged FGF2 application 

led to decrease. 

 

Different serum supplements had differential effects on neural precursor cells when 

used with the medium. B27 consistently produced an increase in cell survival and the 

fraction of cells that differentiated into neurons when compared to N2 supplement (Fig. 

11a-d). As one of the principle components of N2 is Insulin, N2 was replaced with 

Insulin and the effect studied. The effects of N2 could only partially be recapitulated by 

Insulin alone, suggesting that additional factors are responsible for the net effects of N2 

(Fig. 11e). But as the added concentration of Insulin (20 µg/ml) has been reported to 

induce the activation of Insulin like growth factor receptor (IGFR), insulin signaling 

could be a 
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Figure 11: Differential effects of serum supplements on neural precursor cells 

There was a general increase in survival with increasing B27 concentration. A-D; B27 and N2 had 

contrasting effects on precursor cells. B27 increased the survival of the precursor cells while N2 increased 

neuronal differentiation. E; Insulin as the key protein component was not sufficient to explain the effects of 

B27 or N2. 

 

primary mechanism of regulating the neuronal differentiation of adult hippocampal 

precursor cells (Arsenijevic and Weiss, 1998). 

Several growth factors besides EGF and FGF2 have been shown to influence the 

differentiation of fetal or immortalized precursor cell cultures (Johe et al., 1996); (Mehler 

et al., 1993). Hippocampal precursor cells were cultured under adherent conditions and 

exogenous growth factors added to them while withdrawing EGF and FGF2. 

Neurotrophins serve a broad range of effects during neuronal maturation and survival, 

acting via the family of tyrosine kinase receptors (Trk). Addition of BDNF showed a 

robust increase in neuronal differentiation in our culture system. The neurotrophic factor 

NT3 is expressed at high levels in the DG and NT3 was the only growth factor that 

showed a high association with adult hippocampal neurogenesis in a genetic screen of 

recombinant inbred strains of mice (Kempermann et al., 2006). Here, addition of NT3 

significantly raised the differentiation of neurons from the precursor cells. There was an 

approximately 40% rise in neuronal differentiation (Fig. 12). Even stronger, Shh raised 

the neuronal differentiation by about 80% (Fig. 12). It has been shown previously that 

Shh had a potent neurogenic effect on precursor cells derived from adult rat hippocampal 

cells (Lai et al., 2003; Machold et al., 2003; Ahn and Joyner, 2005).  

BMP2 and LIF, in contrast led to significant reduction in cells that differentiated into 

neurons (Fig. 12). These data are consistent with the fact that BMP2 and LIF were 
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potently anti-neurogenic and induce astrocytic differentiation in several stem cell culture 

systems (Adachi et al., 2005). 

 

 

 

Figure 12: Neurotrophic factors and growth factors had pronounced and differential effects on the 

neural precursor cells  

Precursor cells were incubated with different growth factors and the fraction of neurons generated 

quantified after 4 days whereas BDNF, NT-3, Shh, VEGF, ECGF caused an increase in β-III-tubulin 

positive neurons, LIF and BMP showed potent pro-gliogenic effects. 

 

 

In the intact adult DG in vivo, endothelial cells are in close proximity to the precursor 

cells (Palmer et al., 2000; Louissaint et al., 2002; Shen et al., 2004). Fetal neural stem 

cells, when cultured together with endothelial cells, generated more neurons than when 

cultured alone (Shen et al., 2004). In addition, VEGF has been shown to have a strong 

regulatory effect on adult hippocampal neurogenesis in vivo (Jin et al., 2002). Addition of 

exogenous endothelial derived factors VEGF and ECGF revealed a robust rise in 

precursor cells that differentiated into neurons (Fig. 12). 
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4.1.6 Dentate gyrus derived precursor cells differentiate into neurons with granule 

cell-like properties  

 

To investigate if the new neurons generated in vitro would reveal characteristics of 

their in vivo counterpart (granule cells of the DG), differentiated neurons underwent 

immunocytochemical analysis for a battery of markers associated with DG granule cells 

(Singec et al., 2002; Brandt et al., 2003). The cultured neurons expressed the transcription 

factor Prox1, calcium-binding protein calbindin and the synaptic vesicle protein 

synaptoporin, three markers characteristic of granule neurons in vivo (Fig. 13a-c), as well 

as the pan-neuronal marker NeuN (Fig. 13d). The neurites extending from the 

differentiated neurons revealed the expression of GAP43, a marker associated with  

 

 

Figure 13: Differentiated neurons show features of granule cells  

After differentiation precursor were fixed and stained for markers characteristic of dentate gyrus granule 

cells. A; β-III-tubulin (Green) Prox1(red). B; β-III-tubulin (green) Calbindin (Red). C; β-III-tubulin 

(Green) Synaptoporin (Red). D; β-III-tubulin (Green) NeuN (Red) E; β-III-tubulin (Green) GAP43 (red) F; 

Differentiation led to upregulation of neuronal markers and downregultion of precursor cell markers. 

Proliferating cultures (day 0) were allowed to differentiate and RNA extracted after times indicated. 

Differentiation leads to upregulation of neuroD, mash1, VGLUT1 and the downregulation of nestin. 
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neurites that are outgrowing (Fig. 13e). Analysis by RT-PCR revealed that NeuroD1 and 

the Vesicular Glutamate Transporter1 (VGLUT1) were up-regulated during 

differentiation (Fig. 13f), whereas nestin mRNA, indicative of the progenitor cell stage, 

was downregulated. Proliferating cells showed no or undetectable levels of NeuroD1 and 

VGLUT1. VGLUT1 is specifically expressed by glutametergic neurons in the adult 

hippocampus (Takamori et al., 2000) 

 

 

4.1.8 Induction of GABAergic secondary phenotype in differentiated neurons 

 

To further confirm the in vivo regional identity of the neurons generated from the 

precursor cells, the ability of dentate granule neurons to express GABA along with 

glutamate on excitation was exploited. Dentate granule cells are unique neurons in that 

they can release both glutamate and GABA as neurotransmitters, most evidently in 

situations of hyper excitability such as seizures (Sandler and Smith, 1991; Gutierrez, 

2005). The differentiated neurons from precursor cells were treated with KA (10µM) for 

3 h and stained with an antibody specific to Glutamic acid Decarboxylase (GAD67), the 

enzyme responsible for the GABA synthesis in mature granule neurons. As expected 

there was an up-regulation of GAD67, the key enzyme of GABA synthesis (Fig. 14) thus, 

reproducing another granule cell characteristic. Addition of recombinant BDNF 

(100ng/ml), which also induces the GABAergic phenotype in granule cells, led to a 

similar upregulation of GAD67 (Fig. 14). 
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Figure 14: Upregulation of GAD67 by differentiated neurons 

Neurons differentiated for 10-12 days were washed once with medium and subjected to 2.5hr stimulation of 

KA (10µM) or rhBDNF (100ng/ml) in fresh medium and subsequently fixed and evaluated. GAD67 (Red) 

is upregulated in β-III-tubulin-positive cells (Green), a property associated with granule neurons in vivo. 
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4.2 Neuronal activity induced regulation of adult neural precursor cells 

 

4.2.1 Adult dentate gyrus precursor cells undergo differentiation in a co-culture 

model 

 

In the adult DG the precursor cells are located in a region of intense neuronal 

network activity (Fig 15a-b). The precursor cells have complex morphologies and a 

subpopulation of them display highly arborizing processes that fan into the molecular 

layer similar to the mature neurons. The primary inputs to the DG arise from the 

entorhinal cortex.  

