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LITERATURE PART 

 

 

1. Introduction 
 

Until the beginning of last century, the cells of the central nervous system were thought 

to be incapable of regeneration (Stahnisch and Nitsch, 2002).  In 1928, a Nobel-prized 

researcher Santiago Ramón y Cajal wrote: “In adult centres, the nerve paths are 

something fixed, ended, immobile. Everything may die, nothing may be regenerated” 

(Ramón y Cajal, 1928). Over the last decade various studies have shown that there is 

plasticity and regeneration in the adult brain (Cotman and Nieto-Sampedro, 1985). 

These findings give rise to a possibility of regenerative cell therapy. 

The strategies to investigate novel stem cell therapies begin with understanding their 

mechanisms of division, proliferation, migration and differentiation of neuronal stem 

cells (Morest and Silver, 2003). These events can be understood by studying the key 

modulators of these events (Barkho et al, 2006). One important factor in neurogenesis is 

genes dictating the fate of cells on their way differentiating from stem cells into a 

variety of mature cells. One could conclude that the genetics is the main thing 

controlling this scenario. Nevertheless, neuronal differentiation is influenced by several 

signaling molecules in addition to the control of gene expression (Greenberg et al, 

1992).  It is proven in a number of studies that some environmental factors also can 

affect stem cells life cycle (Schofield, 1978; Fuchs et al, 2004; Barkho et al, 2006). This 

study concentrates on the latter factor. 

Environmental factors can be of different biochemical groups containing growth factors, 

neurotransmitters and some external factors including toxic compounds and 

pharmacological substances, for example (Emerit and Riad, 1992; Nguyen et al, 2001; 

Hagg, 2005). Elevated intracellular calcium is also a typical trigger of plastic changes in 
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neurons (Spitzer et al, 2004; D’Ascenzo et al, 2006; Deisseroth et al, 2004). Changes in 

calcium concentration may thus represent a common target for factors and signals that  

regulate neuronal progenitor cells differentiation and acquisition of specific neuronal 

phenotypes. 

When investigating the effect of intracellular calcium in this study, the issue of interest 

is  in  particular  the  neuronal  T-type  calcium  channel.  This  is  partly  due  to  the  lack  of  

studies of this type in this field of research. More precisely, the aim of this study is to 

explore the T-type calcium channels role in neuronal migration. One of the most poorly 

studied events in stem cells differentiation is their migration (Morest and Silver, 2003). 

Some  essential  questions  remain  unanswered:  What  makes  them  move?  How  do  they  

know where to go? Why do some of them stay close to the sphere and others migrate far 

away from the beginning?  

It is evident to study the function of T-type calcium channel when exploring its role in 

stem cells migration. While studying the physiological function of the T-type calcium 

channel, we gain some important information on its action, which might be useful also 

in designing other therapies than those based on stem cells. Yet, these theories need to 

be confirmed with studies on the relevant cell lines in question. 

The capacity of adult neurons to regenerate offers intriguing possibilities which are 

nowadays being better understood, yet still beyond the reach of healthcare.  
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2. Neural progenitor cells 
 

During the early brain development in the vertebrate embryo, a structure called neural 

plate is formed (Spemann and Mangold, 1924). That consists of a thick epithelium of 

cells,  which  transforms into  a  tube  called  the  neural  tube.  This  neural  tube  is  an  early  

development  stage  of  the  brain  and  spinal  cord.  The  cells  of  this  neural  tube  with  the  

capacity to differentiate into neurons and glial cells are known as neural precursor cells 

(Sauer, 1935). These precursor cells are often reffered to as dividing neural stem cells 

(NSC). The neural stem cells give rise to neurons, astrocytes and oligodendroglial cells 

(Alvarez-Buylla and Lim, 2004). Neural progenitor cells form a heterogeneous 

population of glial and neural cells with varying multipotency. Differentiation happens 

gradually by the cells dividing and giving birth to new daughter cells, while some of 

them undergo an apoptotic cell death. The line between a stem cell and a differentiated 

cell is rather obscure. The difference between a stem cell and a progenitor cell is 

described with terms omnipotency and pluripotency. What then actually is a stem cell? 

There is a precise definition for a stem cell. The common features of stem cells are the 

ability of self-renewal by dividing and multi-potency to differentiate into any kind of a 

cell  in  the  body,  i.e.,  is  omnipotent.  This  concerns  a  limited  group of  progenitor  cells,  

which have lost some of their multi-potency, and have adapted features of a tissue type, 

i.e., is pluripotent. A neural progenitor cell or a precursor cell might differentiate as well 

into  a  neuron  as  a  glial  cell,  while  a  stem  cell  has  the  ability  to  differentiate  into  any  

kind of a cell in the body. This makes the term progenitor cell useful concerning a large 

group of cells during their differentiation. 

Distinguishing the states of differentiation is not problematic just because of the 

complexity of biology, but also because of the definitions being arguable (Morest and 

Silver, 2003). The often used term “glia” has lost its previous meaning of being a 

hyperonym for the glial cells. This is because of the different kind of glial cells can have 

very  little  in  common with  each  other.  Even  less  useful  it  is  as  a  definition  for  a  non-

neuronal cell, since the neurons arise from the same progenitors and change constantly 

their phenotype during the differentiation. The term “glial” is more often used to 

describe the glial nature of the cells retaining the traditional glial functions as being the 
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supporting cells and also those that maintaining the capacity to differentiate (Kriegstein 

and Alvarez-Buylla, 2009).     

As the multipotent neural precursor cells divide and differentiate, they generate an event 

known as neurogenesis which occurs both in the developing, and in the adult brain 

(Imayoshi et al, 2008). Neurogenesis in mammals begins with the induction of the 

neuroectoderm, which forms the neural plate at embryonic day 7.5 in mice (Temple, 

2001). That gives rise to the neural tube (E8.5 in mice). These structures are made up by 

the neuroepithelial progenitors, which are a complex and heterogenous population 

(Boulder, 1970). This is followed by a progressive thickening of the cortex, and 

neuroepithelial progenitors obtaining features associated with radial glial cells (Choi 

and Lapham, 1978). The continuous dividing of these radial glial cells leads to a 

dynamic formation of intermediate progenitor cells (IPCs) producing mature neurons 

and such glial cell subtypes as astrocytes and oligodendrocytes (Haubensak et al, 2004). 

The same process can be seen also as a balance between symmetrical and asymmetrical 

division (Alvarez-Buylla, and Lim, 2004). Radial glial cells divide mostly 

asymmetrically, while the IPCs divide symmetrically. Symmetrical division is the cell’s 

way of self-renewing by making similar daughter cells. Asymmetrical cell division 

produces fate-determined differentiated cells. Symmetrical division takes place in the 

beginning of neurogenesis. As the cells divide, they form a symmetrical round sphere, 

called neurosphere. The cells forming neurospheres happens in vitro. Neurosphere is a 

free floating cell aggregate (Reynolds and Weiss, 1992). It is possible to derive pure 

NSC lines that exhibit features of neurogenic radial glia (RG) progenitors (Conti and 

Cattaneo, 2005). In vitro they form neurospheres in a two-dimensional growth 

environment by symmetrical division. They can be considered as tripotent as they can 

give rise to neurons, astrocytes and oligodendrocytes. The extrinsic factors fibroblast 

growth factor 2 (FGF-2) and epidermal growth factor (EGF) are proven to be sufficient 

for derivation and continuous expansion by symmetrical division of pure cultures of 

neural stem cells. 

At  the  end  of  a  developmental  period  of  neuroepithelial  division,  the  radial  glial  cells  

lose their ventricular attachment, proliferate and start migrating towards the cortical 

plate (Morest 1970; Choi and Lapham, 1978). In mammals, most radial glial cells 
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transform into astrocytes. The exact timings of division, proliferation, migration and 

differentiation are not specified yet, and these developmental phases are dynamic, 

overlapping processes (Kriegstein and Alvarez-Buylla, 2009), rather than chronological 

and rigid events, as it can be seen in picture 1. 

 

 

 

Picture 1 Lineage tree of NSCs (Adapted and modified from Kriegstein and Alvarez-Buylla, 
2009) 
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2.1 Postnatal stem cells 
 

Before 1962 it was believed that after birth the CNS was structurally stable, with no 

neurogenesis happening in the postnatal brain. After publication of a study using the 

newly introduced methods of 3H-thymidine autoradiography challenged this view 

(Altman, 1962). 3H-thymidine is taken up by cells undergoing DNA synthesis in 

preparation for mitosis, and thus can be used as a marker for proliferating cells and their 

progeny. 

Neurogenesis continues in the adult hippocampus, specifically in the subventricular 

zone (SVZ) in the walls of the lateral ventricles (Gage, 2000). In adult rodents the 

neurogenesis occurs mainly in the hippocampal subgranular zone (SGZ) and in the 

subventricular zone (SVZ), whereas in man it is restricted to SVZ. The young neurons 

from this area migrate to the olfactory bulb where they continually replace local 

interneurons (Imayoshi et al, 2008). 

Adult neurogenesis happens also in normal conditions at some level, and is being 

induced in the cases of brain injury or degeneration (Kriegstein and Alvarez-Buylla, 

2009). There is evidence of induced adult neurogenesis under certain circumstances. It 

can be activated by stress (Gould et al, 1997). Social stress in tree shrews is an animal 

model  of  depression  (Raab  and  Storz,  1976).  Both  social  stress  and  treatment  with  

NMDA- receptor agonist MK-801 induced cell division in dentate gyrus of 

hippocampus of a tree shrew, and these cells migrate into the hippocampal granule cell 

layer (Gould et al, 1997). It was suggested that these results could be extrapolated to 

other mammalian species as well. 

Also enriched environment induced neurogenesis in mice dentate gyrus of hippocampus 

and enlarged hippocampal granule cell layer (Kempermann et al, 1997). An enriched 

environment is an experimental setting that differs from standard laboratory housing 

conditions (Praag et al, 2000). It contains much more stimulus and exercise than that of 

a control group. The stimulus can be a larger group of animals in larger cages with 

varying and complex environment with for example tunnels and toys. The 

circumstances are changed frequently. Although increasing neurogenesis in mice, this 

study also questioned the beneficial effect of an enriched environment. There are many 
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factors that affect this method. Some of them are motivation and voluntary of the animal 

to interact with the environment. This method is questionable also for another reason. It 

cannot be said whether the enriched environment actually causes stress to the animal, 

and thereby induces neurogenesis, stimulates CNS cells and increases neuronal 

connections.  More  evidence  of  the  effect  of  stimulation  is  gained  with  an  opposite  

method. It is known that sensory deprivation withers neuronal networks. 

Several forms of brain damage are shown to trigger neurogenesis in the postnatal brain 

(Tanaka et al, 2004). Seizure and stroke are shown to promote neurogenesis in the 

dentate gyrus. In an adult gerbil animal model the three steps of neurogenesis were 

detected with chemical markers after ischemia (Iwai et al, 2002). Three steps of 

neurogenesis, proliferation, migration and differentiation were elucidated with 

bromodeoxyuridine (BrdU), highly polysialylated neural cell adhesion molecule (PSA-

NCAM), and neuronal nuclear antigen (NeuN) and glial fibrillary acidic protein 

(GFAP), respectively. A peak in cell number was detected 10 days after ischemia, with 

a seven-fold increase in BrdU-labeled cells and a three-fold increase in PSA-NCAM-

positive cells in SGZ. The cell number of all markers increased gradually, and the 

BrdU- labeled cells with NeuN continued dividing in GCL (granule cell layer) until 2 

months after ischemia. These results demonstrate that neural stem cell proliferation 

begins in SGZ and continues with the cells migrating into the GCL where they 

differentiate into mature neurons.  It should be noted at this point, that in man the 

proliferation occurs mainly in the SVZ (Gage, 2000). This study also shows that brain 

damage in the form of ischemia induces neurogenesis. 

Another study supports the findings described above. In a chemoconvulsant model of 

temporal lobe epilepsy the contribution of newly differentiated dentate granule cells was 

detected (Parent et al, 1997). Pilocarpine-induced status epilepticus in rats was followed 

by neurogenesis. BrdU- labeled cells had colocalized from SGZ to granular cell layer, 

GCL. The BrdU-labeled cells in the SGZ increased up to 13 days and were found from 

granular cell layer 56 days after the seizure. Also the ratio between the BrdU- labeled 

cells in SGZ and GCL gradually changed as an increase in the cells found in GCL. This 

indicates the level of migration being higher than in the control group. The cells that 

had migrated into GCL also expressed neuronal markers. 
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The role of adult  neurogenesis seems to be the replacement of neurons.  This still  does 

not explain why this takes place in varying conditions.  For an unknown reason, 

neurogenesis does not happen decently in neurodegenerative diseases, and not always in 

the case of brain injury,  not at  least  at  a sufficient level that  is  needed for the brain to 

function  normally.  To  be  optimistic,  the  evidence  of  adult  neurogenesis  gives  hope  of  

non-invasive stem cell treatment based on stimulation of the endogenous repair 

processes. 

 

2.2. Stem cell therapies in neuronal regeneration 
 

The therapeutic interest of the stem cells is their ability to generate cells and tissues to 

replace those that may have been lost due to disease or injury (Purves et al, 2008). 

Although  there  has  been  some  promising  work  done  in  mice   and  some  other  

experimental animals, there is no clinically validated use of stem cells for human 

therapeutic applications in the nervous system. The main problem is to introduce stem 

cells into mature tissue and control their division and stop it when needed. 

Sources of used stem cell lines should be validated depending on the purpose (Hess and 

Borlongan, 2008). There is a significant difference between the mature somatic stem 

cells and embryonic stem cells (ES cells). They both have the potential for infinite self-

renewal, but the ES cells can give rise to all tissue and cell types of the organism, while 

the somatic stem cells generate only tissue-specific cell types. Mesenchymal stem cells, 

MSCs, are multipotent, embryonic stem cells derived from the mesoderm. Confusing, 

yet, is a finding that bone marrow cells can adopt a neuronal phenotype when grown on 

a soft matrice, and a bone phenotype while on a hard matrice (Engler et al, 2006) and 

are also termed as MSC, marrow stromal cells. In addition, these cells can differentiate 

to haematopoietic stem cells (Spangrude et al, 1988). Olfactory receptor neurons that 

are replaced throughout life in mammals send axonal projections into the olfactory bulb. 

The cell that ensheaths these axons, known as an olfactory ensheathing cell (OEC), has 

same characteristics as astrocytes (Doucette, 1984). Also adult and embryonic neural 

stem cells derived from hippocampal areas are used in treatment of neural diseases. The 

best alternative for a stem cell source would be the patient’s own cells. That would 
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avoid the problems faced with the immune system. On the other hand, in the case of 

disease having a genetic background, there is still a risk of the same diseased DNA 

being imported to the body.  

Neural stem cells possess therapeutic potential because of their ability to migrate 

towards distant areas of injury (Aboody et al, 2000; Benedetti et al, 2000; Herrlinger, et 

al, 2000). More amazingly, they can migrate to CNS also from the peripheral tissues. 

This is a huge advantage, considering the problems of intra-cerebral injecting.  In a rat 

Parkinson’s disease animal model neural progenitor cells can survive and differentiate 

into neurons and glial cells (Svendsen et al, 1996). 

There are some strategies in stem cell therapy that have been used to cure neurological 

diseases and injuries in humans with more or less success. These strategies can be 

divided into invasive and non-invasive methods (Barreiro-Iglesias, 2010). Invasive 

methods can be carried out by delivering the cells intracerebrally, or by an intravenous 

or intra-arterial route (Hess and Borlongan, 2008). Non-invasive methods include 

endogenous stem cells mobilization approaches in which stem and progenitor cells are 

mobilized by delivering into the brain cytokines such as granulocyte colony stimulatory 

factor (GCSF) or chemokines such as SDF-1; trophic and growth factor support, such as 

brain-derived neurotrophic factor (BDNF) or glial-derived neurotrophic factor (GDNF), 

to list some examples. 