 

 
 

Figure 15: Close association of precursor cells with neurons in the DG 

Transgenic adult nestin-GFP mice were perfused and stained for markers associated with neurons in the 

dentate gyrus. Tissue stained for A; GFP (Green), Calretinin (Red), NeuN (Blue) B; GFP (Green), Map2ab 

(Red), DCX (blue). 

 

To reconstruct the intimate in vivo relationship between neurons and precursor 

cells in vitro, precursor cells were co-cultured on a layer of neurons and astrocytes. This 

allows one to subject the precursor cells to defined external conditions making them 

readily amenable to cellular and molecular analysis. For culturing primary neuronal cell, 
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postnatal day (0-1) mouse pups were killed and their hippocampus and the adjoining 

entorhinal cortex cultured for 10-14 days. This time period was chosen by this time 

neurons have matured, synapse formation is almost complete, and the cells elicit synaptic 

currents. 

To further this study isolated adult DG precursor cells were infected with 

retrovirus carrying a vector with EGFP, and then subsequently purified by fluorescent 

activated cell sorting (FACS). These labeled cells were overlaid onto primary neuronal 

cultures. The co-culture with EGFP-labeled precursor cells enabled us to clearly 

distinguish the precursor cells and their progeny from the substrate culture. After the 

required time points, the cultures were fixed and evaluated for neuronal differentiation 

with antibodies against β-III-tubulin and Map2ab together with EGFP. β-III-tubulin 

labels the neuronal cell soma and their processes, whereas Map2ab, a structural protein 

associated specifically with postmitotic neurons, labels primarily the dendritic processes. 

After 6 days in culture, about 12% of the precursor cells had differentiated into neurons 

(Fig. 16a). These cells displayed characteristic neuronal morphologies with more than 

two fine processes (Fig. 16a). The cells that stained for antibody against β-III-tubulin at 

this stage were also positive for Map2ab. Precursor cells that differentiated into neurons 

consistently showed a lower intensity of EGFP labeling than their non-neuronal 

counterparts. Transgene downregulation has been reported previously and it depends on 

the site of viral integration into the genome host cell (Xu et al., 1989; van Praag et al., 

2002). 

Synaptophysin is a synaptic vesicle protein that labels presynaptic compartments 

within the axonal terminals impinging on the dendritic spines. When the differentiated 

precursor cells were allowed to mature for more than a week, EGFP labeled β-III-tubulin 

positive neurons had nicely decorated synaptophysin expression along their processes 

(Fig. 16b). Since dendritic spines represent the principle unitary domain for excitatory 

input, its presence on an EGFP positive newly differentiated neuron suggested integration 

into the existing underlying neuronal network. 
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Figure 16: GFP expressing cells produce neurons in the coculture 

A; EGFP labeled precursor cells were incubated with primary hippocampal cells. The precursor cells 

differentiated into neurons that coexpressed EGFP (Green) and Map2ab (Red). Cells that lacked neuronal 

morphology showed low or no expression of Map2ab while cells with neuronal morphology revealed high 

levels of Map2ab. B; The neurons that were differentiated also were synaptically integrated as revealed by 

their immunoreactivity against synaptophysin. EGFP (Green), β-III-tubulin (Red), synaptophysin (Blue). 

Note the synaptophysin puncta on the dendrites and soma of EGFP positive neuron. 

 

4.2.2 Depolarization induces neuronal differentiation from adult precursor cells in 

vitro via activation of L-type calcium channels 

 

To simulate the excitatory conditions in the co-culture the external concentration 

of potassium ions (K+) was increased. This increases the neuronal excitation by changing 

the external ionic milieu casing depolarization of the neuronal membrane. To globally 

mimic neuronal activity that would putatively surround neuronal precursor cells in vivo, 

the external K+ concentration was raised to 20 mM. Elevated K+ concentration 

depolarizes the membrane as seen in response to neuronal activity (Leslie et al., 2001).  

When external K+ was raised in the cultures, there was a significant increase in 

cells with a neuronal phenotype as judged by morphological appearance and β-III-tubulin 

immunocytochemistry (Con 1.0, K+ 2.78±1.4 p <0.05 Fig. 17a,b). Consistent with 

previous reports in rat precursor cell cultures (Deisseroth et al., 2004), increased neuronal 
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activity was a potent regulator of neuronal differentiation from mouse neural precursor. 

Even though this suggests that precursor cells can sense activity level changes in neural 

network, the question remained whether this stimulus acts directly or indirectly on the 

precursor cells.  

 

Figure 17: Neuronal activity promotes neuronal differentiation from adult DG precursor cells 

A; Depolarization (KCl 20mM) increased the number of neurons generated from adult precursor cells, 

when cocultured with primary hippocampal neurons. The controls were incubated with equimolar NaCl. B; 

Depolarization induced neuronal differentiation from precursor cells cultured in the absence of neurons. C; 

The net cell density (cells/field of view) in the culture did not change. D; The L-type calcium channel 

blocker Nimodipine inhibited the neuronal differentiation induced by depolarization. 

 

To clarify this question, naive precursors cells free of neuronal cells were subjected to 

elevated extracellular K+ (20 mM), and neuronal differentiation was scored after staining 

for β-III-tubulin and Map2ab. As before, raised KCl led to an increased fraction of β-III-

tubulin positive neurons (Con 1.0, KCl; 1.8 ± 0.5; p< 0.03; Fig. 17c,d). These cells had 



Precursor cells in adult dentate gyrus   Results 
 

51 

multiple processes similar to neurons. The net cells density did not change suggesting this 

was not a selection effect of neurons over other cells types (Fig 17c). However, the 

increase in neuronal differentiation was inhibited by applying Nimodipine to the cells 

together with elevated K+, suggesting that L-Type calcium channels were responsible for 

the effects seen consequent to depolarization (Fig. 17d). These results along with 

previous reports from rats suggest that neuronal activity regulates differentiation of adult 

hippocampal precursor cells via L-Type of calcium channels. 

 

 

4.2.3 Gene expression triggered by depolarization in neural precursor cells 

 

Calcium signaling within cells exhibits considerable polytropism imparted by its 

high spatial and temporal diversity. For complex multistep processes such as neuronal 

differentiation, full exploitation of the Ca2+ signaling machinery would require 

differential gene expression. RNA was harvested from precursor cells that underwent 

depolarization and subsequently RT-PCR was performed and compared with naïve 

precursor cells. Since Ca2+ is vital for differentiation and cell survival, it was 

hypothesized that some of the genes that are differentially regulated would be elements of 

the Ca2+ signaling toolkit. Camk4 that is regulated by Ca2+ and is localized in the nucleus 

could amplify the signal and thus produce pleotropic changes in the overall gene 

expression profile. Indeed, depolarized cells exhibited higher levels of RNA for Camk4 

compared to controls (Fig. 18). To initiate and maintain any signal in favor of neuronal 

differentiation, pro-neurogenic transcription factor are a key constituent. Depolarization 

led to increased expression of NeuroD and Mash, transcription factors involved in dentate 

granule cells development in vivo (Liu et al., 2000; Pleasure et al., 2000; Schwab et al., 

2000); Fig. 18). An increase in the transcription of DCX a cytoskeletal-associated protein 

was also seen in early immature neurons in the adult DG (Fig. 18). The increase was seen 

as early as 6 hr. One of the principle modifiers of perinatal hippocampal neurogenesis is 

the neurotrophin BDNF (Maisonpierre et al., 1990). As hypothesized depolarization led 

to a strong increase in the transcription of BDNF from the precursor cells (Fig. 18). 
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Figure 18: Gene expression changes as a result of depolarization  

Depolarization with KCl lead to a robust increase in expression of genes important in the neuronal 

differentiation such as NeuroD, Camk4, BDNF and DCX. 

 

4.2.4 LTP inducing stimuli leads to robust increase of neuronal differentiation 

 

The above experiments suggested a role of neuronal activity in the regulation of 

neuronal differentiation from isolated precursor cells as well as in co-culture. But given 

the very non-specific action of K+ triggered membrane depolarization, the question left 

open which kind of physiological neuronal activity pattern would be responsible for 

regulating neurogenesis. This question was again addressed using the co-culture system, 

where observed in vivo neural activity models can be imposed on neurons and the effects 

studied on the precursor cells in close proximity. Synchronized bursting and oscillatory 

activity characterize hippocampal network activity, which are involved in information 

coding (Lisman, 1997; Izhikevich et al., 2003). Such oscillatory activity leads to changes 

in synaptic strengths resulting in the induction of LTP, an experimental model for 

learning and memory. Synchronized oscillatory bursts were imposed in the co-culture 

model by activating the NMDA receptors present on the substrate neurons. Such NMDA 

dependent oscillatory activity has been shown to occur in hippocampal neurons (Bacci et 

al., 1999; Opitz et al., 2002; Arnold et al., 2005). The cultures were stimulated with a 

buffer lacking Mg2+ but added glycine to maximally activate the NMDA receptors 

allowing extracellular Ca2+ to enter via the NMDA receptors. To detect the rise in 

intracellular Ca2+ in the mature substrate neurons, intracellular calcium imaging was 
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performed with the dye Fura-2. When glycine was applied simultaneous rise in calcium 

concentration was detected (Fig 19a).  

 

 

Figure 19: Primary hippocampal neurons show calcium oscillation on stimulating NMDA receptors 

A; Example of cultured primary hippocampal neurons loaded with the calcium indicator dye Fura-2. Note 

that the cell bodies of the neurons can be clearly distinguished. B; Example of intracellular Ca2+ oscillation 

in neurons when stimulated with glycine. The Ca2+ oscillation in groups of neurons was synchronized. B; 

The change in the calcium concentration as a function of time remains highly synchronized in groups of 

neurons even though the individual neurons show variations in the definite intracellular Ca2+ concentration 

attained. The cross-correlogram between the two neurons shows that the there is a near perfect 

synchronization in the oscillation. C; The histogram shows the rest peak and the mean rise of intracellular 

Ca2+ attained in neurons when challenged with glycine. 

 

This was not a bulk rise in Ca2+ but appeared rather as Ca2+ oscillation at 6-7 events per 

minute that was present as long as glycine was applied. The rise in intracellular Ca2+ 

within hippocampal neurons was quantified with Fura-2 (Fig 19c). The average Ca2+ 
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raised from a basal 89nM to an average of 475nM (Fig 19c). The peak calcium rise 

reached 680nM in some cases. 

How would this oscillatory stimulus affect neuronal differentiation in the co-

culture model? EGFP labeled precursor cells were again overlaid on to the hippocampal 

neuronal cultures. After 16-18 hr when the precursor cells had settled onto the substrate 

neurons, cultures were subjected to Mg2+ free buffer containing glycine to induce 

oscillatory activity in the neurons. The cultures were fixed 4-6 days later and 

immunostained for Map2ab and β-III-tubulin expression. There was a robust increase in 

the fraction of GFP labeled cells that had acquired neuronal phenotype (Con, 7.3±2.7, 

LTP, 12.4±2.2; p<0.01; Fig 20a). To rule out the possibility of LTP-like stimulus directly 

activating the precursor cells, precursor cells free of the substrate neurons was subjected 

to glycine and scored for the cells that underwent neuronal differentiation (Fig. 20b).  

 

Figure 20: Glycine induced increase in neuronal differentiation 

A; Adult neural precursor cells cocultured with neurons showed a significant increase in neuronal 

differentiation after application of glycine. B; Precursor cells cultured in the absence of neurons showed no 

changes in neuronal differentiation on application of glycine. 

 

As hypothesized, in the isolated precursor cells there was no increase in the fraction of 

neurons generated (Fig 20b). This clearly demonstrated that neuronal differentiation in 

the co-culture was a result of the interaction between the neurons and the precursor cells. 

It is important to note that glycine was applied for only 5 min but produced an increase in 

neuronal differentiation from EGFP-labeled neural precursor cells measured several days 

later. This suggests that neural precursor cells could sense the change in the synaptic 

activity thus bringing about a change in the neuronal differentiation program. To identify 
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the mechanism for the increase in neuronal differentiation process from precursor cells by 

brief application of glycine, two possible modes of action were hypothesized.  

First, the Ca2+ rise within the substrate neurons might cause action potentials to be 

initiated and propagated along the neighboring neurons. The precursor cells could detect 

these action potentials, thus initiating a neuronal differentiating program.  

Second, the Ca2+ rise within neurons would cause synaptic plasticity-related events 

independent of the action potential generation. These events would be sensed by the 

neural precursor cell and translated to a possible change in neuronal differentiation.  

To investigate whether action potential-related mechanisms are essential for the 

observed phenomenon, co-cultures were subjected to glycine together with Tetrodotoxin 

(TTX). TTX is a sodium channel blocker and thus would block the generation of any 

action potential in the substrate neurons. Surprisingly, the neuronal differentiation 

remained significantly enhanced compared to controls. This ruled out any direct 

involvement of action potential dependent mechanism in the enhancement of neuronal 

differentiation. To test the alternative hypothesis, synaptic communication between 

neurons as the key step in neuronal differentiation of precursor cells, electrophysiological 

measurements of synaptic events in the substrate neurons were performed (Fig. 21a). 

While holding the cells in the voltage clamp mode glycine was applied to cultured 

neurons and the postsynaptic response mEPSCs recorded from the neurons in the 

presence of bicuculline (to block inhibitory GABAergic responses) (Fig. 21d). A robust 

rise was observed in the frequency of the mEPSC compared to pre-glycine (Fig.21b). 

These increase were observed as early as 5 min after glycine withdrawal and remained 

potentiated for further 20 min; in some cases as long as for 40 min. Such LTP has been 

reported by others in hippocampal neurons and remains an experimental model for 

studying learning and memory processes in a cellular context (Lu et al., 2001; Malenka, 

2003). During the application of glycine the neurons revealed an oscillatory period 

consisting of increased firing activity with periods of relative calm. If the rise in calcium 

(as seen previously with Fura-2 imaging) was indeed the cause for the LTP-like 

condition, then sequestering this calcium within the cells should also decrease  
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Figure 21: Glycine induced a long term potentiation of mEPSC frequency in cultured neurons 

A; Cultured neurons were patch clamp recorded in whole cell configuration. The mEPSCs were recorded 

from the neurons in the presence of bicuculline to isolate the glutamatergic responses B; On application of 

glycine for 5 minutes the mEPSCs increased in frequency compared to pre glycine (controls) levels. This 

increase was sustained for as long as 20 minutes after the cessation of glycine. C; This increase was 

completely inhibited when EGTA was included in the patch pipette to chelate the intracellular Ca2+. D; 

Example of neurons that displayed a long term potentiation with glacine application. Note the increase in 

mEPSCs frequency before and after the application of the glycine. 

 

the LTP. Patch clamp recordings were performed similar to ones described above but this 

time adding EGTA into the patch pipette. EGTA would chelate the Ca2+ within the cell 

cytoplasm. As expected when EGTA was included in the patch pipettes the neurons 

failed to elicit any change in the synaptic currents upon glycine stimulation (Fig. 21c). 

These results suggest that glycine induced synchronous oscillations in the substrate 

neurons, which resulted in an LTP-like elevation of synaptic strength. 