 

2.2.1 Problems with invasive therapies 
 

Problems with current invasive methods have kept stem cell therapies out of the reach 

of healthcare. Of great clinical significance would be a solution of a scalable and easily 

commercialized therapy (Hess and Borlongan, 2008). 

All invasive, cell based therapies involve in vitro culturing and manipulation of the stem 

cells before transplantation into the patient (Barreiro-Iglesias, 2010). Other 

disadvantages include the potential for teratoma formation, aberrant reprogramming and 

the presence of transgenes in cell populations. 
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Mesenchymal stem cells have gained some clinical interest because of their potential 

use in regenerative medicine and tissue engineering thus MSCs safety in clinical use 

remains questionable (Yu et al, 2008). In a study MSCs derived from human adipose 

tissues together with tumor cells were transplanted subcutaneously or intracranially into 

nude mice to observe tumor outgrowth. The results indicated that human adipose stem 

cells with tumor cell lines promoted tumor growth in nude mice. These findings indicate 

that MSCs could favor tumor growth in vivo (Yu et al, 2008). Some studies show that 

also the putative epithelial progenitor cells derived from bone marrow also contributes 

to tumor angiogenesis (Asahara et al, 1999; Poulsom et al, 2002; Rabitti, 2004). Once 

introduced to the body, the cell division is uncontrolled. 

 

Immunity is another thing to consider. In the worst case, the transplant will be rejected 

by the host immune system (Griffin et al, 2010). If succeeded, a life-long 

immunosuppressing therapy might still be needed. Optimistically there is some 

promising  work  done  with  allogenic  mesenchymal  stem  cells.  MSCs  are  shown  to  

induce immune system by stimulating multiple targets in the immune system including 

T-cells (Batten et al, 2001) and even in the absence of additive immunosuppressive 

therapy (Kahan, 2003). 

 

In addition to the problems described above, one essential challenge is to control the 

differentiation of transplanted stem cells into a desired phenotype. Transplantation of 

human embryonic stem cell- derived neural progenitors into rodent striatum led to 

partial behavioural recovery in a rodent Parkinson’s disease model (Ben-Hur et al, 

2004). In this experiment the cells did not acquire a full dopaminergic phenotype in the 

rodent brain which made the researchers conclude that the differentiation into neurons 

should take place before transplantation. In a 1 methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) primate model of Parkinson’s disease, transplantation of 

embryonic stem cell-derived enriched dopaminergic neurons resulted in survival of less 

than 1 % of transplanted neurons during a 14 weeks period (Takagi et al, 2005). 

 

However, the ethical questions remain in what comes to using of fetal and embryonic 

stem cells. Two randomized controlled trials using dopaminergic neurons from aborted 
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fetuses failed to show much benefit and also there were reported troublesome 

dyskinesias in both studies (Freed et al, 2001). These poor results combined with ethical 

concerns led to abandonment of this approach. Ethics upon the use of embryos depend a 

lot on the source of embryonic cell used. Currently, there are three main sources of 

embryonic stem cells:  already existing embryonic stem cell lines, embryos that are left 

unused after in vitro fertilization procedures and embryos created by means of somatic 

cell nuclear transfer technique (cloning) (Hug, 2004). Acceptance of these methods is 

variable, but the most commonly accepted source is already existing stem cell lines. 

 

The  outcome  of  these  problems  is  that  the  stem  cell  therapies  current  situation  is  

desperate. Although succeeding in culturing stem cells from the donor being the same 

as receiver, and thereby avoiding ethical and immunity problems, differentiating the 

cells into a desired phenotype and transplanting them into the body, several problems 

still remain. Those include the stem cells survival, differentiation and not turning into 

tumorgenic cells. In addition to all this, a cost-effective method must be developed 

before implementation into healthcare.  

 

2.2.2 Possibilities in non-invasive therapies 
 

The knowledge about adult neurogenesis and the factors inducing it offer us a 

possibility to create strategies of manipulating endogenous mechanisms of regeneration. 

First  thing  to  find  out  before  that  can  happen  is  to  examine  the  key  factors  that  affect  

this phenomenon. 

 

The neuronal stem cells are able to migrate towards areas of injury mediated by some 

agents as a chemokine called SDF-1 (stromal cell-derived factor-1) that is up-regulated 

in astrocytes and endothelial cells in injured tissue (Imitola et al, 2004) although this 

does not happen in uninjured tissue (Abbott et al, 2004). This substance is classified as 

inflammatory mediators (Martino and Pluchino, 2006), and other agents of this group 

are cytokines as rantes (Owens et al, 2005) other chemokines as fractalkine, also 

including some interleukins as IL-1  and IL-6 (Aloisi et al, 2006). Inflammation is 

associated in many pathological conditions, such as cancer and some neurodegenerative 
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diseases.  In  addition  to  migration,  these  factors  induce  cell  proliferation  and  

differentiation. Conducting the differentiation into dopaminergic neurons is partly 

affected by IL-1  (Storch et al, 2001).  

 

Growth factors are reported to conduct differentiation, proliferation and survival of 

neuronal progenitor cells (Martino and Pluchino, 2006). Glial-derived neurotrophic 

factor, GDNF, has shown neuroprotective and regenerative effects in a variety of animal 

Parkinson’s disease models (Björklund et al, 1997; Behrstock et al, 2006). In human 

clinical studies this promising approach has failed due to significant side-effects 

(Kordower et al, 1999; Nutt et al, 2003). Brain-derived neurotrophic factor, BDNF, is 

reported to enhance the differentiation (Ahmed et al, 1995), but not in that specific way 

as  GDNF.  Of  a  great  significance  to  laboratory  in vitro propagation of neuronal 

precursors has been a discovery, that epidermal growth factor (EGF) and fibroblast 

growth factor (FGF-2) stimulate the division of embryonic or adult CNS precursors 

(Ciccolini and Svendsen, 1998). This is evident for maintaining a continuous 

undifferentiated cell line where a single cell divides and forms a cluster called 

neurosphere. Leukemia inhibitory factor (LIF) is also used for the same purpose 

(Tropepe et al, 2001). Other growth factors taking part in neurogenesis are ciliary 

neurotrophic factor, CNTF, erythropoietin, platelet-derived growth factor, PDGF, 

transforming growth factor- , TGF-  and vascular endothelial growth factor- , VEGF-  

(Martino and Pluchino, 2006). 

 

Some therapeutic strategies have already been investigated with trophic factors and 

cytokines to promote endogenous SVZ cell mobilization. They have been delivered to 

the brain either by viral vectors, infusions or via intranasal administration (Cayre et al, 

2009). In Parkinson disease mouse models neuronal progenitors have been attracted 

toward the lesion with GDNF or TGF  infusion, and improved functional deficits. This 

has raised hope for the development of new strategies in neurodegenerative diseases, 

but  clinical  trials  have  failed  so  far.  Also  an  infusion  of  FGF-2  and  EGF  has  had  the  

same effect in increasing directed migration toward the lesioned area (Winner et al, 

2008).  EGF is  also  shown to  be  useful  in  other  studies,  but  presents  some limitations.  

One of them is that it favors astrocytic differentiation over neuronal differentiation, 
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which may not have beneficial effects. The other concern is that it may facilitate the 

development of tumors. BDNF is another growth factor that has properties for 

progenitor cell mobilization. An injection of adenovirus expressing BDNF triggers 

increased olfactory neurogenesis and induces the migration of newborn neurons from 

SVZ to otherwise non-neurogenic regions (Benraiss et al, 2001). The hematopoietic 

cytokine erythropoietin (EPO) injection after a stroke increases the levels of VEGF and 

BDNF, which in turn leads to angiogenesis, neurogenesis and functional recovery 

(Wang et al, 2007).  

 

The specific stem cell regulators form one group of the mediators in neurogenesis 

(Martino and Pluchino, 2006). Two major stem cell fate regulators are Sonic hedgehog, 

Shh and Notch-signaling membrane protein. Other regulators of this group are bone 

morphogenetic protein 4 (BMP 4), noggin-polypeptide and an extracellular matrix 

protein called tenascin C (Martino and Pluchino, 2006). Sonic hedgehog is a 

glycoprotein molecule that plays a critical role in the proliferation of endogenous neural 

precursor cells (Alvarez-Buylla et al, 2001). Administration of an intravenous hedgehog 

agonist induced endogenous cell proliferation after contusion in the adult rat spinal cord 

(Bambakidis et al, 2009). No side-effects were detected in the animals during the 

experiment. The data gained in study also provides evidence that direct injection of the 

agonist into the CNS is unnecessary to induce a proliferative response. Another study 

corroborates the effect of an Shh agonist. Intraperitoneal injection of cyclopamine, a 

sonic hedgehog antagonist, reduces ventricular proliferation and motor neuron 

regeneration in zebrafish (Reimer et al, 2009). Furthermore, one  study  shows,  that  

activation of the Shh signaling pathway, using an orally administered Hh agonist, leads 

to proliferation of endogenous progenitor cells (Machold et al, 2003). Notch signaling 

regulates stem cell numbers both in vitro and in vivo (Androutsellis-Theotokis et al, 

2006). It activates expression of genes hairy and enhancer of split 3 (Hes3) as well as 

the  expression  of  sonic  hedgehog,  by  activating  cytoplasmic  signals  that  lead  to  stem  

cell expansion. Hypoxia-inducible factor 1 is shown to be crucial for embryonic stem 

cell survival (Iyer et al, 1998). As a homeostatic O2- regulator, it activates in response to 

physiologically relevant levels of hypoxia. It is activated also in progenitor cells niche. 

A related finding is that the number of progenitor cells in spinal cord increases in 
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response to injury or physical activity in adult rats (Cizkova et al, 2009). Both of these 

states represent a condition where hypoxia occurs. 

 

Some common inductive neurotransmitters such as acetylcholine, glutamate and 

receptor activating ions play also an important role in differentiation (Kärkkäinen et al, 

2009). Neural progenitor cells show metabotoropic responses (Ca2+ -discharge from 

intracellular stores) to glutamate, norepinephrine, acetylcholine and ATP during the first 

days of in vitro differentiation (Kärkkäinen et al, 2009). One of the most important 

inductive signals is retinoic acid that activates a class of transcription factors that 

modulate the gene expression. That is interesting regarding the fact that retinoic acid is 

also  a  teratogen.  Not  all  the  signals  are  inductive,  to  maintain  the  regulation  and  

homeostasis, there are also some inhibitory signals, such as noggin and chordin, 

endogenous antagonists that modulate signaling via the TGF-  family. 

A variety of studies suggest that environmental enrichment and exercise enhance brain 

plasticity. In physiological conditions, running and enrichment increase the levels of 

growth factors such as BDNF, IGF (insulin-like growth factor), NGF (neuronal growth 

factor) and FGF-2 (Gomez-Pinilla et al, 1997) and dentate gyrus (DG) neurogenesis 

(Kempermann et al, 1997). Environmental enrichment in clinical trials is much alike 

compared to the animal experiments. It includes physical and cognitive exercise and 

completing of demanding tasks in an environment that changes every day. Enrichment 

and exercise can be considered as a complementary therapy for brain repair. 

 

These results demonstrate the possibility of stimulating the endogenous signaling 

procedures as a regenerative treatment. Although the recent approaches in non-invasive 

stem cell therapies seems to be a promising alternative to invasive technologies, the 

previous achievements in the latter one should not be abandoned. Taking into account 

that the only successful stem cell therapies in humans so far are invasive therapies, they 

still have enormous potential to be a therapeutic approach to such pathological 

conditions  that  lack  clinical  treatments.  One  method  in  therapeutic  treatment  does  not  

exclude another, thus a combination of, for instance, pharmacological non-invasive 

treatment and cell transplantation could be used in order to improve regeneration. To 
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achieve the control over stem cells requires the understanding of them and their 

complex mechanisms of dividing, migrating and differentiating, and the forces that 

drive them to complete this diversity of reactions. 

 

2.3 Identification of the multipotent stem cells 
 

Stem cells expression of neuronal features or ion channels depends on the timing and 

the area of extraction of the cells and the in vitro circumstances they are grown in. This 

makes the question of the existence of these features in an experimental set up 

legitimate. Especially, when studying the effects of a specific ion channel blocker, one 

way of validating the experiment is to indicate the ion channel and the phenotype of the 

cell. 

As described before, the difference between a neuron and a glial cell is not that 

straightforward. Fully understanding the phenotype of maturating neural cells involves a 

range of analyzing methods (Zigova et al, 2002). There are several analytical 

approaches to determine the phenotype of a maturating cell. This chapter introduces 

some of the most commonly used in vitro methods. Methods other than chemical 

labeling and morphology include electrophysiology, northern- and dot blots, in situ 

hybridization, RT-PCR (reverse transcription polymerase chain reaction) techniques and 

pharmacology (Lory et al, 2006), which is reviewed in chapter 4.3. 

 

2.3.1 DNA labeling 
 

Neuroblasts and neurons are unable to divide, while the multipotent glial stem cells 

undergo the continuous cell cycle (Zigova et al, 2002). When the cells divide, they take 

up nucleotides, the building blocks of DNA. A labeled nucleotide, for example a 

tritium-labeled thymidine can be used to separate the dividing cells from neurons. The 

labeled probe is available form minutes to hours after being injected. If a stem cell 

continues to divide, the levels of labeled probe in the cell’s DNA are quickly diluted. If 

a cell undergoes only a single division the neuron retains high levels of labeled DNA. A 
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widely used marker of the newborn cells is 5-bromodeoxyuridine, BrdU. It is a 

halogenated thymidine analog that is permanently integrated into the DNA of dividing 

cells during DNA synthesis in cell cycles S-phase. It indicates the cells that are dividing 

during the period of BrdU exposure. The methods based on DNA labeling are useful 

when the intension is to distinguish the multipotent progenitor cells from differentiated 

cells. 

 

2.3.2 Immunostaining 
 

Immunocytochemical cell identification is an approach to label specific markers that are 

expressed by a certain phenotype (Zigova et al, 2002). Some proteins are specific to 

neurons and some are expressed by different types of glial cells. By immunostainig the 

proteins with antibodies one can detect the morphological and metabolic characteristics 

of the cells and quantify the phenotypes in the assay. The primary antibody attaches to 

the epitope, which is usually a phenotype specific protein on the cell’s surface. The 

secondary  antibody  binds  to  the  primary.  The  secondary  antibody  is  used  to  label  the  

bound primary antibody. In the experiments of this study, fluorescent secondary labels 

have been used. It is also important to examine literature, and choose the relevant 

antibodies and labels. Using more than one primary antibody is necessary for making 

sure that the findings are exactly of the desired phenotype. That is, because of the 

binding is not inevitably specific. Reducing the background staining is also used to 

prevent the non specific binding. That can be done by incubating the cells with serum of 

the species that the secondary antibodies are derived. One more issue to consider is the 

cross-reacting of the antibodies. For example a secondary anti mouse antibody can 

cross-react with a primary mouse antibody, which causes problems in detecting the 

images with microscopy. Here are some examples of antibodies to label a certain kind 

of proteins in the cells. 

An example of a neuronal marker is - III tubulin, Tuj-1. It is a neuron specific protein 

that the cells express during their development into mature neurons (Jiang and Oblinger, 

1992). Tubulin isotypes induce axonal growth and the expression of them increases also 

when adult neurons are injured (Hoffman and Cleveland, 1988). 
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To identify glial cells, one can use a phenotype specific protein glial glutamate 

transporter, GLAST (Shibata et al, 1997). It is localized on the cell membrane of mature 

astrocytes and is marker for radial glial cells in the developing brain. 

For identifying calcium channels there is, for instance, a commercially available 

synthetic peptide, which is an antibody produced in rabbit that binds to calcium 

channels 1 subunit (Westenbroek et al,  1995).  Therefore,  it  binds  to  all  calcium  

currents. 