Even though these studies confirm the indirect role of glutamatergic transmission 

on neuronal differentiation from neural precursor cells, recent results have suggested a 

key role for excitatory GABA signaling in promoting neuronal differentiation of 

precursors within the SGZ (Overstreet Wadiche et al., 2005; Tozuka et al., 2005; Wang et 

al., 2005; Ge et al., 2006). Two observations rule out the likely effect of GABA in the 

present model. First, the stimulation was done in the presence of bicucullin or SR-95531 

– both potent inhibitors of GABAA receptor. As a result GABAergic transmission to the 

neural precursor cell could not be an activator of neuronal differentiation. Second, 

cocultures were incubated in the continued presence of bicucullin or SR-95531 (GBZ) 

without the glycine induced LTP like stimulus. Surprisingly, there was an increase in the 

neuronal differentiation from the precursor cells (Con 1.0; GBZ 1,63 ± 0.20 ; p< 0.03; 

Fig 22a,b). It is likely that these affects were a result of seizure like condition brought 

about by the disinhibition of the neuronal network. Nonetheless this supplements the idea 

that neuronal differentiation can occur in the absence of GABAergic input to the 

precursor cells. 
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Figure 22: GABAergic neurotransmission is not responsible for the rise in neuronal differentiation 

following the application of glycine. 

A; Cocultures were allowed to differentiate in the presence of the GABAA receptor antagonist SR-95331. 

There was an increase in neuronal differentiation suggesting that GABAergic neurotransmission is unlikely 

to be involved in regulating synaptic plasticity induced neuronal differentiation in cocultures. B; The cell 

survival did not change in the presence of GABAA receptor inhibitor compared to control. 

 

 

4.2.5 Blockade of LTP by NMDA antagonists leads to suppression of neurogenesis in 

vitro 

 

Blocking NMDA receptors in vitro abolishes LTP (Liao et al., 2001; Lu et al., 

2001). If the culture conditions were indeed inducing neurogenesis because the network 

of neurons in the cultures underwent LTP, then blocking the induction of LTP should 

also inhibit the positive regulation of neurogenesis into the neuronal network seen with 

LTP. To address this question 2-Amino-5-Phosphonopentanoic acid (APV) was added to 

the stimulation paradigm as above to block any activated NMDA receptors. Patch clamp 

recordings were performed on the neurons to unambiguously detect whether the decrease 

in LTP was indeed due to APV administration. As expected APV along with glycine 

reduced the rise in mEPSC frequency compared to pre-stimulation levels (Fig 23a,b). 
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Figure 23: Blocking LTP inhibits the rise in neuronal differentiation in coculture 

A; Control LTP similar to the one explained in the previous figure. B; When APV was added along with 

glycine the LTP of mEPSC frequency was abolished. C; The cocultures after stimulation with glycine to 

induce LTP was fixed 4 days later and quantified for EGFP positive neurons. Glycine produced a 

significant rise in the β-III-tubulin and EGFP double positive neurons. This LTP induced increase in 

neuronal differentiation was blocked by the APV, inhibitor of NMDA receptors and also by KN-93, an 

inhibitor of Camk. 
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As hypothesized, the addition of APV along with glycine in co-cultures abolished the rise 

in neuronal differentiation (Fig. 23c; Con, 1.0; Glycine, 1.84 ± 0.22; Glycine+APV, 1.27 

± 0.05). NMDA receptor activation induced intracellular Ca2+ rise activates the key 

enzyme Camk2α, which has been shown to be centrally involved in regulating the 

induction of LTP (Silva et al., 1992; Wu et al., 2006). If indeed LTP-inducing stimuli 

were responsible for the increase in neuronal differentiation then a block of Camk2α 

during the induction of LTP should lead to a block in the induction of neuronal 

differentiation and recruitment into neuronal network. When KN-93, a potent blocker of 

Camk2α activity, was added to the cultures during the induction of LTP, a significant 

reduction in the number of new neurons was observed (Con 1.0; Gly 1.84 ± 0.22; 

Gly+KN93 0.64 ± 0.03; Fig. 23c). As Camk2α is not expressed in precursor cells this 

observation further supports the view that synaptic activity induced changes were key to 

the shift in the precursor cells phenotype rather than a direct action of the stimulus. These 

results suggest that adult neural precursor cells can detect changes in synaptic activity 

that alters their phenotype. 

 

 

4.2.6 Neurotrophins regulate the increase in neuronal differentiation from neural 

precursor cells 

 

The above results suggested that upon stimulation with excitatory stimuli a 

neuronal network recruits new neurons from a pool of precursor cells. As direct 

application of these stimuli to isolated precursor cells did not produce similar effects, it 

seemed plausible that a secreted factor rather then a precursor cell-intrinsic mechanism 

would underly the induction of neuronal differentiation in response to LTP. 

Neurotrophins and especially BDNF that are secreted by neurons have been linked to a 

wide variety of responses related to synaptic plasticity. Several in vivo paradigms that 

increase adult hippocampal neurogenesis also show an increase in the transcription of 

neurotrophins (Sairanen et al., 2005; Scharfman et al., 2005; Rossi et al., 2006). To 

examine whether neurotrophins would also regulate neurogenesis in the present paradigm 
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of excitatory stimulus conditions, primary hippocampal neurons were subjected to LTP-

inducing stimuli and the culture medium was harvested at several time points thereafter 

to detect changes in the levels of secreted neurotrophins. Release of neurotrophins – 

BDNF and NT3 into the medium was assessed by ELISA. As hypothesized, LTP-induced 

cultures had significantly higher levels of BDNF at 1 hr after cessation of the stimulus 

and remained elevated for at least 6 hr (Fig. 24b). This was seen only in the case of 

BDNF, whereas NT3 acting via TrkC receptor different from TrkB receptors like BDNF, 

did not show changes in response to LTP (Fig. 24c). This suggested that the co-culture 

model employed here was a source of neurotrophins, and BDNF level was regulated by 

the synaptic activity. Detection and transfer of this meaningful signal of elevated 

neurotrophins would foremost require the presence of a sensor in the form of receptor on 

the neural precursor cells. The presence of TrkB and TrkC receptors on the precursor 

cells was investigated by performing RT-PCR studies. Both (TrkB & TrkC) receptors 

were expressed in precursor cells that increased one day after the start of differentiation 

(Fig 24c). This suggested that precursor cells, as they differentiate, might be dependent 

on the levels of the neurotrophins present within the surrounding and precursor cells 

capable of garnering the neurotrophic signals would differentiate and show prolonged 

survival. If neurotrophins were indeed the key to the difference in the regulation of 

neurogenesis then blocking them should reduce the neuronal differentiation after LTP 

induction. Indeed, scavenging secreted BDNF with bio-neutralizing antibodies led to a 

decrease in β-III-tubulin /Map2ab-positive neurons (Con 1; α-BDNF 0.23±0.05 p<0.003; 

Fig. 24d). Blocking the effects of BDNF did not produce any change in the net cell 

survival, indicating a specific effect on the neuronal differentiation (Fig. 24e). Incubating 

neutralizing antibody against NT3 also resulted in a severe decrease in neuronal 

differentiation from the precursor cells in coculture without affecting the net cells 

survival (Fig. 24d,e). These results proves that neurotrophins released by neurons into the 

coculture medium is responsible for the increase in neuronal differentiation from adult 

precursor cells seen subsequent to LTP-like stimulus. 
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Figure 24: Glycine-induced release of BDNF from primary neurons detected by Trk receptors 

expressed by neural precursor cells 

A; Stimulation of primary hippocampal neurons with glycine for 5 minutes increased the release of BDNF. 