There are also some T-type specific antibodies on the market that binds to T-type 

calcium channel subunit 1G. 

 

2.3.3 Morphology 
 

It is difficult to identify developing stem cells by their morphology because it is 

changing constantly during the migration. Yet some characterization is been made and 

the typical morphological features of the cells are well known and agreed. In 1992 

neurons and glial cells were distinguished by their morphology and the results were 

confirmed with  chemical  labels.  The  proliferating  cells  that  expressed  nestin  and  were 

immunoreactive for -aminobutyric acid and substance P had a neuronal morphology 

(Reynolds and Weiss, 1992). Also the cells that responded to NSE, neuron specific 

enolase, had small rounded somas with long and fine processes. In contrast, GFAP 

(glial fibrillary acidic protein) immunoreactive cells were stellate, with large somas and 

several thick processes. In the study of Reynold and Weiss the expression of phenotypes 

was restricted. The cells were not immunoreactive for glutamate, serotonin, tyrosine 

hydroxylase, methionine-enkephalin, neuropeptide Y or somatostatin. This is because of 

the other phenotypes appearing at different times or under different culture conditions. 

That is why one cannot expect to find all the possible phenotypes in a one cell culture. 
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2.3.4 Electrophysiology 
 

Electrophysiological methods can be used to explore the functions of ion channels and 

ion  conductances  through  these  channels.  Measuring  the  voltage  of  the  whole  cell  

membrane,  results  in  excessive  background  noise.  To  diminish  that  a  method  of  

measuring a single voltage activated channel was developed and called the patch-clamp 

method (Neher and Sakmann, 1976), as a refinement from its predecessor, voltage-

clamp technique. Nowadays measuring one or multiple channels (whole-cell patch 

clamp) with high resolution is possible (Hamil et al, 1981). Patch clamp recording uses, 

as an electrode, a glass micropipette that has an open tip diameter of about one 

micrometre (Kandel et al, 2000). The tip of the pipette encloses a membrane surface 

area or "patch" that often contains just one or a few ion channel molecules. The interior 

of  the  pipette  is  filled  with  a  solution  matching  the  ionic  composition  of  the  bath  

solution where the cell is, or in some methods, the cytoplasm. A chlorided silver wire is 

placed in contact with this solution and conducts electric current to the amplifier. The 

amplifier is connected to a computer and the software shows the data on the screen. The 

investigator can change the composition of the bath solution or add drugs to study the 

ion channels under different conditions.  

 

 2.4. Migration of stem cells 
 

Migration and differentiation of the cells is controlled not only by genes, but also some 

external and endogenous factors (Emerit and Riad, 1992).  The cells that express certain 

types of transcription factors are determined to differentiate into certain types of cells. 

Regardless, it has been shown in many studies (Kärkkäinen et al, 2009), that there are 

some environmental factors that can regulate the process. Thus, stem cells migration is 

closely related to the modulators of overall neurogenesis, described in the chapter 2.2. 
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2.4.1 Factors that affect migration 
 

To begin their migration, the neural progenitor cells must undergo an essential transition 

from an epithelial to neuronal or glial cell (Hay, 1995). This transformation is induced 

by intrinsic and extrinsic factors. Intrinsic factors are the genes that conduct the changes 

from inside  the  cell.  Extrinsic  factors  include  for  example  growth  factors,  such  as  the  

transforming growth factor  (TGF- ) which affects the very first transformal changes 

in the cell (Sandford et al, 1997). In addition to morphological changes, other processes 

are required for a cell to start moving away from the epithelium of the spinal tube. 

Disassembling of the cell-cell contacts by expression of adherin molecules and 

reorganization of actin cytoskeleton are the very first changes in the phenotype of the 

cell (Burdsal et al, 1993; Hay, 1995). The cells must downregulate expression of 

adhesive genes so that they can move and migrate freely. Other factors associated with 

cell detachment are proteins reelin, tenascin-R and prokineticin 2 (Hack et al, 2002; 

Saghatelyan et al, 2004; Nguyen et al, 2001). 

 As essential as the detachment from other cells is to a single cell, it is equally important 

to the cell to attach to its environment. One change in extracellular matrix proteins is the 

expression of integrins. Especially alphaV integrin seems to be important for migration 

since interfering with its function inhibits migration in cell cultures (Blaschuk et al, 

2000). These provide appropriate levels of adhesion to promote cell motility. 

Extracellular matrix proteins known to interact with integrins are chondroitin sulphate, 

tenascin-C, laminin and proteoglycans (Thomas et al, 1996). 

Several growth factors regulate migration. Platelet-derived growth factor (PDGF) and 

epidermal growth factor (EGF) keep the cells in migratory and immature state (Assanah 

et al, 2006; Ivkovic et al, 2008). In addition, PDGF seems to have chemoattractive 

features, as the cells migrate towards higher concentrations of PDGF in a transfilter 

migration assay (Armstrong et al, 1990). Neural growth factors BDNF and GDNF are 

also considered as chemoattractants in what comes to their roles in migration (Paratcha 

et al, 2006; Chiaramello et al, 2007). Many agents that serve some other purpose have a 

chemoattractive nature. A pure chemoattractive compound is a chemokine, SDF-1 

(Imitola et al, 2004). 
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Polysialylated NCAM (PSA-NCAM) that belongs to the immunoglobulin superfamily 

and doublecortin (DCX) which is a microtubule-associated protein facilitate the 

translocation of the cell in migration (Ono et al, 1994). Translocation is a term 

describing the cells movement. 

There are a number other factors that control not only the migration, but other stages of 

neurogenesis, proliferation and differentiation. These mentioned factors are not limited 

to migration. These phases are sometimes difficult to separate because they occur partly 

at the same time in an overlapping manner, and a certain factor clearly connected to 

migration or some other developmental period is not that evident. 

 

2.4.2 Physical movement of the cells 
 

The morphological changes in neuroepithelial cells were already described in 1977 by 

Domesick and Morest. The cell body moves forward within a leading process 

(Domesick and Morest, 1977). A variety of patterns occur in this movement within the 

cells. There are differences in speed and in the manner of moving either constantly 

forward  or  in  a  saltatory  way.  The  latter  manner  is  intermittent  moving  in  bursts  with  

little or no movement between the bursts. 

Two main migration modes are described during development: radial and tangential 

migration (de Carlos et al, 1996; Anderson et al, 2001). Radial glial cells of the 

ventricular zone (VZ) provide tracks along which immature neurons migrate into the 

cortex. This type of migration is called radial migration because the cells migrate 

perpendicular to the ventricular surface. Neuronal progenitors born in the SVZ migrate 

in a characterized tangential migration forming chains towards the olfactory bulb. 

Newborn neurons integrate into the pre-existing neuronal network and traverse along 

the chains made by radial glial (RG) cells. This three-dimensional movement causes 

problems in two-dimensional in vitro-  circumstances.  In  the  growth  medium cells  can  

grow in a limited amount of layers.  
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2.4.3 Migration in pathological conditions 
 

Cell proliferation and migration are almost always disturbed in a diseased brain (Cayre 

et al, 2009). Developmental cell migration disruption causes neurological disorders, not 

only in developing, but also in the adult brain. Disruptions in the migration can lead to 

many psychiatric disorders: autism, retardation, schizophrenia, epilepsy and 

neurodegenerative diseases. The role of neurogenesis in chronic neurodegenerations is 

rather uncertain. In Alzheimer’s disease the hippocampal neurogenesis is increased (Jin 

et al, 2004). This happens supposedly because the newborn neurons replace the dead 

ones. Conversely, dopamine depletion impairs precursor cell proliferation in Parkinson 

disease (Höglinger et al, 2004). This seems logic according to the fact that dopamine 

positively regulates adult neurogenesis (Baker et al, 2004). Research in epilepsy affords 

contradictory findings. Dentate gyrus neurogenesis is stimulated by pilocarpin-induced 

seizures (Parent et al, 1997; Gong et al, 2007). Recent work challenges these results 

performed on hippocampal biopsies of patients with temporally lobe epilepsy. This 

study suggests that epileptic activity does not stimulate neurogenesis in the human 

dentate gyrus (Fahrner et al, 2007). 

In the case of ischemia and acute injury the role of progenitor cell activity and migration 

is  clearer.  Similar  observations  are  made  in  a  variety  of  studies  (Miles  and  Kernie  

2006). In rodent models ischemia leads to proliferation of dentate gyrus progenitors 

together with migration towards the injured area (Liu et al, 1998). 

In schizophrenia, hippocampal stem cell proliferation is impaired in patients (Reif et al, 

2006) as well as in animal models (Liu et al, 2006). Several molecules that play crucial 

roles in cell migration are disrupted in schizophrenia patients (Stefansson et al, 2003). 

One of them is Reelin that takes part to cell detachment (Hack et al,  2005).  Also  a  

chemoattractant protein NRG1 (neuregulin-1) and its receptor Erb4 are disrupted 

(Steffanson et al, 2003). 
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2.4.4 The role of voltage gated ion channels in neurogenesis 
 

Researchers Hitoshi Komuro and Pasko Racik have made a lot work studying the role 

of calcium fluctuations and calcium ion channels in neurogenesis. In 1992 they reported 

that the rate of granule cell movement depends on both extracellular calcium 

concentrations and calcium influx through N-type calcium channel (Komuro and Rakic, 

1998). They have proven the movement inducing effect of intracellular calcium 

fluctuations in many studies (Komuro and Rakic, 1992; 1993; Rakic and Komuro, 1995; 

1996; 1998). These findings were gained with newborn progenitor cells starting their 

migration and differentiation. N-type calcium channel seemed to have a specific effect 

on migrating cells (Komuro and Rakic, 1998). A statistically significant decrease in the 

rate  of  migration  was  gained  with  a  30  nM  concentration  of  a  specific  N-type  

antagonist, omega-conotoxin, -CgTx. This concentration of toxin decreased the rate by 

24 %. The effect was dose-dependent, lowering the rate by 50 % at 300 nM of -

conotoxin, 65 % at 1000 nM and >78 % at 3000 nM. They also studied the effect of L- 

and T-type calcium channels and reported no significant effect. A T-type channel 

blocker nickel was used at 100 µM and to block L-type channels they used a specific 

blocker nifedipine at a concentration of 5 µM. Also Na+-channels were blocked with its 

specific antagonist tetrodotoxin at the concentration of 10 µM and with no significant 

effect. 

Another study reports a response to L-type calcium channel antagonist nifedipine in 

olfactory bulb progenitor cells. Compared to the studies of Komuro and Rakic, these 

data were gained from cells after three days growing in vitro (Cigola et al, 1998). A 

significant change in the cells phenotype and their expression of ion channels happens 

during the very first days of differentiation (Kärkkäinen et al, 2009). In the study of 

Cigola et al., after one day of differentiation a small population of immunostained 

neurons was detected (Cigola et al, 1998). After additional two days the number had 

doubled. The study demonstrated that L-type calcium channels mediate the regulation 

of the dopamine phenotype of neurons.  

Another study presents similar findings. In neural progenitor cells derived from 

postnatal mice cortex, stimulation of L-type calcium channel with its specific agonist 
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BAY K 8644, induced the neuronal differentiation significantly (D’Ascenzo et al, 

2006). Treatment with an antagonist nifedipine at 5 µM produced opposite effects. 

These  experiments  were  made  with  cells  after  12  days  growing  in vitro.  All  this  data  

shows that calcium has a significant role in progenitor cells development, in migration 

and differentiation. The role of T-type calcium channel is discussed in chapter 3.2. 

 

 

3. Classification of voltage activated calcium channels 
 

A ligand, which is a receptor binding molecule, regulates transmembrane ion channels 

(Koulu and Tuomisto, 2007). Some endogenous ligands are acetylcholine, GABA, 

glysine and glutamate. In addition to these ligand activated channels, there are voltage 

activated ion channels. Conversely to ligand activated channels, voltage gated ion 

channels do not function as receptors for physiological transmitters. Instead, there are 

many pharmacological substances that can bind also to voltage gated ion channels. Such 

compounds are for instance, calcium blockers that are used to treat hypertension, 

majority of anti-arrhythmic agents and beta-blockers.  

Calsium ion is a common intra- and extracellular messenger, which takes part to 

neurotransmission and actionpotential. Over the past years the voltage-gated calcium 

channels have gained attention, due to their role as activators of gene expression and 

cell fate by regulating the downstream signaling to the nucleus (Spitzer et al, 1994). 

Voltage-gated calcium channels are known to mediate calcium influx in response to 

membrane depolarization (Yu et al, 2005). They also regulate intracellular processes 

such as contraction, secretion and neurotransmission in many different cell types. They 

belong to a gene superfamily of transmember ion channel proteins that includes voltage-

gated potassium and sodium channels. 

The voltage-gated calcium channels can be divided into two groups, low-voltage 

activated (LVA) and high-voltage activated (HVA) channels (Koulu and Tuomisto, 

2007). HVA -channels consist of L-type channels situated mostly in the cardium, as 
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well  as  P/Q,  N  and  R-  type  channels.  The  LVA-  channels  are  also  known  as  T-type  

calcium channels. All these channel types can be further divided into 1- subunits. 

 

 

Table 1 Classification of voltage-activated calcium channels 

 

 

 

There are altogether ten members of the voltage-gated calcium channel family 

(Catterall, 2005). Calcium currents have diverse physiological and pharmacological 

properties, distribution in different cell types and therefore they stand for distinct classes 

named among an alphabetical nomenclature (Tsien et al, 1988). High-voltage activated 

channels L, N, P/Q and R require strong depolarization for activation, whereas the low-

voltage activated T-type currents are activated by weak depolarization and are transient. 

The rational nomenclature, based on the well defined potassium channel nomenclature 

was created in 1997 (Ertel et al,  1997).  The  name of  calcium channels,  Ca,  stands  for  

the chemical symbol of the principal permeating ion, calcium, with the principal 

physiological regulator (voltage) indicated as a subscript (Cav). The numerical identifier 

corresponds to the 1 subunit gene subfamily (1 to 3, see table x). 

Dividing channels into subtypes is based on the 1 subunit, which is the largest subunit 

of the calcium ion channel (Hofmann et al, 1994). It consists of four homologous 

domains with six transmembrane segments. Encoded by multiple genes, the 1 subunits 

differ by pharmacological and electrophysiological activities. The complete amino acid 

L-type

•CaV1.1 ( 1s)
•CaV1.2 ( 1c)
•CaV1.3 ( 1d)
•CaV1.4 ( 1F)

P/Q-type 

•CaV2.1 ( 1A)

N-type

•CaV2.2 ( 1B)

R-type

•CaV2.3 ( 1E)

T-type

•CaV3.1 ( 1G)
•CaV3.2 ( 1H)
•CaV3.3 ( 1I)
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sequences of these 1 subunits are more than 70 % identical within a subfamily but less 

than 40 % identical among the three subfamilies. 

 

3.1 High-voltage activated calcium channels 
 

L-type calcium channels are localized mainly in vascular endothelial cells and in the 

heart (Koulu and Tuomisto, 2007). Specific antagonists for these channels are 

dihydropyridines, phenylalkylamines and benzothiazepines (Hockerman et al, 1997). In 

muscle and endocrine cells the L-type calcium channels are the main calcium currents. 

Their function in those tissues is to initiate contraction and secretion. Dihydropyridines 

are commonly used to treat hypertension by blocking L-type channels in the 

myocardium and vascular endothelium. Their main effect in vivo is vasodilatation 

(Koulu and Tuomisto, 2007). Other physiological functions that L-type channels take 

part in are hormone release, regulation of transcription, synaptic regulation, hearing and 

neurotransmitter release from sensory cells (Hockerman et al, 1997). CaV1.4 channel 

subtype’s specific function is to release neurotransmitters from photoreceptors. 