The media was collected after 1hr, 4hr and 7hr and analyzed by ELISA for the presence of the 

neurotrophins BDNF and NT3. Glycine induced an increase in BDNF levels in the media at all time points 

assessed, while NT3 (B) levels were not regulated by glycine. C; The neural precursor cells expressed the 

receptors for both the neurotrophins. Both TrkB (BDNF receptor) and TrkC (NT3 receptor) was present at 
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low levels in proliferating cells but increased upon differentiation. D; There was a significant difference in 

neuronal differentiation when the cocultures were incubated with bio-neutralizing antibodies against BDNF 

(α-BDNF) and NT3 (α-NT3) after glycine stimulation. E; The net cells survival did not change when the 

neurotrophins when scavenged by bio-neutralizing antibody (p< 0.005). 
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5 Discussion 

 

Precursor cells within the adult dentate gyrus have been linked to be important in 

hippocampal function but their properties have remained illusive. This thesis work 

focused on understanding the properties of precursor cells in the adult dentate gyrus by 

developing a modified precursor cells culture technique based on buoyancy enrichment. 

The main findings of this thesis work are: 

1. Precursor cells from adult murine dentate gyrus can be cultured as monolayer that 

maintained homogeneity for extended passages and suggested features of radial 

glia. 

2. Neurons generated from the precursor cells revealed immunochemical and 

functional characteristics similar to their in vivo counterparts, granule cells of the 

DG. 

3. Single cell clonal analysis suggested that precursor cell cultures contained stem 

cells in the true definition displaying self-renewal and multipotentiality. 

4. Neuronal differentiation from the precursor cells was strongly influenced by 

growth factors in the medium and also by the media composition. 

5. Stem cells could be isolated from DG, SVZ and corpus callosum that revealed 

self-renewal and multipotentiality but not from the CA1 region of the 

hippocampus. 

6. Global neuronal activity imposed by raised K+ in cocultures of precursor cells 

with neurons led to increased neuronal differentiation from precursor cells by 

rapid induction of proneural gene expression. 

7. LTP-induced increase in neuronal synaptic strength was associated with 

significant increase in neuronal differentiation from neural precursor cells in 

cocultures. Blocking LTP inhibited neuronal differentiation. 
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8. LTP-induced effects of neurons on precursor cell differentiation in cocultures 

were mediated by increased release of neurotrophins. 

 

5.1 Characterization of precursor cells isolated from the adult murine dentate gyrus 

 

5.1.1 Are there stem cells in the adult dentate gyrus? 

 

In the present work, it is demonstrated that stem cells can be isolated and propagated 

from the adult murine hippocampus. A method to reliably obtain monolayer cultures of 

neural stem cells from the microdissected DG of adult mice is described in detail. There 

has been controversy regarding the presence or absence of neural stem cells in the DG in 

comparison to the SVZ (Palmer et al., 1997; Seaberg and van der Kooy, 2002; Bull and 

Bartlett, 2005). Precursor cells isolated from adult rat hippocampus and grown as 

adherent monolyaers have been shown to have stem cells properties (Palmer et al., 1997) 

while those grown from the mouse as neurospheres have argued against them (Seaberg 

and van der Kooy, 2002; Bull and Bartlett, 2005). In summary, the present data suggest 

that the differences between the DG and SVZ are not qualitative but rather quantitative. 

Previous data in rat models and the data obtained in the present set of experiments 

indicate that the abundance of stem-like cells in the dentate is significantly lower than 

found in the SVZ (Palmer et al., 1995). Cellular composition of the precursor cell zone is 

more compact than in the SVZ as SVZ is surrounded by ventricle while the SGZ is 

surrounded by neurons and glia. Hence any enzymatic digestion leads to severing of the 

processes leading to poor recovery of the cells from the SGZ than from the SVZ.  

 The buoyancy enrichment method used in the present protocol allows one to 

normalize the initial plating density of the immature cell populations and thus to 

overcome a density dependent growth limitation that likely affected the outcome of 

previous other studies (Seaberg and van der Kooy, 2002; Bull and Bartlett, 2005). In 

addition, the dissection method used in the present study included the medial tip of the 
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DG, which was excluded in earlier studies that failed to detect cells with stem cell-like 

properties.  This region within the DG contains the highest density of proliferating 

precursor cells in vivo (Tashiro et al., 2006).  

The present precursor cells isolation protocol is based on established methods 

(Palmer et al., 1995; Palmer et al., 1997; Seaberg and van der Kooy, 2002; Reynolds and 

Rietze, 2005) but substantial modifications to the available rat protocols had to be 

introduced (Table 2). These modifications combined the gradient enrichment procedure 

which was originally described for rat hippocampal precursor cells with the addition of 

both EGF and FGF2, the use of B27 as the serum supplement (instead of N2), the control 

of appropriate plating densities, and the optional use of exogenous factors for the trophic 

support of cultured cells. It is noteworthy that EGF is mandatory for maintaining 

stemness properties of precursor cells isolated from the DG. EGF and FGF2 together with 

B27 serum supplement suppressed differentiation and maintained the precursor cells at a 

stem cell stage with prolonged self renewal property. 

Several studies in the developing telencephalon have suggested that radial glia have 

the potential to divide and generate neurons (Malatesta et al., 2000; Noctor et al., 2001; 

Noctor et al., 2002; Malatesta et al., 2003). It had been shown that BrdU incorporating 

cells in the SGZ in the adult DG have antigenic and morphological profile similar to 

radial glia (Seki and Arai, 1999; Steiner et al., 2006). The present data suggests that such 

cells can also be isolated from the adult DG. The observation that EGF is essential for 

proliferation of stem cells isolated from the adult DG together with other reports that 

EGF supports radial glial generation from periventricular region (Gregg and Weiss, 2003) 

suggests that radial glial may be a general feature of stem cells within the neurogenic 

regions of adult brain. Additional factors such as notch acting synergistically with EGF 

may be involved in the maintenance of such cells (Gaiano et al., 2000; Yoon et al., 2004). 

Neurosphere cultures tend to have a high fraction of differentiated cells within their core. 

The interaction between differentiating cells and precursor cells may expose the stem 

cells to several pro-differentiation factors secreted by the cells from the core (Reynolds 

and Rietze, 2005). The adherent culture system overcomes these problems by allowing  
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Table 2 Comparison of precursor cell culture protocols from adult hippocampus 

 
 Present study (Palmer et 

al., 1997) 
(Palmer et 
al., 1999) 

(Seaberg and van der 
Kooy, 2002) 

(Roy et al., 2000) (Bull and 
Bartlett, 2005) 

Species Mouse Rat Rat Mouse Human Mouse 

Type Monolayer Monolayer Monolayer Neurospheres Monolayer Neurospheres 

Region Subdissected 
dentate gyrus, 
including tip 

Hippocampus Hippocampus Subdissected dentate 
gyrus, excluding tip 

Dentate Gyrus Dentate Gyrus 

Enrichment 
proc. 

Percoll – Percoll – Promoter based 
FACS 

Promoter based 
FACS 

Plating 
density 

104 cells/cm2 No 
information 

No 
information 

20cells/µl 0.1ml/35mm dish 
of 107cells/ml of 
cell suspension 

7000cells/cm2 

Media Neurobasal DMEM-F12 DMEM-F12 DMEM-F12 DMEM-F12 NeuroCult 

Supplement B27 N2 N2 N2/B27 N2, Platelet-
depleted Bovine 
Serum 

NeuroCult NSC 
supplement with 
2% BSA 

Growth 
factor 

EGF, FGF2 FGF2 FGF2 EGF, FGF2, Heparin FGF2 EGF, FGF2, 
Heparin, BDNF 

Coating PDL, Laminin Polyornithine, 
Laminin 

Polyornithine
, Laminin 

– Laminin – 

Test for 
stemness 

17.5 ± 2.1 % – 21% 0.54 ± 0.1 per 10,000 
cells 

– 0 

Max. passage 
no. 