Both P/Q- and N-type calcium currents are distributed in nerve terminals and dendrites, 

as well as in neuroendocrine cells (Catterall et al, 2005). In these cells they are involved 

in neurotransmission at most fast synapses and mediate calcium entry into cell bodies 

and dendrites. This CaV2 subfamily of calcium channels is relatively insensitive to 

dihydropyridines, but these channels are specifically blocked with high affinity by 

peptide toxins from spiders and marine snails (Miljanich and Ramachandran, 1995). 

The CaV2.1 channels are blocked specifically by -agatoxin from funnel web spider 

venom.  A  specific  blocker  of  CaV2.2 channels is -conotoxin, which is a snail toxin. 

The CaV2.3 channels are antagonized by a synthetic peptide toxin SNX-482 which is 

derived from tarantula venom. 
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3.2 Low-voltage activated calcium channels 
 

The T-type calcium currents, CaV3 channels, are insensitive to both dihydropyridines 

and  the  spider  and  snail  toxins  that  block  HVA  channels.  There  are  no  widely  useful  

pharmacological agents that block T-type calcium currents (Perez-Reyes, 2003). There 

are somewhat selective antagonists for T-type channel. One of them is mibefradil which 

is 3- to 5-fold more selective to T-type than L-type calcium currents. A peptide toxin 

kurtoxin inhibits the activation gating of CaV3.1 and CaV3.2 channels. Such a chemical 

agent that is more specific and binds to T-type calcium channels with high-affinity 

would be beneficial for therapy and more detailed analysis of the physiological roles of 

these channels (Catterall et al, 2005). 

 

 

4. T-type calcium channels 
 

4.1 T-type calcium channels electrophysiology 
 

The  T-type  calcium channel  family  consists  of  three  alpha  subunits,  1G, 1H, and 1I 

(Fox et al, 1987). These low voltage activated channels, LVAs, can activate at 

significantly lower activating potentials than the high voltage activated channels. Under 

physiological recording conditions, the apparent activation threshold for IT is near 

resting membrane potential -50 mV to -60 mV (Huguenard and Prince, 1992; Umemiya 

and Berger, 1994). High threshold calcium channels require activating potentials more 

positive than -40 mV to open (Sundgren-Andersson and Johansson, 1998). In CNS 

neurons,  the  resting  potential  is  lower  than  –  60  mV.  Several  studies  have  been  made  

using isolated neurons from a variety of brain regions (White et al, 1989; Allen et al, 

1993; Kuo and Yang, 2001). In these studies the membrane potential was measured by 

holding the cell at – 90 mV and then increasing depolarizing pulses in -10 mV 

increments.  T-type channels begun to activate when the membrane potential 

depolarized above -60 mV, while the HVA currents peaked around 0 mV. T-type 
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currents also depolarized and decayed slowly, the whole action potential lasting for 

hundreds of milliseconds. In contrast, the HVA channels activate fast and recovery in 

relation to activation is slow. Another specific function of LVA currents in neuronal 

excitability is that they mediate low-threshold burst discharges throughout the brain.  

Low-threshold calcium spikes, LTS, have been described in slices and in isolated 

neurons  from  several  parts  of  the  brain  (see  for  review,  Perez-Reyes  E,  2003).  These  

bursts or spikes appear under physiological and pathological conditions. LTS cannot be 

triggered by depolarization from the resting membrane potential, which is typically 

between  -60  and  -65  mV  (Kim  et al, 2001). These spikes occur during the 

hyperpolarization. LTS begun to appear after the neuronal cells membrane was 

hyperpolarized below -69 mV and full-amplitude spikes were observed when the 

membrane  potential  reached  -73  mV.  As  a  conclusion,  the  role  of  these  spikes  is  

considered  as  a  pacemaker.  LTS  can  trigger  a  burst  of  action  potentials  that  are  brief  

and happen in high frequency, especially in some thalamic neurons (Sundgren-

Andersson and Johansson, 1998). This can also be called burst firing. T-type calcium 

channels play a role in neuronal rhythmogenesis also referred to as oscillations, such as 

the sleep-related slow electroencephalographic (EEG) waves, rhythms related to motor 

coordination, learning and hyper-synchronous oscillations during epilepsy (Huguenard, 

1996). 

 

4.2 T-type calcium channels functions 
 

Although being expressed throughout the body, T-type calcium channels are widely 

expressed in the nervous system, and sometimes at very high densities (Talley et al, 

1999). In CNS, T-type channel’s have a very specific role in neuronal rhythmogenesis 

(Huguenard, 1996). T-type channel’s peripheral functions include taking part in muscle 

contraction, hormone secretion and pain (Perez-Reyes, 2003). This thesis concentrates 

on the most documented CNS functions of T-type calcium channel. Neuronal 

rhythmogenesis, operated by T-type channel, include sleep-related EEG waves, rhythms 

related to motor coordination, learning, memory and epilepsy, in addition to sensory 

transmission, dendritic integration, neurotransmitter release and neural development 
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(Cueni et al, 2009). From the viewpoint of this study it is interesting to note some 

similarities in what comes to all of these functions. There is a connection between sleep, 

brain development and learning. How is T-type calcium channel related to the forming 

of synaptic connections? Does the malfunction of this channel manifest in a form of 

absence epilepsy? Some answers can be found in the literature and the conclusions that 

can be made according to it. 

 

4.2.1 Electric oscillations during the sleep 
  

Sleep in mammals comprises two distinct states, REM (rapid eye movement) and 

nonREM (NREM) sleep, which alternate at fairly regular intervals throughout each 

sleep period (Carskadon and Dement, 2000). During a natural night sleep the EEG 

activity of the brain is characterized by regular oscillations at different frequencies 

(Horne, 1988; Niedermeyer and Lopes da Silva, 1993). These EEG waves can be 

divided into groups by their frequencies. The so-called beta (10–20 Hz) and gamma 

(20–80 Hz) waves are detected when a person is awake and in a fully attentive state. 

Relaxed wakefulness is characterized by alpha (8-13 Hz) waves and NREM sleep by 

theta (3-7 Hz) waves. As the sleep deepens, the oscillations slow down to frequencies of 

delta waves (1-4 Hz) and deeper delta waves (< 1 Hz). 

 

The rhythmic action potential bursts underlying alpha/theta waves have been named 

high threshold bursts, HTBs.  These are made by thalamo-cortical, TC neurons that fire 

repetitive, relatively short bursts of action potentials in synchrony with EEG waves at 

these frequencies (Hughes et al, 2004). Logically, original observations suggested that 

HTBs were mediated by high threshold calcium channels (Hernandez-Cruz and Pape, 

1989; Jahnsen and Llinas, 1984). However, the spikes that underlie HTBs are more 

effectively blocked by relatively small concentrations of Ni2+ than Cd2+ (Hughes et al, 

2004).  Nickel  ion  is  a  relatively  specific  antagonist  of  T-type  calcium  currents  (Biagi  

and Enyeart, 1991). This observation led to a conclusion of T-type channels being more 

involved in TC neurons high threshold bursts (Hughes et al, 2004). Similar activity of 

HTBs that involve a contribution by T-channels have been shown in many other 
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neuronal types including hippocampal CA1 pyramidal neurons (Magee and Carruth, 

1999), cortical (Gibson et al, 1999) and thalamic interneurons (Zhu et al, 1999) and 

NRT neurons (Landisman et al, 2002). Since HTBs are also moderately suppressed by 

nifedipine, it is unlikely that T-channels are solely responsible for their generation 

(Hughes et al, 2004). 

 

The slow sleep rhythm (< 1 Hz) is present in almost all stages of NREM sleep, underlies 

the sleep K-complex and groups together periods of delta waves (Amzica and Steriade, 

1997)  and  sleep  spindles  (Amzica  and  Steriade,  2002).  The  K-complexes  are  an  EEG  

manifestation of repeatedly varying membrane potentials from depolarization to 

hyperpolarization, called as UP and DOWN states respectively. The membrane 

potentials switching from depolarization to hyperpolarization and back are mediated by 

ITwindow in TC and NRT (nucleus reticularis) neurons (Crunelli et al, 2005). The writers 

named the combination of recombinant T-type Ca2+ channels  (Cav3.1, Cav3.2 and 

Cav3.3) as ITwindow. 

 

Sleep spindles are a burst of EEG waves, that occur during the stages 2 and 3 of natural 

NREM sleep in humans, has a frequency of 12-15 Hz, lasts for a few seconds and has a 

feature of increasing and waning waveform (Niedermeyer and Lopes da Silva, 1993). 

Since the low threshold calcium potentials, LTCPs, are present at almost every cycle of 

the spindle wave in TC and NRT neurons,  the role of T-type channels is  quite evident 

(Steriade et al, 1985; von Krosigk et al, 1993; Contreras and Steriade, 1996). 

 

To summarize, the T-type channels constitute the single, most crucial voltage-

dependent conductance that permeates all major non-REM sleep oscillations in 

thalamocortical and NRT neurons, including oscillations that stand for theta waves, K-

complex,  slow  sleep  rhythm,  sleep  spindles  and  delta  waves.  In  the  light  of  current  

views on the critical function of NREM sleep in learning and memory (Bennington et 

al, 2003), one could expect that T-type channel has also some other patho-physiological 

significance. 
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4.2.2 Memory and learning 
 

The dominant model of activity-dependent synaptic plasticity was represented already 

in 1949 as the Hebbian synapse when Hebb presented his finding of neural networks 

having learning-related properties (Hebb, 1949). His theory was that synaptic activity 

enhances learning, if the synaptic inputs that activate the postsynaptic neurons are 

strengthened. On the other hand, some other postsynaptic neurons need to be silent. In 

other words, neuronal transmission strengthens the synapse. The experimental methods 

of learning are based on this theory. There are several studies that have investigated the 

relevance of cellular phenomenons to learning, by genetic or pharmacological 

manipulations that affect LTP (long-term potentiation) and LTD (long-term depression) 

in learning abilities in experimental animals (e.g. Miller and Mayford, 1999; Yin and 

Tully, 1996). The outcome of these studies has been that stimulation of neurons leads to 

nuclear transcription and protein synthesis in neuronal networks. The stimulation does 

not always necessarily lead to long-term potentiation, but can also trigger LTD, long-

term depression, which leads to decay or silencing of synaptic interactions. The 

necessary condition for inducing LTD is activation of a specific synapse without action 

potential in the postsynaptic neuron (Kemp and Bashir, 2001). 

 

It has been suggested, that REM sleep could influence synaptic plasticity producing 

LTP (Aston-Jones and Bloom, 1981). However, the neuronal activity during REM sleep 

is substantially similar to that of being awake (Hobson and Steriade, 1986). This 

questions the specific role of REM sleep in neuronal plasticity. The main difference 

between REM sleep and wakefulness is the dramatic decrease in release of 

norepinephrine and serotonin in REM sleep.  Reduced norepinephrine release could 

stand for LTP, but does not explain it thoroughly (Bramham and Srebro, 1989). 

Synaptic plasticity has also been related to NREM sleep being a homeostatic regulator 

due to the minimal neurotransmission happening in it (Benington, 2000). 

 

Putting the question in other order has resulted with more clear effects. Instead of 

asking “Does the sleep enhance synaptic plasticity?” The question can be posed as 

“Does sleep-deprivation impair learning and synaptic plasticity?” Sleep deprivation 

does profoundly interfere with learning and memory in mice and rats, especially in 
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demanding tasks that presumably require more complex cognitive processing (Block et 

al, 1981; Smith, 1985, 1995). A range of studies suggest the same causes of sleep 

deprivation. Since the neuronal activities of NREM sleep are produced largely by two 

types of ion channels: the T-type calcium channel and a hyperpolarization activated 

cation channel (Ih) (Steriade et al., 1993b), one might conclude that T-type has a role in 

synaptic plasticity and thus in learning and memory. 

 

In mature CA1 hippocampal pyramidal cells, a contribution of T-type channels to 

NMDA-receptor –dependent long-term potentiation was reported (Thomas et al, 1998). 

Another study reported that increase in postsynaptic calcium concentration, resulting 

from subthreshold excitatory synaptic activity in cerebellar Purkinje neurons, led to 

synaptic integration (Eilers et al, 1995). Before that it was thought, that synaptic 

integration results from the simple summation of electrical signals produced by each 

active synapse innervating a given neuron. The finding of some non-electrical, 

subthreshold synaptic integration caused by a second-messenger, calcium, occurs, 

revealed another function of low-threshold calcium channels. One form of cerebellar 

LTP is parallel-fibre (PF)- Purkinje cell stimulation (Lev-Ram et al, 2002). T-type 

calcium channels are the main component of the LVA calcium input in dendritic spines 

(Isope and Murphy, 2005). 
 

Surprisingly, PF-long term depression still provides the most convincing example 

available showing that alterations in synaptic strength can mediate behavioral learning 

(Jörntell and Hansel, 2006). The creation of new synaptic connections requires the 

decay of older ones, with a complexity of mechanisms fortifying and silencing synaptic 

interactions. Other studies yet indicate that both LTP and LTD are the main 

mechanisms of synaptic plasticity (Bliss and Collingridge, 1993; Bear and Malenka, 

1994). Both of these activities are dependent on Ca2+ entry through NMDA receptors 

(Bear and Malenka, 1994). The increases in Ca2+ associated with LTD are both smaller 

and longer lasting than those associated with LTP (Cho et al, 2001; Cornier et al, 2001). 

Since the critical difference between LTP and LTD is indeed that smaller increases in 

Ca2+ produce LTD, the involvement of T-type Ca2+ channels in LTD is reasonable 

(Benington and Frank, 2003). A range of other studies show that T-type calsium 
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channels have been implicated in long-term depression, LTD, induced by metabotropic 

glutamate receptors (mGluRs) (Oliet et al, 1997; Birtoli and Ulrich, 2004; Bender et al, 

2006; Nevian and Sakmann, 2006). As both LTD and LTP are uniquely important for 

neuronal plasticity, the hebbian thesis still seems to apply. 

 

4.2.3 Epilepsy 

 

Absence seizures in epilepsy are characterized by a brief loss of consciousness 

associated with an EEG recording of 3 Hz bilaterally synchronous spike-and-wave 

discharges (SWDs) (Niedermeyer, 1996; Williams, 1953). These discharges are burst-

like action potentials, the so-called burst firing, in thalamo-cortical neurons, TC 

neurons (Crunelli and Leresche, 1991). This characteristic firing pattern of TC neurons 

is evoked by low-threshold Ca2+ potentials (LTCPs) (Deschénes et al, 1984; Jahnsen 

and Llinás, 1984). Therefore, it has been proposed, that low-threshold T-type calcium 

channels are involved in the genesis of absence seizures in the thalamocortical network 

(Coulter et al, 1989; Crunelli and Leresche, 1991). More evidence of T-type channels 

dysfunction in absence epilepsy is gained in studies with genetically modified animals. 

T-type calcium channels were moderately increased in the thalamic neurons of the 

genetic absence epilepsy rat from Strasbourg (GAERS), a model of spontaneous 

absence epilepsy (Tsakiridou et al, 1995). In addition, one group generated knockout 

mice for the 1G subunit of the T-type channel. It revealed, that the mice lacked burst 

firing in thalamocortical relay neurons, and thereby were resistant to absence seizures, 

that were caused by systemically injected -butyrolactone or (RS)-baclofen. Absence 

seizures induced by systemic injecting of these drugs were demonstrated before (Snead 

et al, 2000). These findings have supported development of a specific T-type antagonist, 

ethosuximide (Coulter et al, 1989; Kostyuk et al, 1992). 
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5. T-type calcium channel’s role in neurogenesis 
 

The question of T-type calcium channel’s actual role in neurogenesis remains yet 

unanswered. However, a few studies have led the researchers closer to finding an 

answer. The role of Ca2+ being a key regulator in the process of neural induction is well 

established (Webb et al, 2005). In spite of that, there is a gap in our knowledge, in what 

comes to the exact functions of each calcium channel subtype during the neurogenesis. 

During the neurogenesis, T-type calcium channels appear first, are widely expressed, 

until later the HVA calcium currents appear by the maturating of neurons (Yaari et al, 

1987). After this takes place, the ratio starts changing constantly towards a dominating 

population of HVA currents. In vitro this effect is more marked at differentiation days 

3 to 5 (D3-D5) (D’Ascenzo et al, 2006). 

 

It has been shown, that T-type calcium channel 1H participates in the morphological 

and electrical differentiation of neuroblastoma (tumor-cells) NG108-15 cells (Chemin 

et al, 2002; 2004). Pharmacological inhibition of T-channel activity impairs HVA 

channel expression and neuritogenesis, i.e. maturation of neurons, indicating that T-

type channels have a crucial role in both morphological and electrical changes during 

the early stage of neuronal differentiation (Chemin et al, 2002). Treatment with the T-

channel blockers Ni2+ and mibefradil significantly decreased the number of cells with 

neurites. Percentage of cells with neurites was 65 % of the number in control cells 

when treated with Ni2+, and 78 % when treated with mibefradil, whereas HVA blockers 

had no effect. Authors concluded that T-type calcium channels trigger the onset of 

differentiation  and  regulate  the  expression  of  HVA  channels.  Soon  after  birth,  the  

expression of T-type channels collapses in visual cortex and hippocampal neurons and 

early action potential possibly depends on T-type channels (Nowycky et al, 1985). This 

early development of T-type channels is widely reported. In embryonic Xenopus young 

spinal neurons T-type channels are present during the calcium-sensitive period (Gu and 

Spitzer, 1993). Later on, they disappear, and in mature neurons only half of them 

express T-type calcium channels, in contrast to HVA current, which persists in all 

neurons. The same developmental change occurs also in other embryonic systems, 

including rat hippocampal neurons, chick dorsal root ganglion cells and ciliary 
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ganglion neurons, chick motoneurons, rat hippocampal pyramidal neurons, and neurons 

of the rat neostriatum. Gu and Spitzer conclude that the early appearance of T-type 

calcium channel in different embryonic cells suggests that it may play an important role 

in their development. T-type channel’s function in mature neurons is better known than 

its role in neurogenesis. It appears that they trigger activation of HVA currents in 

young neurons and lower the threshold of action potentials (Gu and Spitzer, 1993). 

Interestingly, T-current has no effect on the threshold of mature neurons.     

 

Conducting neurogenesis into neuritogenesis is controlled by HVA channels, especially 

by L-type calcium channels, and it plays a key role in promoting neuronal 

differentiation (D’Ascenzo et al, 2006). Ca2+ influx through Cav1 current promotes 

neuronal differentiation, which was reduced by 77 % compared to control cells, after 

blocking  the  channel  with  5  µM  nifedipine.  In  contrast,  treatment  with  an  L-channel  

activator BAY K 8644 significantly increased the percentage of cells expressing 

neuronal markers. Also increasing free internal calcium with 100 nM ionomycin, leads 

to increased neuritogenesis by 15 % compared to the control cells (Chemin et al, 2002). 

 

It is claimed that T-type calcium channels contribute to the secretion of autocrine 

differentiation factor(s) that promote neuritogenesis (Chemin et al, 2003). This self-

regulating system appears also as a positive feedback loop, as the enhancement of 

calcium channel’s activity during differentiation produces increases in Ca2+ influx, 

which in turn appears to promote further neuronal differentiation (D’Ascenzo et al, 

2006). Authors of this study suggest that their findings of the calcium playing a pivotal 

role in NSC differentiation raise possibilities for pharmacologic enhancement of the 

neurogenic potential of NSCs in situ. This means that modulation of Ca2+ influx might 

be a useful tool to increase differentiation toward the neuronal lineage when NSCs are 

manipulated and expanded in vitro prior to transplant in vivo. 

 

 

 

 



35 
 

6. T-type calcium channel subtypes 
 

6.1 CaV3.1 channel subtype 

 

Between T-type calcium channels, there are differences and similarities in their 

biophysical properties (Klöckner et al, 1999). CaV3.1 channel subtype, also marked as 

1G subunit, shows the fastest activation and inactivation kinetics. It activates at -46 

mV in 1 millisecond and inactivates at -73 mV in 11 ms. 

 

1G subunit has no known activators nor radioligands. Instead, there are some 

antagonists known to block the channel, although no subtype-specific blocker exists 

(Heady et al, 2001). Overall T-type channel antagonists as mibefradil (Martin et al, 

2000), U92032 (Avery and Johnston, 1997), penfluridol and pimozide (Santi et al, 

2002), amiloride (Lacinova et al, 2000), ethosuximide (Gomora et al, 2001) and nickel 

(Lee et al, 1999) antagonize also this channel subtype. A gating modifier, peptide toxin 

named kurtoxin, affects this channel (Chuang et al, 1998). 

 

CaV3.1 channel subtype is widely expressed over the brain. It is distributed especially to 

soma and dendrites of neurons in olfactory bulb, amygdala, cerebral cortex, 

hippocampus, thalamus, hypothalamus, cerebellum and brain stem (Perez-Reyes et al, 

1998). Peripherally this channel subtype is expressed in ovaries, placenta and heart 

(Catterall et al, 2005). The interesting point in channel distribution is that it is closely 

related to the channel subtypes’ physiological functions. In the case of 1G subunit, its 

main physiological function in producing thalamic oscillations, correlate with its 

expression in the thalamic areas (Perez-Reyes, 2003). 

 

6.2 CaV3.2 channel subtype 

 

T-type calcium channel subunit CaV3.2, or 1H, has the second lowest activation and 

inactivation kinetics of the three T-type calcium channel subtypes. It activates at -46 

mV in 2 milliseconds and inactivates at -72 mV in 16 ms (Klöckner et al, 1999). 
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CaV3.2 subtype has no known activators, nor radioligands, but instead there are many 

substances that antagonize it (Catterall et al, 2005). It is significantly more sensitive to 

the  block  of  nickel  than  CaV3.1 and CaV3.3 subtypes (Lee et al, 1999). 1H subunit is 

antagonized also by the other overall T-type channel antagonists, mibefradil, U92032, 

penfluridol and pimozide, ethosuximide and amiloride. In addition, it is sensitive to 

nonselective antagonists, nimodipine (Williams et al, 1999) and some anesthetics (Lee 

et al, 1999). Kurtoxin is a gating modifier of this channel as well as the CaV3.1 channel 

(Chuang et al, 1998). 

 

This channel subtype is expressed in several brain areas, especially in olfactory bulb, 

striatum, cerebral cortex, hippocampus and reticular thalamic nucleus (Talley et al, 

1999). CaV3.2 channel takes part in thalamortical dysrhythmias, which are related to the 

pathology of absence epilepsy (Llinas et al, 1999). It is widely expressed also in 

peripheral tissues including kidney, smooth muscle, liver, adrenal cortex and heart. Its 

peripheral physiological actions go together with these findings. They are smooth 

muscle contraction, smooth muscle proliferation, aldosterone secretion and cortisol 

secretion (Catterall et al, 2005). It looks like this calcium channel subtype has more 

important peripheral functions than CNS functions. T-type calcium channels have also 

been suggested to be potential drug targets in hypertension and angina pectoris, due to 

their cardiac and vascular functions, which are quite similar to those of L-type calcium 

channels (Ertel et al, 1997). This effect is probably mostly due to the CaV3.2 channel 

subtype. 

 

6.3 CaV3.3 channel subtype 

 

Calsium channel subtype CaV3.3, or 1I subtype, has the slowest activation and 

inactivation kinetics of the three T-type calcium channel subtypes. It activates at -44 

mV in 7 milliseconds and inactivates at -72 mV in 69 ms (Klöckner et al, 1999). The 

activation and inactivation potentials are very similar among the three channel subtypes. 
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Similarly to other T-type channel subtypes, it has no known activators or radioligands 

(Catterall et al, 2005). 1I channel has no subtype-specific blocker (Heady et al, 2001), 

but it is antagonized by the same compounds as CaV3.1 and CaV3.2, mibefradil, 

U92032, penfluridol, pimozide, ethosuximide and nickel. Kurtoxin does not affect this 

channel subtype, in contrast to the other two subtypes (Chuang et al, 1998). 

 

1I subunit is distributed to brain, especially olfactory bulb, striatum, cerebral cortex, 

hippocampus, reticular nucleus, lateral habenula and cerebellum (Talley et al, 1999), 

and its main function is causing thalamic oscillations (Perez-Reyes, 2003). It does not 

seem to have any significant peripheral roles and it is mostly expressed in CNS. For a 

summary of all the T-type calcium channel subtypes, see Table 2.  



38 
 

Channel 
subtype 

Blockers Activators Gating 
modifiers 

Distribution Physiological 
functions 

Special 
features 

 
 
 

CaV3.1 mibefradil, 
U92032, 
penfluoridol, 
pimozide, 
nickel, 
amiloride 

not 
established 

kurtoxin CNS, ovary, 
placenta, 
heart 

thalamic 
oscillations 

kurtoxin 
has a high 
affinity to 
this 
channel: 
IC50 = 
15nM 

CaV3.2 mibefradil, 
amiloride, 
U92032, 
penfluridol, 
pimozide, 
nickel 
(nimodipine 
and 
anesthetics)  

not 
established 

kurtoxin CNS, 
kidney, 
liver, 
adrenal 
cortex, heart 

smooth 
muscle 
contraction 
and 
proliferation,  
aldosterone 
and cortisol 
secretion 

nickel is 
the most 
selective 
blocker of 
this 
channel: 
IC50 = 
12µM 

CaV3.3 mibefradil, 
U92032, 
penfluridol, 
pimozide, 
nickel 

not 
established 

none CNS thalamic 
oscillations 

distribution 
mainly in 
CNS 

Table 2, T-type calcium channel subtypes characters 
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7. Pharmacology of T-type calcium currents 
 

Pharmacological substances have been important in the identification of voltage-gated 

Ca2+-channels (Tsien et al, 1988; Olivera et al, 1994; Randall and Tsien, 1995; Mishra 

and Hermsmeyer, 1994). Compounds showing specificity towards T-type calcium 

channels include drugs from diverse therapeutic groups such as antihypertensives, 

antiepileptics, antipsychotics and anesthetics (Perez-Reyes, 2003). In addition to 

therapeutic compounds, there are some T-type-specific di- and trivalent cations and 

peptide toxins for the use of physiological experiments. 

In  this  study,  the  action  of  T-type  channels  is  detected  as  the  cells  response  to  some  

known T-type calcium channel antagonists. Therefore, to validate the method, it is 

crucial  to  find  out  the  other  actions  of  these  antagonists.  If  it  appears,  that  these  

compounds share the same functions, other than blocking of T-type channel, the effect 

on the cells might as well be caused by interaction with some other receptor than T-type 

calcium channel. One must also consider the affinity towards the receptor in question. 

Five compounds: ethosuximide, mibefradil, nickel, pimozide and kurtoxin, were chosen 

for experiments because of their relative specificity towards T-type calcium channel. 

Pimozide is the least specific of the substances, and therefore it is interesting to compare 

its action to the other compounds actions.     

 

7.1 Ethosuximide 
 

Inhibition of T-type Ca2+ channels has been proposed to play a role in the therapeutic 

action of succinimide antiepileptic drugs (Coulter et al, 1989). It is being used 

extensively in the treatment of absence epilepsy. Ethosuximide is known to block 

human T-type currents in a state-dependent manner. It is classified as a 2-ethyl-2-

methylsuccinimide (see picture 9). The block of a certain current depends on the 

concentration. According to a study, the detected affinity K I for 1G and 1I was 0.3 to 

0.5 mM and for 1H was 0.6 to 1.2 mM (Gomora JC, et al. 2001). IC50 was 0.6 mM. 
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This study was made on HEK (human embryonic kidney) -293 cells expressing human 

T-type calcium channel subtypes. 

The concentration response curves suggest that there is a biphasic function due to two 

apparent binding sites: a high-affinity (approximately 0.1 mM) site and a low-affinity 

site (approximately 10 mM) (Huguenard, 2002). Anti-absence drugs, such as 

ethosuximide and its active metabolite, MPS (methyl-propylsuccinimide), are known to 

block T-type calcium channels (Coulter et al, 1989). Several electrophysiological 

studies have confirmed these findings (Huguenard and Prince, 1994; Gomora et al, 

2001; Broicher et al, 2007). 

Absence seizures during epilepsy are generated by a rhythmic burst firing between the 

thalamic and cortical neurons. This spike-wave activity is the pathology behind 

generalized absence (GA) epilepsy (Williams, 1953). During periods of slow-wave 

sleep and absence seizures the regular linearly appearing spike-waves in the human 

EEG turn into non-linear burst firing (Livingstone and Hubel, 1981; Hirsch et al, 1983). 

This pattern of activity results from Ca2+- dependent low-threshold spikes generated by 

a transient calcium current, IT, (T-type calcium channel) (Coulter et al, 1989c). There 

are firm evidence that the blocking of Ca2+ channels  is  the  primary  target  for  seizure  

protection in epilepsy treatment and specifically the block of T-type Ca2+ channels is the 

main action of succinimide antiepileptic drugs, such as ethosuximide (Gomora et al, 

2001; Huguenard, 2002). 

There is one study that completely denies the action of ethosuximide on T-type calcium 

channels (Leresche et al, 1998). It is claimed in this study that ethosuximide acts by 

inhibiting the voltage-gated sodium current and the calcium-activated potassium 

current, and that these effects underlie the decrease in burst firing of action potentials. 

Other studies reviewed in here do not have any discrepancies with each other. After all, 

the experimental  conditions in all  of these studies differ in many ways,  although all  of 

them being electrophysiological experiments.   

There are several factors that affect the study results listed in Table 3. Different methods 

are being used, and the cells are excited with different voltage potentials. As one could 

guess, also the cell type used in the study has its affection on the results. Concentration 
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is another thing to note when comparing the results. Among these studies 

ethosuximide’s concentrations vary from 0.7 mM to 3.05 mM. Varying results gained 

with ethosuximide are discussed in an article by Gomora et al. They emphasize that a 

notable difference in these electrophysiological studies is the holding potential (Gomora 

et al, 2001). Since the studies that reported no effect of ethosuximide on T-type 

channels used very negative holding potentials (-110 mV). They suggest that these 

experiments tested block of rested channels, which are less sensitive to block than 

inactivated channels. 

One interesting view is presented in a study of Broicher and his co-workers. Their study 

offers a solution to a current controversy in ethosuximide’s antiepileptic action. 

Combined effects of ethosuximide on several membrane currents (IT, INaP and IKCa) may 

account for the full anti-absence action of therapeutically relevant ethosuximide 

concentrations (Broicher et al, 2007).  