60 – – – – 3 

Functional 
assay 

GAD induction – – – Electrophysiology – 
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the cells to be continuously nurtured by the growth factors in the medium and 

maintaining homogeneity.  

 

5.1.2 Exogenous growth factors regulate neuronal differentiation from adult neural 

precursor cells 

 

Growth factors have a potent influence on the neuronal differentiation of precursor 

cells. The stem cells in the DG have been linked to a privileged niche comprising of 

factors secreted from various compartments of the brain parenchyma especially 

astrocytes and endothelial cells (Song et al., 2002; Shen et al., 2004). The identification 

of the secreted factors that regulate neurogenesis have been of intense research activity. 

Some of these molecules have been previously implicated in decisive developmental 

patterning of nervous system. The precursors were highly susceptible to the presence of 

EGF. Among all the factors we saw that this produced the most potent effect on 

proliferation. Shh, a morphogen potently increased the neuronal differentiation from 

precursors. Previous reports have found similar effects both in vitro and in vivo (Lai et 

al., 2003; Machold et al., 2003).  Factors released by endothelial cells such as VEGF 

biased the precursor cells to acquire a neuronal phenotype, whereas BMPs and LIF were 

pro-gliogenic in the culture systems presented here. BMPs have previously been shown 

to produces a gliogenic niche for the SVZ precursor cells (Lim et al., 2000). The result 

that multiple factors differentially regulate the precursor cells differentiation suggests that 

these factors work in concert to streamline the output of DG neurogenesis from the 

precursors cells stage to the final functional integration. It is proposed that growth factors 

could regulate the precursor cells in their distinct stages allowing for fine-tuning at every 

level. Neural precursor cells express TrkB and TrkC receptors for BDNF and NT3 

respectively. This was reflected by the positive regulation of neuronal differentiation 

from precursor cells when incubate with BDNF and NT3. Neurotrophins are released by 

neurons in the adult brain and is regulated by neuronal activity. Both constitutive and 

regulated secretion and occurs from neurons eventually producing neuronal 

differentiation survival (Farhadi et al., 2000). In the present work it is shown that 
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precursor cells express BDNF at low levels that increases upon differentiation. This 

expression can be further increased by depolarization though this was seen only for 

BDNF and NT3 did not show any increase. Sequestering the neurotrophins has a strong 

negative influence on neuronal differentiation and survival. Thus activity-independent 

and activity-dependent release of neurotrophins regulates neuronal differentiation. 

 

5.1.3 Neurons generated in vitro from the dentate gyrus precursor cells exhibit 

properties similar to in vivo granule neurons 

 

Neurons generated from the precursor cells in our culture system do fulfill the key criteria 

of functionality in that they generate sodium currents and fire action potential. It was 

noticed that during maturation the inward currents increased whereas the outward 

(possibly K+) currents did not change much. This suggests that such outwards currents 

may be required in the transition from immature to mature stage of a precursor cell. 

These outward currents are hyperpolarizing thus might prevent potentially damaging 

massive Ca2+ entry as a result of sustained depolarization. It would be interesting to study 

the role of the various growth factors reported in the regulation of functional properties of 

the neurons differentiate. It is highly possible that neurons that “synapse” on precursor 

cells regulate neuronal differentiation by secretion of neurotransmitter or/and growth 

factors. It has been shown that GABAergic input is one of the earliest received by the 

new born neurons (Overstreet Wadiche et al., 2005; Tozuka et al., 2005; Wang et al., 

2005; Ge et al., 2006). It has also been shown that some of the factors that have been 

reported here to have pro-neurogenic effects such as NT-3 and Shh are secreted by 

GABAergic interneurons (Traiffort et al., 1999). This suggests that GABAergic signaling 

may have a potent role in sculpting the DG neurogenesis in the adult brain with their dual 

role of network activity levels controls and release of morphogens in the vicinity of 

precursor cells. The cells in the cell culture also responded to the neurotrophic factors 

that have been repeatedly shown to influence various stages of neuronal differentiation 

during development. It would be interesting to study the various stages these factors 

influence the life history of a new born fully functional neuron.  
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Among the neurotransmitters that regulate neurogenesis in the adult brain, GABA has 

gained importance as GABA inputs are one of the earliest inputs arriving to these neurons 

(Overstreet Wadiche et al., 2005; Wang et al., 2005; Ge et al., 2006). Synaptically 

correlated activity is largely mediated by glutamate in the mature hippocampus. 

Inhibitory transmitters such as GABA also contribute to the excitation of young immature 

developing neurons by their excitatory nature in these cells as a result of the high 

intracellular Cl- concentration (Ganguly et al., 2001). But in in vivo studies GABA 

receptor blockade has failed to detect a decrease in neurogenesis, rather showing an 

increase in adult hippocampal neurogenesis (Tozuka et al., 2005). These results are not 

surprising; given the inherent complexity of in vivo GABAAR activation in adult brain, 

exciting (depolarizing) the newborn neurons, but simultaneously inhibiting the general 

circuit activity level. When antagonists were applied in vivo, there was an increase in the 

hippocampal neurogenesis (Tozuka et al., 2005). This could be due to an overall increase 

in the network activity and underlines that even though GABAergic signaling is the first 

to arrive, glutamatergic signaling in the neuronal networks is a potent regulator of 

neuronal differentiation, acting likely in an indirect fashion. Transgenic animals which 

lack the GABA producing enzyme do not completely lack adult neurogenesis (Overstreet 

Wadiche et al., 2005). This was also seen in the present work, since the incubation of the 

cocultures with GABAAR inhibitor, led to increase in neuronal differentiating similar to 

that seen in the intact hippocampus. This is a significant result with alternative signaling 

mechanisms collaborating with glutamatergic transmission to regulate neurogenesis. 

Nonetheless GABA may have a trophic effect in regulating the survival of newly born 

neurons. Indeed, GABAergic inputs arrive a week after the cells have been born ruling 

out the possibility of direct GABAergic action in neuronal lineage specification 

(Overstreet Wadiche et al., 2005; Ge et al., 2006). 
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5.2 Neuronal activity regulates neuronal differentiation from adult dentate gyrus 

precursor cells 

 

The results of the present study indicate that structural plasticity brought about by 

adult neurogenesis is the product of a complex and dynamically changing 

microenvironment and neurons are a critical causal component. Even though much is 

known about the role of astrocytes and endothelial cells (Song et al., 2002; Shen et al., 

2004) in regulating neuronal differentiation from adult precursor cells, less is known 

about the role of neurons in this regard. Neural precursor cells within the SGZ of the DG 

are located in close association to the granule neurons. Upon differentiation the neuronal 

precursor cells themselves provide these granule neurons. To regulate this process it is 

likely that this close association is physiologically significant. Early in development, 

spontaneous activity in the embryonic brain and later in the early postnatal brain 

experience dependent activity have profound consequences in the formation of neural 

circuit (Zhang and Poo, 2001). Spatiotemporal patterns of activity play an instructive role 

on the development of neural patterning and the circuitry of the brain. In this work both 

global (depolarization by KCl) and synaptic (glycine induced) modifications induced by 

neuronal activity had a positive effect on differentiation of adult neural precursor cells. 

How do various forms of activity influence the neural precursor cell pool? Gene 

expression or protein translation changes induced by activity or by downstream effectors 

could change the molecular composition of the precursor cells leading to phenotypic fate 

changes. The present work shows some examples of such changes in the gene expression 

program. When depolarization was imposed on neural precursor cells by raised 

extracellular KCl, the precursor cells responded by transcriptional increase for NeuroD, 

Mash1, BDNF, and Camk4. NeuroD is a potent positive regulator of neurogenesis in 

various model systems (Ross et al., 2003). NeuroD knockout mice lack any normal 

dentate granule cells (Liu et al., 2000; Schwab et al., 2000). This malformation is largely 

due to the defect in transition from precursor cell stage to differentiated granule cells. 