Ethosuximide’s antagonistic action is shown in a number of studies with varying 

methods, cell types and concentrations, as seen in Table 3. 
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Cell type Method ETX 
concentration 

T-type 
Channel 

Other than 
t-type ca-
channels 

Publisher 

WAG/Rij- 
rats thalamic 
neurons 

Whole-cell 
patch-clamp 

EC50 0,21 mM  IT INaP, at 10 
mM,  

Broicher et al. 
2007 

ACI- rats 
thalamic 
neurons 

Whole-cell 
patch-clamp 

EC50 3,05 mM IT INaP, at 10 
mM, 

Broicher et al. 
2007 

Wt- rats 
thalamic 
neurons 

Voltage-
clamp 

0,25-0,75 mM IT not studied Coulter et al. 
1989 

HEK-293- 
cells 
expressing 
human 1G-, 
and 1H- 
subunits 

Ruptured 
patch-
method 

K1 2,5 mM 
 
K1 1,9 mM 

1H- subunit 
(inactivated) 

1G- subunit 
(inactivated) 

not studied J.C. Gomora 
et al. 2001 

HEK-293- 
cells 
expressing 
murine 1I- 
subunit 

Whole-cell 
patch-clamp 

35 % reduction at 
3 mM 

1I- subunit 
(-60 mV)  

not studied Lacinová L. et 
al. 1999 

Wt- rats 
thalamic 
neurons 

Whole-cell 
patch-clamp 

33 % reduction at 
0,7 mM 

IT not studied J.R. 
Huguenard 
and D.A. 
Prince, 1994 

Rats and cats 
thalamic-
cortical cells 

Sharp-and-
patch- 
method 

1 mM no effect 60 % 
reduction of 
INaP at 1mM 
39 % 
reduction of 
IK(Ca) at 0,5 
mM 

Leresche et al. 
1998 

 

 

 

 

 

 

Table 3, Ethosuximide’s antagonistic action 
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Picture 2, Chemical structure of Ethosuximide. Ethosuximides IUPAC- name is 3-ethyl-
3-methylpyrrolidine-2.5-dione. It is classified as a succinimide, which belongs to a 
heterocyclic compound group of pyrrolidines. More precisely, it belongs to a subgroup 
of pyrrolidines, called pyrrolidinones. (PubChem electric database) 

 

 

7.2 Mibefradil 
 

Another low-threshold activated calcium channel blocker is mibefradil, which doesn’t 

have clinical implications anymore (Krayenbühl et al, 1999). Although it seemed to be a 

promising cardiovascular medicine with its ability to decrease blood pressure and heart 

rate with a minimal negative ionotropic effect, as it was observed in clinical trials. This 

non-dihydropyridine inhibitor was approved for use in essential hypertension and stable 

angina pectoris until it was withdrawn from the market because of drug-drug 

interactions leading to irregular heart rhythms. 

 

Mibefradil’s function as an antihypertensive agent was to antagonize T-type calcium 

channels in vascular smooth muscle cells (Mishra and Hermsmeyer, 1994). T-type 

channels in those cells are very sensitive to Mibefradil. 50 % inhibition of T-type 

channels was obtained at 0.1 µM. Mibefradil inhibits both high- and low-voltage 

activated calcium currents, but it has a higher affinity for neuronal T-type over cardiac 

L-type channels. It prefers T-type channels to L-type channels with 10- to 20-fold 
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selectivity. This compound appears to be very effective in blocking calcium channels in 

tissues with less negative resting potential, such as vascular smooth muscle and cardiac 

sinoatrail node (Bezprozvanny and Tsien, 1995; Gomora et al, 1999). However, it 

cannot be used to discriminate between the T-type calcium channel subtypes (Strege, 

2005). Mibefradils action is also dose- and state- dependent (Bezprozvanny and Tsien, 

1995), as in the case of ethosuximide. 

 

Mibefradil’s toxicity is probably produced by blocking also potassium channels 

(Gomora et al, 1999). It is a potent K+ channel blocker, but less selective than as a T-

type calcium channel blocker. Mibefradil is shown to inhibit ATP activated potassium 

channels in adrenal cells with an IC50 value  of  0.50  µM,  a  concentration  that  is  2-fold  

lower (IC50 = 1.0 µM) than that required to inhibit T-type calcium channels in the same 

cells under similar conditions. As a pharmacological agent, mibefradil is problematic 

for two more reasons. It is an inhibitor of cytochrome P-450 (CYP-450) 3A4 enzyme, 

which can result in toxic drug interactions. It is also shown to prolong QT interval with 

other drugs having the same mechanism. This in turn may lead to severe arrhythmias. 

This effect on the cellular level is blockage of potassium channels.     
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Table 4, Mibefradils antagonism in electrophysiological studies 
 
Cell Type Method Mibefradil 

concentration 
T-type 
channel 

Other than 
T-type 
channel 

Publisher 

Rats 
Vascular 
muscle cells 

Whole-cell 
patch-
clamp 

~100 % block 
at 1 µM 

IT 28 % block 
L-type  at  1  
µM 

Mishra S.K. 
& 
Hermsmeyer 
K., 1994 

Gene 
transfected 
Xenopus 
laevis 
oocytes 

Whole-cell 
patch-
clamp 

Kd 3 µM 
Kd 8 µM 
Kd 7 µM 

1B 
1A 
1E 

L-type 
1C) Kd 22 

µM 

Bezprozvanny 
I. & Tsien 
R.W., 1995 

Gene 
transfected 
HEK-293 
cells 

Whole-cell 
patch-
clamp 

IC50 2,9 µM 13.3b + 2 Na+ channel 
(SCN5A) 
IC50 0,98 
µM 
L-type ( 1C 
+  2) IC50 
2,7 µM 

Strege P. et 
al., 2005 

WAG/Rij 
rats TC 
neurons 

Whole-cell 
patch-
clamp 

100 % block 
at 2 µM 

IT 18  %  HVA  
Ca2+ 
current  at  2  
µM 
28  %  Na+ 
current  at  2  
µM 

Broicher at 
al., 2007 

Gene 
transfected 
HEK-293 
cells 

Whole-cell 
patch-
clamp 

IC50 0,12 µM 1G not studied Lacinová L. et 
al., 1999 

Bovine 
adrenal zona 
fasciculata 
cells 

Whole-cell 
patch-
clamp 

- not studied IC50 0,50 
µM  IAC 
(ATP- 
activated 
K+- 
channel) 

Gomora J.C. 
et al., 1999 
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Picture 3, Mibefradil’s chemical structure. Mibefradil’s IUPAC- name is [(1S, 
2S)-2-[2-[3-(1H-benzimidazol-2-yl)-propyl-methylamino]ethyl]-6-fluoro-1-propan-2-
yl-3,4-dihydro-1H-naphthal en-2-yl] 2-methoxyacetate. It belongs to heterocyclic 
compounds, and can be classified as a benzimidazole, as well as a tetrahydronaphtalene, 
due to its complex chemical structure. (PubChem electric database) 

 

 

7.3 Nickel 
 

Inorganic divalent and trivalent cations were some of the first chemicals used to block 

T-type currents (Hagiwara et al, 1988). Comparison of the concentrations of drugs 

necessary to inhibit half-maximal T-type currents suggested different rank orders of 

inhibition by different polyvalent cations. The orders were different in varying brain 

areas. This in turn suggests that there is heterogeneity between the subtypes, because of 

their division throughout the CNS varies. Several cations, such as La3+, Zn2+, Cd2+, Ni2+ 

(Ye and Aikaike, 1993) inhibit T-type channels.  

 

It has been known for over a century that di- and trivalent cations act on cells’ 

electrophysiology. Nickel has been considered as a T-type specific calcium channel 

antagonist. Some studies cast doubts on its specificity (Gloding et al, 1999), while 

others state that the specificity is dose-dependent. T-type specificity has been recorded 

at a concentration range from 5 to 50 µM (Biagi and Enyeart, 1991), and HVA-affection 
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from 216 to 250 µM (Lee et al, 1999). There can also be differences between the three 

cloned T-type receptor subtypes. It is shown, that nickel is specific only to the subunit 

1H, and the higher concentrations needed for blocking the two other subtypes block 

also HVA- channels (Lee et al, 1999). 

 

One study revealed that also Ni+ has interaction with potassium channels (Golding et al, 

1999). In this study >0.5 mM nickel was needed to block calcium spikes completely in 

CA1 pyramidal neurons. Conversely effect was seen in local application of nickel to the 

soma and adjacent dendrites. Nickel increased reversibly the number and/or width of 

calcium spikes compared to control cells. The authors suspected that this increased 

excitability could be explained by a reduction in the activation of calcium-activated 

potassium channels through blockade of calcium influx by Ni+. 

 

What comes to nickels selectivity among T-type calcium channel subtypes, only 1H 

subunit is blocked by micromolar concentrations of Ni+ (Lee et al, 1999). The higher 

concentrations that are needed to block the other T-type calcium channel subtypes also 

blocked HVA calcium channels. Similar observations were made in another study, 

where T-type current was selectively blocked by Ni+ at concentrations between 5 and 50 

µM (Biagi and Enyeart, 1991) (see Table 3). In this study, trivalent cations lanthanum 

La3+ and yttrium Y3+ blocked T current at 10- to 20-fold lower concentrations in thyroid 

C-cell line. However, these cations are not selective for T-type channels, as they also 

block L-type calcium channels.  
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Table 5, Nickels antagonism in electrophysiological studies 

Cell Type Method NiCl- 
concentration 

T-type 
channel 

Other than 
t-type 
channel 

Publisher 

Rat 
medullary 
thyroid 
carcinoma 
cells 

Whole-cell 
patch-
clamp 

T-type 
selective at 5-
50 µM 

IT not studied Biagi B. & 
Enyeart J., 
1991 

Gene 
transfected 
HEK-293 
cells 

Whole-cell 
patch-
clamp 

IC50 13 µM 
IC50 216 µM 
IC50 250 µM 

1H 
1I 
1G 

HVA- 
channels at 
216 and 
250 µM 

Lee J. et al., 
1999 

Wistar rats 
hippocampal 
cells 

Whole-cell 
patch-
clamp 

100 % block 
at 500-1000 
µM 

IT IK(Ca) 500 
µM 
HVA 
channels at 
500-1000 
µM 

Gloding N. 
et al., 1999 

Gene 
transfected 
HEK-293 
cells 

Whole-cell 
patch-
clamp 

IC50 470 µM 1G not studied Lacinová L., 
et al., 1999 

 

 

7.4 Pimozide 
 

Antipsychotic drugs’ selectivity has been an issue for recent decades. Since the first 

antipsychotic drugs were invented, their effect of action was mostly based on a 

dopaminergic D2- receptor antagonism (Koulu and Tuomisto, 2007). This effect has 

lately been related to their typical side-effects worsening the so-called negative 

symptoms  of  schizophrenia;  social  exclusion,  passivity  and  poverty  in  speech.  The  

newer antipsychotic drugs’ effect of action is based on antagonism on more than just 

one receptor. 

An antipsychotic drug, Pimozide belongs to a chemical group of 

diphenylbutylpiperidines, DPBPs (Santi et al, 2002). Its mechanism of action is 

believed to be mainly blocking the dopaminergic receptor D2.  One  of  the  more  recent  
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studies  show  that  its  mechanism  of  action  is  as  much  of  blocking  the  receptor  D2 as 

blocking of the T-type calcium channel. This might explain the drug’s clinical 

improvement to the negative symptoms of schizophrenia, compared to the classical 

antipsychotics potently blocking the dopaminergic receptor subtype D2. 

Pimozide blocks cardiac HERG potassium channels with a high affinity, as well as the 

neuronal HERG potassium channels (Jiesheng et al, 2001). Drugs that block cardiac 

HERG potassium channels are known to prolong the QT interval on the 

electrocardiogram via this channel blockage (Brown and Rampe, 2000). In addition to 

pimozide, some other drugs also have this effet. These drugs include certain 

antihistamines, antibiotics and a few other antipsychotics. 

 

Table 4, Pimozides antagonism in electrophysiological studies 

Cell Type Method Pimozide 

concentration 

T-type 

channel 

Other than 

T-type 

channel 

Publisher 

Gene 

transfected 

HEK-293 

cells 

Whole-cell 

patch-

clamp 

Kd 43,5 nM 

Kd 57,7 nM 

Kd 39,2 nM 

1G 

1H 

1I 

not studied Santi C. et 

al., 2002 

  Kd 29 nM not studied D2 

(dopamine) 

Richelson & 

Souder, 

2000 

Gene 

transfected 

Chinese 

hamster 

ovary cells 

Whole-cell 

patch-

clamp 

IC50 103 nM not studied erg3 (human 

neuronal  K+ 

channel) 

Kang J. et 

al., 2001 
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Picture 5, Pimozide’s chemical structure. Pimozide’s IUPAC- name is 3-[1-[4.4-bis-(4-
fluorophenyl)-butyl]-piperidin-4-yl]-1H-benzimidazol-2-one. It belongs into a benzimidazoles 
group of heterocyclic compounds. (PubChem electric database) 

 

7.5 Kurtoxin 
 

Kurtoxin is a 63 amino-acid protein toxin from the venom of a South African scorpion 

(Parabuthus transvaalicus) (Chuang et al, 1998). It blocks specifically the 1G T-type 

calcium channel. In the study of Chuang et al., kurtoxin inhibited 1G T-type calcium 

channels by over 95 % and 1H channels  by  85  %  at  a  concentration  of  350  nM.  

Kurtoxin distinguished between 1G and the high-voltage activated calcium channels 

with over 600-fold selectivity. It also interacts with voltage-gated sodium channels and 

slows their inactivation. This is also noted in another study reporting that 300 nM 

kurtoxin inhibited the peak amplitude of voltage activated Na+ channel at 10 mV (Zhu 

et al, 2009), which is approximately ten times higher than the concentration of kurtoxin 

that is specific for T-type calcium channel. The authors emphasized that many channel 

blockers are non-specific, if used at high enough concentrations. Kurtoxin can be 

considered as a high-affinity blocker of T-type calcium channel (Chuang et al, 1998). 

 

In a study made with thalamic neurons, 500 nM kurtoxin resulted in almost complete 

inhibition of T-type calcium currents (Sidach and Mintz, 2002). 90.2 % of the currents 
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were inhibited. Its selectivity was lower than the researchers expected because it also 

reduced the composite high-threshold calsium channel current in the cells by 46.1 %. 

According to the studies described above, this was probably because of the relatively 

high concentration used in the study. 

Peptide toxins are valuable tools for studies of voltage-gated ion channels (Sidach and 

Mintz, 2002). Although the origin of these proteins may be diverse, their modes of 

action fall within two major categories. Pore-blocking toxins bind to the external 

vestibule of the channel pore and physically obstruct the movement of ions (MacKinnon 

and Miller, 1988). Gating modifiers bind to the channel voltage sensor and alter the 

energetics of voltage-dependent gating (Cahalan, 1975). Kurtoxin is a gating modifier 

that stabilizes the closed state of the channel, so that it requires larger depolarizations in 

order to gate into the open state. It binds to T-type channels extracellular protein chains 

S3-S4  linker  of  domain  IV  close  to  the  voltage  sensor  (Chuang  et  al,  1998).  The  

conclusion of kurtoxin being a gating modifier is strengthened by the sequence 

homology between kurtoxin and the alpha-scorpion toxins, a group of well studied 

toxins that modify the gating of sodium channels. Chuang and his co-workers suspected 

that the voltage-sensing domain in repeat IV of T-type calcium channel’s quaternary 

structure contains a competent kurtoxin binding site. The researchers got the clue of 

their experiments indicating a 1:1 stoichiometry between toxin and channel.  

In the study of Sidach and Mintz, also some problematic aspects of kurtoxin appeared. 

Accurate measurements of kurtoxin rate constants were impaired because of toxin 

nonspecific binding to glass capillaries, or its nonhomogeneous application into the 

minichamber used in the measurement. The authors advice that all the glass material, 

including vials and recording chamber, that is in connection with kurtoxin, should be 

siliconized to minimize toxin loss via nonspecific binding. 
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Table 6, Kurtoxin’s antagonistic action in electrophysiological studies 

Cell Type Method Kurtoxin- 

concentration 

T-type 

channel 

Other than 

t-type 

channel 

Publisher 

Xenopus 

oocytes 

Patch-

clamp 

95 % block at 

350 nM 
1G INa Chuang R. 

et al. 1998 

Rat 

thalamic 

neurons 

Patch-

clamp 

90,2 % block 

at 500 nM 

IT HVA-

calcium 

channels 

Sidach S. 

and Mintz I. 

2002 

Mice 

smooth 

muscle cells 

Patch-

clamp 

300 nM not studied INa Zhu H-L. et 

al. 2009 

 

 

As seen in the Table 1, not all the studies agree on the ethosuximide’s specificity on the 

low-voltage activated calcium channels. These differences could be explained by the 

experimental procedures. The action of ethosuximide is shown to be both dose-

dependent and state-dependent (Gomora et al, 2001). The channel’s state depends on 

the holding potential in electrophysiological studies. T-type channel can be activated 

with small depolarizations into the range near -60 mV that did not activate other 

currents (Huguenard and Prince, 1994). There are certain differences in 

electrophysiological methods. For example, the whole-cell measurements differ in many 

factors from the sharp-electrode recordings (Staley et al, 1992). Such a specific and 

selective drug hardly exists, that it wouldn’t have side effects due to its affinity to a 

substrate other than its desired pharmacological target. 

As seen in the Table 1, 2, 3 and 4, all these T-type specific substances have affinity to 

the voltage gated potassium channel, IK.  One reason for a drug to be rejected from the 

pre-clinical trials is that it binds to cardiac HERG (human ether-a-go-go-related) 

potassium channels. That is because there is a high risk of prolonged QT- time and 

severe antiarrhythmias if a drug binds to this receptor, which was the case of 



53 
 

ethosuximide being withdrawn from the market (Leresche et al, 1998). Binding to 

cardiac HERG potassium channels is dangerous, especially when there is a drug-drug 

interaction of two different drugs used at the same time that bind to this channel. This, 

in turn, was the reason for mibefradil being withdrawn from the market. Paradoxically, 

these cardiac HERG potassium channels are one primary target for the pharmacological 

management of arrhythmias (Kiehn et al, 1999). The class III antiarrhythmic drug 

amiodarone is used to block these potassium channels. The patients are being controlled 

regularly and any usage of other drugs that are known to affect this channel is 

forbidden. 

Since these compounds listed above seem to have some kind of affinity to potassium 

receptors, it was evident to apply one more substance to the experiments. Kurtoxin, a 

peptide toxin, does not seem to have interaction with potassium channels, according to 

the published research. 

All of these pharmacological substances act on T-type calcium channels, but affect also 

other voltage-activated ion channels. Most of the substances: ethosuximide, mibefradil, 

pimozide and nickelchloride are also known to block potassium channels. Mibefradil, 

nickel and kurtoxin also block high-voltage activated calcium channels at higher 

concentrations. T-type channels seem to be not only low-voltage activated, but also 

affected by lower concentrations of ligands. The reason why the substances that bind to 

T-type channels affect also other channels is probably the genetic similarity of these 

channels (Perez-Reyes, 1999). Voltage-gated calcium channels are part of a superfamily 

that includes the highly related sodium channels and more distantly related potassium 

channels (Jan and Jan, 1990). Not one of these pharmacological or toxicological 

compounds are considered as specific T-type channel blockers. Many studies confirm 

their selectivity while some others disagree. This contradiction raises a question of what 

exactly  is  specificity.  In  the  light  of  the  fact,  that  there  are  no  absolutely  specific  

pharmacological substances that would not affect any other thing in the body than their 

desired target, the essence of specificity is, if not outright a dogma, then at least a 

relative term.  In spite of that, if all of these T-type blockers listed above are used in the 

experiments of this study, it is likely that the results are valid to show a tendency of the 
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pattern, in which the cells are affected by blockage of T-type calcium channels. This is 

even more likely if the concentration of the substance to be used is relevant. 

 

 

8. Structure of T-type channel 
 

Conservation of amino acid sequences and predicted secondary structure indicate that 

T-type channels are evolutionarily related to potassium, sodium and HVA channels, and 

together they form an ion channel superfamily (Jan and Jan, 1990). Although the 

sequences are genetically alike, and the secondary structures are quite similar, the level 

of homology is actually rather low. Many amino acid substitutions differ as changes in 

hydrophobic residues such as leucine, which is often replaced by other hydrophobic 

residues, such as isoleucine, valine or phenylalanine. 

 

Structural motifs, which are three-dimensional structural elements within the chain, are 

repeated four times in T-type channels. They are polypeptides of four homologous 

domains (I-IV), each of them containing six transmembrane spans (S1-S6), and 

cytoplasmic N- and C-termini. These are also the four voltage-sensing domains in the 

ion channel. Three intracellular linkers (I–II, II–III and III–IV) connect the four 

domains. Repeats are usually marked with roman numbers. Ion channels are often 

represented by snake diagrams, where the protein is shown to snake its way through the 

membrane (Picture 6). 

 

As seen in the picture 6, clearly the most of the protein is situated in the cytoplasm and 

the only significant extracellular portion is at the pore loop in repeat I. Also the terminal 

chains N and C are located in cytoplasm. A conclusion of this physiological position is 

that T-type channels have also important intracellular activities. It has indeed multiple 

putative phosphorylation sites, which are determinant for the modulation by several 

protein kinases, including protein kinase A (PKA), protein kinase C, tyrosine kinase and 

Ca2+/calmodulin kinase II (CaMKII) (Yunker and McEnery, 2003). Furthermore, many 
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intracellular molecules can modulate endogenous T-type currents, including GTP, 

cGMP dependent protein kinase and protein tyrosine kinases, suggesting activation of 

many pathways can alter T-type currents. Also there is a great deal of heterogeneity in 

the  responses  of  different  T-type  channels  to  many  of  these  hormones  and  

neurotransmitters. For example, T-type currents may be increased, decreased, or not 

affected by the beta-adrenergic receptor agonists, norephinephrine and isoproterenol. In 

addition, GABA, substance P, and serotonin can either attenuate or potentiate T-type 

currents recorded in a variety of neurons (Yunker, 2003). 

 

 

Picture 6, Snake diagram of CaV3 transmembrane protein with its four repeats (Adapted 
and modified from Perez-Reyes, 1999) 
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9. Building of the Cell-IQ library 
 
When the key interests in this study are the movement and morphology of the cells, in 

addition to all the other possible phenomenons that can be detected, Cell IQ provides an 

excellent tool for performing the experiments. Cell IQ is a cell incubator equipped with 

a camera (Korhonen et al, www.smts.fi, 2008). It is made in cooperation with Chip-

Man Technologies Oy, VTT (Valtion teknillinen tutkimuskeskus) and the University of 

Tampere’s Center of Cell Research. With this hardware, one can perform picture and 

video analysis using imaging software. The temperature and gas composition inside the 

incubator  can  be  regulated  with  the  additional  software.  In  addition  to  the  videos  and  

pictures  one  can  make  with  Cell  IQ,  it  can  also  be  used  as  an  analyzing  tool.  By  

defining the properties of the cells and their background, the software is able to count 

the number of the cells and export the data to Excel-software (Cell IQ user manual, 

Chipman-Technologies, 2010). Cell-IQ can recognize, not only the total number of the 

cells, but also different cell populations, when they are defined and saved to the 

protocol. Analyzing software is also commercially available for a range of different cell 

and tissue types. Building an analyzing protocol by oneself, is reasonable when 

considering the economical savings and the selectivity of the protocol for your own cell 

culture and experimental set up. Cell IQ Analyzer is able to count cells in thousands of 

pictures taken during several days only in a few hours. One can just imagine how long it 

would take for a researcher to count that number of cells.  

The process of building a library begins with building a protocol. In a protocol four 

parameters  will  be  set  to  suit  best  the  experiment  in  question.  Those  are  segment  

gradient threshold, cell distance, maxim cell diameter and cell symmetry. With segment 

gradient threshold, the contrast of the image can be set either to reduce background or 

increase the threshold so that the analyzer counts also the cells that fade into the 

background. The numbers of these parameters depend on the cells and the matrix they 

grow in. Solving out the appropriate value of the parameter just requires trying different 

values  and  comparing  the  results.  An  easy  way  to  validate  the  results  counted  by  the  

program is to count them manually, and see if the numbers are equal. When the 

population of differentiating stem cells increases, the cells form connections and 

networks in multiple layers. In this case, the cell distance should be set low, so that 
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analyzer counts the cells that are closely connected to each other. By setting maxim cell 

diameter big enough and the value of cell symmetry high, one can avoid analyzer 

counting debris as cells. 

After making the protocol, gathering samples for the library can start. Introducing these 

samples to the analyzer teaches it to recognize certain kind of similarities, and count 

them into a same group, as seen in picture 7. 

 

 

Picture 7, Example of cell count curve made by the analyzer. Cell number is on the y-
axis and time on the x-axis. This analysis is made of 2 days and 10 hours period. Total 
cell number is marked with a white line, slow-type cells with a green line, fast-type cells 
with a red line, edge of the sphere with a purple line, background with a blue line and 
debris with a turquoise line.  

 

 

There is a possibility to create as many groups of items as needed. In this experiment six 

different groups were formed for cell counting. These are debris, edge, background, 

dividing cells, fast type and slow type. Fast and slow type cells were created to 
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distinguish two different cell populations, one of them being smaller and faster, and the 

other clearly slower and glia-like. Naming them neurons and glial cells solely according 

to their morphology would be misleading. In a good library the samples are alike, the 

pictures resolution is decent and the item is set in the middle of the picture. Below there 

are listed some samples from the library.  

 

Fast type-cells 

 

 

 

 

Slow type-cells 

 

 

 

 

The edge of the sphere was defined to separate the sphere from the migrating cells. If 

the aim is to count migrating cells, it is reasonable to leave the sphere out of counting. 
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Another thing to be set  is  the background, so that it  differs from the cells.  Also all  the 

debris can interfere with cell counting and should therefore be defined. One thing of 

interest was to detect cells division. Dividing cells were set as a one separate group. 

There are some picture samples of these four groups, edge of the sphere, background, 

debris and dividing cells. 

The more pictures there are in the library, the better is the software’s ability to 

recognize cells. On the other hand, every picture changes the whole library, and all the 

differences between the cells make more parameters for the program to count. This in 

turn creates a risk of making the library disorderly only by adding too many samples. 

The manufacturer recommends the number of samples in each group to be set around 

twenty. 
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Edge of the sphere 

 

 

Background 

 

 

Debris 

 

 

Dividing cells 
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9.1 Optimizing the method 
 

Creating the first version of the protocol resulted in an error rate of 27 % in counting the 

cells.  This means that the number of cells counted by the analyzer differed 27 % from 

the number of cells that was counted manually. Because of these rather poor results, 

some development of the protocol had to be done. Analyzer counted too many cells, so 

it  could  be  concluded  that  it  counted  as  cells  something  else  than  the  actual  cells.  It  

could be seen on the screen that it counted debris as cells. This is easy to notice, because 

the program marks the counted cells with colored dots. Introducing more samples of 

debris to the analyzer teaches it to recognize different kind of debris. After increasing 

the number of debris samples by 28, the correspondence of the cells counted by the 

analyzer compared to the cells counted manually, increased. The percentage of 

correspondence reached 82 %, meaning it was now 9 % more accurate than before. 

A crucial move was decreasing moderately the number of gradient threshold, when the 

analyzer separates fewer objects from the background than before. Usually this means 

that it counts less of the background objects, which is the intension. This change 

decreased the error rate to 7 %, although with a standard deviation of 6.29. 

This accuracy was sufficient for the experiments considering that the changes do not 

always result in a better protocol. They might even have opposite effects. However, 

whether the error rate is high or low, the tendency of the cell count curve is always the 

same. For example, if the analyzer counts 7 % more cells than there actually are the 

increasing cell number results in the same percentage or ratio of cell growth. 

 

9.2 Cell IQ in studying stem cells 
 
When starting to study the stem cells differentiation, it is important to identify the 

various  cell  types  that  are  developing  (Kolb,  2007,  www.biotech-online.com). During 

the  very  first  hours,  it  is  essential  to  detect  and  record  data  from  the  culture.  At  this  

time, some crucial information is gained at the moment when the different cell types 
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appear and the time each event begins, and how long they last for. This is easy with on-

line  recording,  which  is  possible  with  Cell  IQ.  Videos  can  be  watched  afterwards,  so  

this is really a time saving method. 

 

All  kinds  of  events  can  be  monitored  with  the  help  of  Cell  IQ. Practically, any 

morphological parameter that can be detected by naked eye can be analyzed and 

quantified by Cell-IQ (www.chip-mantechnologies.com, page browsed on 11/2010). 

These parameters can be for example cell number, cell viability, cell division, cell 

death, morphological parameters, cell movement, analysis of selected single cells in the 

cell  culture,  and  analysis  of  structures  composed  of  groups  of  cells  in  cell  culture.  All  

these parameters listed above can be defined to the program, analyzed by the analyzer 

and then put to a form of quantitative data with plots and diagrams. Another advantage 

of this method is that no labels are needed to gain all the data. Toxic and 

pharmacological compounds can be added to the culture to study their effect on the 

cells. The software counts the cells dead and living, as long as they are listed in the 

library. 

 

 

  

Picture 8, an example of quantitating cell viability of a cell population with Cell IQ. In 
this picture the number of dead cells is approximately 18 and the number of living cells 
is approximately 134. These numbers are counted by the analyzing software. (Adapted 
and modified from www.chipmantechnologies.com) 
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10. Research questions 
 

One  aim  is  to  indicate  the  functional  significance  of  T-  type  calcium  channel  in  what  

comes  to  the  migration  of  NSC’s.  The  cells  that  were  examined  in  this  study  were  

derived from the mice brains’ SVZ at the embryonic day 14, which is known to be the 

climax of the neurogenesis. This study focuses on the migration and T-type calcium 

channels as possible modulators of this episode. 

Finding specific information about the functions of stem cells and what conducts them 

in their differentiation leads us closer to benefit from this self-renewing and multipotent 

source of reserve in all of us. When the transplantation and other invasive strategies in 

the stem cell therapies come to their end, due to the laborious and costly implement to 

healthcare, pharmacology takes place. This need is described in an article of Meletis et 

al as: “The development of pharmacological strategies to modulate endogenous stem 

cells and their progeny may be an attractive alternative to cell transplantation for the 

treatment of spinal cord injury.” (Meletis et al, 2008). Since stem cells construct all the 

tissues and parts of the body, they can be used to reconstruct any cell type in the cases 

of injury or degeneration, or just a genetic lack of a certain cell type. 

Conducting stem cells to the way we want and differentiating them to the types needed 

is definitely a challenge. Taking into account the variety of factors that affect SCs, the 

question is: What their role in the process is, and whether there is a hierarchy between 

them. Even though this abundance of factors is a challenge, we must keep in mind that 

it is also a possibility. 

The role of calcium channels in neurogenesis has been proven to be essential. The 

specific  role  of  T-type  calcium  channel  is  interesting  for  several  reasons.  Firstly,  it  is  

widely expressed at the beginning of neuronal development, decreasing constantly by 

the maturation of neurons. It is shown in a few studies that it also has functional 

significance in the early development. Secondly, it is one of the least studied calcium 

channels, so the opportunity for fundamental research exists. T-type channels play 

important roles in a range of neurological actions such as sleep, learning, memory and 

different kinds of electrophysiological oscillations in CNS. Therefore, there is a reason 
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to assume they would also possess an essential place in neurogenesis. One intriguing 

property of T-type channel is that it is already a pharmacological target with some 

antagonists commercially available, although they were later withdrawn. 

The  aim  of  this  study  is  to  indicate  the  role  of  T-type  calcium  channel  during  the  

migration, and consider the pharmacological possibilities it brings. This study together 

with the literature review is in its place to raise the interest towards the action of T-type 

channel and the pharmacological potential that it shows. 
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EXPERIMENTAL PART 

 

 

11. Materials and methods 
 

 

11.1 Cell cultures 
 

The central nervous system’s stem cells were derived from mice brains at embryonic 

day 14, from the area known as the subventricular zone. The cells were incubated for 3 

days in the culture medium consisting of 2 mM l-glutamine, 15 mM HEPES, 100 U/ml 

penicillin, 100 mg/ml streptomycin and 1:50 B27 supplement in DMEM-F12 medium 

(Life Technologies), at 37 C in 5 % CO2 in an air ventilated humified incubator. In the 

medium the cells formed free floating neurospheres. As soon as the size of the diameter 

of neurospheres increased to approximately 200 µm, they were dissociated 

mechanically by pipetting back and forth. Then the cells were centrifuged for 5 minutes 

at 800 rpm. After that, they were resuspended and plated in the culture medium. 