Overexpression of NeuroD in xenopus has led to an increase in the fraction of neurons 

generated (Lee et al., 1995). NeuroD and Mash1 have been shown to direct the precursor 
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cells towards a neuronal fate (Cai et al., 2000). These transcription factors have profound 

changes in the cells that express them, by controlling several downstream genes as a 

result. Once expressed, NeuroD continues to be expressed well into maturity of granule 

cells, suggesting it may continue to regulate morphological and functional integration of 

the dentate granule cells. It is noteworthy that NeuroD was regulated by the influx of 

Ca2+ upon depolarization by raised extracellular KCl. Camk4 can integrate the Ca2+ 

signals arising from multiple sources and thus may represent a nodal point for the 

transcription mediated mechanisms of activity dependent neuronal differentiation. Camk4 

is a nuclear localized kinase, which has previously been shown to regulate hematopoetic 

progenitor cell fate commitment in xenopus (Walters et al., 2002). One of the issues that 

remains to be solved is the temporal domain of the calcium rise within the precursor cells 

that is responsible for the change in the phenotypic program. Ca2+ spikes can initiate gene 

transcription programs more effectively than sustained increase in calcium levels 

(Dolmetsch et al., 1997; Dolmetsch et al., 1998). Cells often respond to stimulus intensity 

by altering the frequency of intracellular Ca2+ rise. Camk and PKC have been linked to 

decoding this frequency dependent signal of Ca2+ rise (De Koninck and Schulman, 1998; 

Oancea and Meyer, 1998; Mogami et al., 2003). It would be interesting to explore which 

of these kinases are involved in the neural precursor cells studied here. 

  The present work suggests that the principle source of Ca2+ entry is the L-type of 

calcium channel. Depolarization induced activation of calcium may also lead to the 

cleavage and translocation of the C-terminus of L-type calcium channel in the precursor 

cells (Gomez-Ospina et al., 2006). This nuclear translocation of the C-terminus activates 

transcription of several genes. It is likely that nuclear translocation of L-type calcium 

channel is an important mediator in the effects obtained in the present set of experiments. 

It is also possible that the translocated C terminus of the Ca2+ channel may collaborate 

with the transcription factors to increase the precision of the transcription, thus 

amplifying the signaling in the process. Phosphorylation of CREB has been detected in 

the newborn neurons in the DG in the basal condition (Nakagawa et al., 2002a; 

Nakagawa et al., 2002b). The increase in calcium influx produced by depolarization 

could intensify the phosphorylation of CREB, thus switching on the transcription 

machinery (Bito et al., 1996). Another potential candidate is DREAM, a Ca2+ binding 
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protein that is expressed in the nucleus and acts as a transcription factor (Osawa et al., 

2001). Several other transcription factors such as NF-AT, MEF2 are also putative 

candidate in mediating the effects of Ca2+ influx via L Type calcium channel (Deisseroth 

et al., 2003). 

 

 

5.2.2 Neuronal synaptic modification and calcium oscillation patterns regulate adult 

neurogenesis in vitro 

 

In several developing neuronal circuits Ca2+ waves have been shown to be 

involved in patterning the neuronal circuits. The synchronous oscillations in the neurons 

could be a result of coupling by gap junctions. The intracellular Ca2+ increase through the 

NMDA receptor could also potentially induce further Ca2+ release from the internal 

stores. The developing cortex undergoes Ca2+ oscillations in various patterns depending 

on the gap junction coupling between various precursor cells (Owens and Kriegstein, 

1998). Neural precursor cells isolated from the developing cortex showed Ca2+ 

oscillations that regulated their phenotypic differentiation into GABAergic neurons. Such 

Ca2+ transients have been shown to be involved in neuronal differentiation in xenopus 

embryos (Spitzer et al., 2000). Mature neurons also undergo Ca2+ oscillations that 

regulate synaptic strength and directionality (Berridge, 1998; Wang et al., 2000). Ca2+ 

oscillations lead to the regulation of several gene in the neurons (Borodinsky et al., 

2004). Even though the role of Ca2+ oscillation in influencing individual cells during 

different stages of neuronal development is known, how oscillations in one cell type 

influences the other is not known. This is especially interesting in adult DG where mature 

functional neurons cosxist with precursor cells. In the present study, the effect of the Ca2+ 

waves in mature neuronal network showed a clear effect on the neighboring neural 

precursor cells. This study  showed that Ca2+ oscillations are involved in the 

differentiation of precursors, which represant a cellular compartments different from the 

neuronal compartment generating the oscillations. Oscillating neurons were locked in 

synchronous oscillations and produced a clear increase in the synaptic strength among the 
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neurons. Induced oscillations could improve the fidelity of the signal conveyed by the 

neurons and provide a phasic relation to be established between firing times of nearby 

neurons. In the present study neurotrophins (BDNF) secreted by the neurons as a result of 

the oscillations led to increased neuronal differentiation from a precursor cell pool. It is 

not clear from the present study whether the rise in neurotrophin level was a result of the 

oscillations or stemmed from the subsequent increase in the synaptic strength of neurons. 

The oscillations could be used by the neuronal network as a means to communicate to the 

neural pool to make available new neurons for the network. As neuronal activity is 

present in all areas of the network, higher order functional entity such as synchronicity in 

activity could give abstraction to the network activity.  

 

 

5.2.3 Neurotrophins mediate neuronal differentiation in activity-dependent 

neurogenesis 

 

Evidence for the presence of ionotropic glutamate neurotransmitter receptors on 

precursor cells is lacking (Song et al., 2005). Precursor cells require an agent that is 

tightly coupled to the neuronal activity level to decode any neuronal activity. On the 

precursor level, a detector in the form of a receptor must also be present to relay this 

signal. Neurotrophins such as BDNF are in a unique position to fulfill this task.  BDNF 

secretion following correlated neuronal activity can increase the sensitivity of gene 

transcription by collaborating with transcription machinery of the precursor cells.  

In adult songbirds, BDNF secreted by endothelial cells was shown to be 

responsible for the generation of new neurons during the period when they learn new 

songs (Louissaint et al., 2002). This suggests that BDNF might play an instructive role in 

deciding the fate of precursor cells in these birds. In the present study this data has been 

extended to the mammalian brain, albeit here the source of neurotrophins were neurons. 

Neurons are in an ideal position to regulate neurogenesis by their ability to modulate the 

BDNF secretion depending on the levels of neuronal activity. In neurons BDNF causes 

TrkB dependent membrane depolarization within milliseconds (Kafitz et al., 1999). Thus, 
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BDNF may further induce differentiation from the neural precursor cells by causing 

depolarization and inducing further Ca2+ rise, amplifying the neurogenic signal. As the 

process of BDNF release and the subsequent biochemical interactions required to relay 

this information would take longer than Ca2+ channels, BDNF (with its depolarizing 

effect) may also help to sustain the intracellular Ca2+ rise in the precursor cells (Blum et 

al., 2002). This activity could also change the efficacy of non-ionophoretic membrane 

proteins such as adenylate cyclase (AC). ACs have voltage dependent effects which are 

independent of Ca2+ (Reddy et al., 1995). Studies have shown that activators of AC 

increase neuronal differentiation from rat hippocampal precursor cells (Takahashi et al., 

1999). From the present data it is clear that BDNF also acts as a survival factor for newly 

born neurons. When BDNF was inactivated (by adding function-blocking antibodies), 

there was a stark reduction in survival. This survival promoting effects of BDNF is 

similar in action during early brain development, where BDNF acts to promote survival 

in developing cortical neurons (Ghosh et al., 1994). BDNF actions on cortical neurons 

has been linked to its role of activating MAPK and PI3K activity via the TrkB receptor 

(Dijkhuizen and Ghosh, 2005).  

Several studies have shown that the release of BDNF is regulated by the stimulus 

pattern with high frequency stimulus being most effective (Balkowiec and Katz, 2000). 

We used stimulus that generated changes similar to the above-referred study, thus 

supporting the view that BDNF release may be a sensor for general activity. Within 30 

min of seizures, BDNF mRNA levels dramatically increase in the DG (Ernfors et al., 

1991). Neurotrophins modulate the capability of synapses to undergo LTP/LTD rather 

than mediate changes in synaptic efficacy (Poo, 2001). BDNF sequestration up to 1hr 

after the induction of hippocampal LTP caused previously potentiated synaptic 

transmission to return to baseline (Figurov et al., 1996; Korte et al., 1996). Transgenic 

animals with lowered BDNF levels display defects in basal transmission and 

hippocampal LTP. BDNF knockout mice also have decreased basal neurogenesis (Lee et 

al., 2002; Sairanen et al., 2005). It remains to be seen whether this decrease in DG 

neurogenesis is due to decreased synaptic plasticity in these mice. If so, BDNF levels 

may be used to detect levels of activity in a network, and it may drive neuronal 
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differentiation and survival when demand arises from a neuronal network (Schinder and 

Poo, 2000). 

Neurotrophins also regulate synaptic morphology in an activity-dependent 

manner, an action that is critical for the development of long lasting LTP and long-term 

memory function. Neurotrophin secretion is regulated by neuronal activity level 

(Goodman et al., 1996). The present data suggests that part of the structural plasticity 

imposed by neurotrophins may be as a result of the new neurons that are added to the 

circuitry that would allow subsequent stimulus, the capacity to induce LTP in these 

newborn neurons. This would entitle the circuit to “maintain” its ability to learn new 

tasks even if the existing neurons are saturated in their resources to sense and respond to 

new stimuli. A subset of these new neurons may be “bystanders” for the incoming input 

and only coming into play once the “front liners” are overloaded. This mechanism would 

allocate a constant supply of young neurons primed to take on positions over an existing 

network on demand. Neurotrophins released by neurons in a permissive mode is thought 

to be involved in trophic regulation of synaptic function and the ability to generate LTP 

(Bonhoeffer, 1996; Poo, 2001). In the event of “increased” neuronal activity there is an 

elevated level of neurotrophin secretion superseding the existing permissive levels. This 

perhaps could have a more “instructive” role involving modifications of synaptic 

functions and contacts as well as generation of new neurons supplementing the existing 

network with fresh “memory compartments” in the form of new neurons. Within the SVZ 

system of adult neurogenesis, olfactory sensory stimuli influences the number of newly 

born neurons in the olfactory bulb (Rochefort et al., 2002). These animals also had 

improved memory of odors. 

 To maintain overall levels of neuronal and network activity, synapse specific 

forms of activity such as LTP and LTD need to be augmented by a wider global process. 

Addition of new neurons may provide an alternative variable to the existing theories of 

network homeostasis. Precursor cells capable of generating neurons in vitro exist in 

multiple brain regions but only two regions in the adult brain generate neurons, the SVZ 

and SGZ (Lie et al., 2004). This together with the present data implies that the pattern of 

neuronal activity may be unique in these areas allowing a permissive environment for 

neurogenesis to progress along the neuronal lineage. Song et al had demonstrated that 
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astrocytes from the two neurogenic regions differ from the astrocytes in the rest of the 

nervous system in their neurogenic induction capacities (Song et al., 2002). It remains to 

be shown whether neurons are also endowed with this inherent difference. One of the 

important observations from this result is that neutralizing BDNF from the medium in 

cocultures decreased neuronal differentiation but the net cell survival did not change. 

Thus even though the BDNF is necessary in generating neurons, the cell survival was 

differentially regulated. Neurons release some secreted factor other than BDNF or NT3 

that was potent in cell survival (Lu et al., 2005) yet failed to generate neurons from the 

precursor cells. It would be interesting to find out the factor responsible for this effect and 

its possible role in adult neurogenesis. 

 

 

5.2.5 Relevance of neuronal activity in neuropsychiatric disorders 

 

Adult neurogenesis is exciting as deregulations of this process might contribute to 

diseases. Manipulation of neuronal activity could potentially be clinically relevant. 

Neuronal precursor cells migrate and invade brain regions after pathological insults. 

Though a link direct link between neurogenesis and pathological condition remains to be 

confirmed, several studies point to its significance in diseased states. Post mortem studies 

in patients with chronic depression show structural changes in hippocampus (Rajkowska, 

2000; Rajkowska et al., 2005). Depression is associated with hippocampal atrophy and 

hippocampus is site for adult neurogenesis (Magarinos et al., 1996; Sapolsky, 1996; 

Sheline et al., 1996; Sheline et al., 2003). Suppression of neurogenesis might contribute 

to the pathological changes in the hippocampus observed in patients with depression 

(Gould et al., 1997; Gould et al., 1998). Patients suffering from schizophrenia also have 

abnormal neuronal synchrony in the hippocampus (Spencer et al., 2003; Spencer et al., 

2004). It is possible that antidepressants induced increase neurogenesis may act as a 

consequence of oscillation induced by glutamatergic signaling. This hypothesis is based 

on arguments that hippocampal neurogenesis contributes significantly to cognitive 

functions in the adult brain and that hippocampus is the site for the pathology in these 
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psychiatric disorders. The number of neurons added into the hippocampus via adult 

neurogenesis is arguably too low to have any significant impact on the hippocampal 

function. Several secreted molecules such as BDNF and hormones (Kempermann and 

Kronenberg, 2003; Saarelainen et al., 2003; Berton et al., 2006) have been linked with 

psychiatric disorders as well as adult neurogenesis, but they also have roles outside the 

realms of SGZ. Adult neurogenesis has been shown to be necessary in the beneficial 

effects of antidepressants (Santarelli et al., 2003). Antidepressants are also potent 

inducers of BDNF in the adult hippocampus (Castren et al., 2006). Given the present data 

it is plausible that fluoxetine alters the synaptic plasticity in the mature neurons leading to 

BDNF release that acts on the precursor cells in the dentate gyrus. Newborn neurons have 

a higher threshold for action potential generation and could potentially destabilize the 

existing circuitry if there is an “erroneous” addition to a network. Seizures generate a 

large pool of new neurons that have been linked to generation of hyper excitability as 

well as. Electroconvulsive therapy (ECT) is a therapeutic approach in treating psychiatric 

and neurological disorders. And it is associated with increased neurogenesis in the 

hippocampus. Further studies are needed to examine the exact activity pattern that 

produces this effect of raised neurogenesis. Nonetheless, given that the role of 

neurogenesis remains obscure, there is room to link hippocampal neurogenesis in 

physiological and pathological processes. Raising the animals in enriched environment or 

BDNF injection (Komitova et al., 2005) increased the number of differentiated neurons in 

the stroke region. This suggests again that “enriching” the neuronal input to the 

precursors cell environment would reduce the failure in the survival of new neurons. 

BDNF can regulate neuronal activity by positively modulating neuronal activity favoring 

LTP (Kovalchuk et al., 2002). It would be interesting to examine whether BDNF could 

be replaced by raising the pattern of neuronal activity around the stroke area. Moreover, 

patterned electrical activity increases CREB phosphorylation- a factor that determines 

neuronal survival in a wide variety of neurons (Bito et al., 1996; Bonni et al., 1999). 
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