Neurospheres were passaged every 7-9 days. 

Every third day two growth factors were added to the culture medium, epidermal 

growth factor, EGF (Life Technologies) and fibroblast growth factor, FGF (PeproTech 

EC Ltd., London, UK), in concentrations of 20 ng/ml and 10 ng/ml, respectively. The 

growth medium was refreshed once a week by changing half of it to a new medium, and 

was changed completely approximately once a week, depending on the condition of the 

medium. 
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11.2 Immunocytochemistry 
 

A series of neural stem cells were differentiated for this experiment for 7 days on cover 

slips. Three of them were fixed on differentiation day 1, 3 on day 3, 3 on day 5 and 3 of 

them on day 7. NSC cells on cover slips were fixed for 10 minutes at room temperature 

(RT) with 4% paraformaldehyde (PFA) in PBS (pH 7.4) and then rinsed twice with PBS 

for 5 minutes. The cells were then permeabilized with ice-cold methanol for 20 minutes 

and rinsed twice for 5 minutes with PBS. To prevent the non-specific binding of the 

antibodies, the cells were treated for 20 minutes in RT with 20% normal goat serum 

(NGS,  Chemicon  International,  Temecula,  CA,  USA)  in  PBS.  Next  the  cells  were  

incubated with - tubulin III specific antibody, Tuj-1 and T-type specific antibody (both 

from Sigma-Aldrich) over night in +4 C. The cells were then washed three times for 5 

minutes with PBS and stained with goat anti-rabbit Alexa 488 and 568 secondary 

antibodies (Molecular Probes, Invitrogen, 1:500) in 37 C for 1 hour. After that the 

washings with PBS were repeated. The nuclei of the cells were counterstained with 4’6-

diamino-2-phenylindole (DAPI) (Boehringer Mannheim Biochemica, Germany, 

1:10000). The cover slips were rinsed again with PBS and mounted with Gel MountTM 

Aqueous Mounting Medium to glass slides. T-type calcium channels were detected with 

a laser scanning confocal microscopy was performed with LSM 5 Pascal system (Zeiss). 

Brightness and contrast of the obtained images was adjusted with Corel Draw Graphics 

Suite X3 (Corel). Tuj-1 was detected with a fluorescence microscope (Olympus) using 

objectives of 10x, 20x and 40x.  To control the specificity of the antibodies primary or 

secondary antibody were left out from some of the samples. 

 

11.3 Blocking of the T-type calcium channels 
 

Three experiments were made to block the T-type calcium channels of the cells, to 

detect  what  happens  when  the  cells  are  grown  in  the  presence  of  a  T-type  channel  



67 
 

blocker and after two days of differentiation. Three pharmacological substances were 

used that are known to block T-type channels. 5 mM ethosuximide, 1 mM 

nickelchloride, NiCl2, and 300 nM kurtoxin (all from Sigma-Aldrich) were used to 

block the channels. Ethosuximide was diluted in alcohol, NiCl2 in aqua purificata and 

kurtoxin in HEPES. Concentrations of the substances were determined according to the 

literature review in Literature part, chapter 5.2. 

Before plating the cells to the 6- well-plate, the bottom of the plate was covered with a 

protein called poly-l-ornithin. This fibre-like protein makes the surface uneven, and 

therefore beneficial for the cells to attach to the plate. To prevent the protein from 

drying  out,  it  was  covered  with  Elliot’s  salt  solution.  Cell  incubation  assay  with  Cell-

IQ® (Chip-Man Technologies Ltd., version 2010) equipped with CCD-camera (Nikon), 

10x objective,  0,7 µm resolution, was always carried out using the same method. A 6-

well plate was filled with 4 milliliters of medium, and the substance to be examined was 

added to two wells. The plate was coated with Poly-l-ornithine the day before the 

experiment. Cells were plated on each well of the plate. The cells were left to attach to 

the  plate  for  30  minutes.  After  that  the  plate  was  inserted  to  the  Cell-IQ-  imager  that  

started continuously imaging pictures with a five minutes interval in between of each 

cycle.  Cell  IQ took  pictures  from every  6  well  and  every  9  determined  position.  After  

two  days,  the  medium  was  refreshed  by  changing  half  of  it  and  the  pharmacological  

substances were added, so that the final concentration was approximately the same as in 

the beginning of the experiment. To see if the pharmacological substance had any effect 

on the cells that already had started their migration, the compound was added to two 

more wells after two days of incubation, leaving two wells free of treatment. The same 

concentration was used as in the beginning of the incubation. Each experiment 

continued for at least four days. 

All the experiments were made by controlling the parameters that might affect the 

results. The same fixed protocol was used at every experiment. The amount of spheres 

in  a  well  was  15-20  and  the  diameter  of  one  sphere  was  approximately  200  µm.  It  is  

important to select spheres with a bright center that marks the viability of the cells. 

Center  of  the  sphere  being  dark  is  a  sign  of  apoptotic  cell  death  in  the  middle  of  the  

sphere.  When  the  stem  cells  divide  symmetrically  they  produce  identic  daughter  cells  
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with an ability of self-renewal and multipotency. Symmetrical dividing leads to a 

symmetric round sphere. Therefore choosing symmetric and round spheres is essential 

for maintaining a culture of multipotent undifferentiated cells. 

Another thing to consider was the number of the spheres in a selected imaging position. 

That number was defined to be <5 or 5 spheres, that were comparable with each other. 

This is because of the growth curve is similar in each group of spheres. When grown 

and differentiated in medium, cells begin to divide and migrate rapidly, but after the 

first two days the fast growth exceeds its limit. During those first days the growth 

follows a logarithm or even a sigmoidal scale ending at a lag-time followed later by 

apoptotic  cell  death.  That  is  why  the  first  hours  and  the  first  days  are  so  critical  and  

interesting to examine. In the case when there are several spheres growing near to each 

other, the growth curve turns to decline, simply because of the lack of space for the cells 

to live in and migrate, as seen in the picture 10. This is the reason why the number of 

spheres in a position was set to <5 after the nickel experiment. If that was not possible 

for  some reason,  then  the  positions  with  <5  spheres  and  the  positions  with  5  spheres  

were pooled together. 

 

 

 

 

 

 

 

 

Picture 9, the growth curve of positions with <5 spheres compared to positions with 5. 
Growth is described as a percentual change to the maximum cell number during the 
incubation. Growth curve on the left presents the positions with spheres <5. 
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Although the main parameters are controlled, there are still several uncontrolled 

variables when examining living organisms. To obtain reliable results, the number of 

migrating cells is announced as a procentual or a relative change compared to the 

beginning. This is made to normalize the data. Counting the number of the cells outside 

the sphere indicates the number of migrating cells. The raw data was analyzed with 

Excel, and Origin™ 7.0 was used for further analysis. Results were expressed as mean 

± standard error (SEM). Student's t test was used in analyzing data for cell incubation 

measurements. A p-value less than 0.05 was regarded as statistically significant. 

 

11.4 HEK-cells 
 

HEK-cells, human embryonic kidney cells, offer an excellent assay system as a negative 

control to T-type calcium channels, since they do not express voltage gated calcium 

channels, and contain very little background currents under appropriate assay conditions 

(Gomora et al, 2001). The cells were grown in standard Dulbecco’s modified Eagle’s 

cell culture medium (DMEM; Invitrogen) supplemented with 10 % fetal bovine serum 

(Invitrogen), 100 U/ml penicillin-streptomycin solution (Invitrogen), at 37 C in 5 % 

CO2 in an air ventilated humified incubator in 260-ml culture flasks (Nunc A/S, 

Roskilde, Denmark). 
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12. Results and performing of the experiments 
 

12.1 Blocking of the T-type calcium channel 
 

12.1.1 Experiment 1: Examining the effect of nickel on the cells 
 

In this experiment, 1 mM nickelchloride was used to examine its effect on the cells’ 

migration.  Movements  and  morphology  were  detected  with  Cell-IQ.  The  events  were  

recorded with Cell IQ video camera during a 6 days period. 

On the first day, a 6-well plate was filled adding nickelchloride to only one well, 

otherwise the procedure was peformed according to the manner described in Materials 

and methods (Blocking of the T-type calcium channels). In this experiment, passage 9 

cells were used. 

On the second day, the results were examined online, while Cell-IQ continued the 

imaging. In the nickel-well, a clear change had taken place in comparison with the 

control wells. The cells were set on the edge of the sphere, and hadn’t started migrating 

away from the sphere, like the cells in the control plates did. The control cells had 

migrated far and achieved different developmental stages on their way. After 24 hours, 

there was a statistically significant difference (p < 0.05) between the migrating control 

cells and the nickel-treated cells (picture 11). 
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Picture 11, relative difference in cell number compared to the beginning after 24 hours of 
incubation.  N  =  number  of  wells,  n  =  number  of  spheres.  The  cells  grown  in  the  presence  of  
nickelchloride were significantly lower in their number (p < 0.05) than those grown in the 
control wells. 
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Picture 12, cells grown in the presence of nickelchloride compared to the growth of control 
cells. The growth in the presence of nickelchloride is significantly slower. 
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To see if nickelchloride had an effect on the divided and migrated cells, 1 mM 

nickelchloride  was  added  to  two  more  wells,  on  the  third  day  of  the  experiment.  The  

wells were taken out of the Cell-IQ- incubator, 2 milliliters of new medium was added 

to the wells with nickelchloride, so that the final concentration of it was the same 1 mM 

as before, as described in Materials and methods. 

On the day 4 the cells were observed and it was noticed that after adding nickelchloride, 

all cells in the nickel-wells seemed to be set on their places, and they had stopped 

moving. If  the cells stay still  for too long, they die.  In this case there were no signs of 

acute cell death. There were no detectable signs of cell death. The number of migrating 

cells outside the sphere was equal in the control- and nickel wells before adding 

nickelchloride (picture 13), but significantly higher (p < 0.05) in the control well, than 

in the nickel well after adding the substance (picture 14). 
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Picture 13, relative difference in the cell number before adding nickelchloride to the wells, at 12 
hours of incubation. There is no significant difference between the controls.  
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Picture 14, cell number outside the sphere was significantly lower when grown in the presence 
of nickelchloride added after 2 days of incubation. At the final measure point, (120 hrs) there 
was a statistically significant difference (p-value <0.05) between the control and the nickel 
wells concerning the number of the cells migrating outside the sphere. 
 

The  same  results  can  also  be  demonstrated  as  a  cell  growth  curve  during  the  whole  

experiment (picture 15).  
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Picture 15, the number of cells outside the sphere during 120 hours of incubation. 
Nickelchloride was added on the second day, and after that the growth slowed down. 

 

12.1.2. Experiment 2: Examining the effect of ethosuximide on the cells 
 

When the cells were grown in the precesence of ethosuximide, the migration of the cells 

was significantly slower than in the control wells (picture 17). After 24 hours, the 

number  of  cells  was  increased  1.6-fold  in  the  control  wells,  and  1.2-fold  in  the  ETX  

wells (p <0.05) (picture 16). 
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Picture 16, cells grown in the presence of 5 mM ethosuximide compared to the control. Number 
of cells migrating after 24 hours as a relative change in cell number compared to the beginning. 
N = 2, n(Ctrl) = 48, n(ETX) = 62 
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Picture 17, cells grown in the presence of ETX during 70 hours time. Cell growth expressed as a 
relative change compared to the beginning. 
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Ethosuximide, 5 mM was added after 36 hours of incubation. The effect of 

ethosuximide was not as clear as when grown in the presence of this substance, as seen 

in the picture 18. When the relative growth was compared after 24 hours since adding 

ETX to the cells, there was no statistical difference between control and ETX wells  p = 

0,17703 (picture 19). 
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Picture 18, relative change in the cell number compared to the beginning during 70 hours of 
incubation. ETX was added to the wells at 36 hours of incubation, black arrow. 
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Picture 19, relative change in the number of migrating cells after 24 hours of adding ETX to the 
wells. There is a difference between the groups, but it is not statistically significant. N = 2, n = 
19 

 

12.1.3. Experiment 3. The effect of kurtoxin on the cells 
 

Cells were grown in the presence of a T-type calcium channel specific blocker, scorpion 

toxin named Kurtoxin at a concentration of 300 nM. There was a slight difference 

between the kurtoxin and the control wells after 24 hours of incubation, but it was not 

statistically significant, p = 0.14261 (picture 20). During the 70 hours incubation the 

cells in the kurtoxin wells seemed to migrate slower than the cells in the control wells, 

but that was not significant either (picture 21).  
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Picture 20, Relative change in the number of migrating cells in kurtoxin wells compared to the 
control after 24 hours of incubation when grown in the presence of 300 nM kurtoxin. 
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Picture 21, relative change in the cell number compared to the beginning when grown in the 
presence of 300 nM kurtoxin. 
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Kurtoxin at 300 nM was added to 2 of wells of a 6-well plate after 2 days of incubation. 

Unfortunately, the differentiation of the cells in these wells was already poor from the 

beginning, so the results were unreliable, and therefore excluded. As it can be seen in 

the picture 24, kurtoxin was added after 48 hours, but the growth curve is showing very 

slow migration rate for many hours before that.    

 

12.1.4 Comparing kurtoxin and ethosuximide to the control 
 

When  the  cells  were  differentiated  in  the  presence  of  kurtoxin  at  300  nM  and  

ethosuximide at 5 mM, the outcome was that ethosuximide had a significant effect in 

decreasing the migration rate of the cells, when measured at 24 hours after starting the 

experiment.  (p  =0.05).  There  was  also  a  difference  between  kurtoxin  and  the  control  

wells,  which  was  not  statistically  significant  (picture  22).  Growth  curves  of  the  cells  

show the same tendency (picture 23.) 
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Picture 22, Relative change in the number of cells migrating after 24 hours of incubation in the 
presence of 300 nM kurtoxin and 5 mM ethosuximide compared to the control. 

 



80 
 

0 10 20 30 40 50 60 70

2

4

6

8

10

12

14

16

18

20
R

el
at

iv
e 

ch
an

ge
 in

 th
e 

ce
ll 

nu
m

be
r c

om
pa

re
d 

to
 th

e 
be

gi
nn

in
g

Time, hrs

 Ctrl
 ktx
 etx

 

Picture  23,  Cells  grown  in  the  presence  of  5  mM ETX and  300  nM KTX during  70  hours  of  
incubation. 
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Picture 24, Cells count curves. Ethosuximide was added at 36 hours of incubation and kurtoxin 
48 hours after incubation. Differentiation was disturbed in the kurtoxin wells already before 
adding the substance.  
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12.1.5 HEK- cells as a negative control 
 

HEK- cells were used as a negative control because they do not express voltage-

activated calcium channels. By adding the substances to be examined to these cells, 

some information of unspecific cytotoxicity can be gained. The HEK- cells were plated 

on 30 5 milliliters petri- plates containing DMEM- growth medium. 6 plates were used 

as control plates. Ethosuximide 5 mM was added to 6 other plates, as well as mibefradil 

hydrochloride (Tocris Bioscience, USA) 1 µM, manganese (Mn) 10 µM and pimozide 

100 nM. By the time this experiment was made, nickelchloride was already shown to 

have unspecific toxicity on the HEK- cells. First, all the three substances were added to 

three separate plates. The confluence was detected after 24 hours incubation at 37 C. It 

was noted that the confluence was 100 % in the control plates (picture 25) and in the 

ethosuximide (picture 26) and mibefradil (picture 27) plates. 
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Picture 26, control cells after 24 hours of incubation 

 

 

Picture 27, ethosuximide treated cells after 24 hours of incubation 

 

 

Picture 28, mibefradil hydrochloride after 24 hours of incubation 
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Cells in the pimozide (picture 30) and manganese (picture 29) plates were disturbed and 

detached from the bottom of the plate. This shows that these substances have unspecific 

cytotoxicity and effects on something else than voltage-activated calcium channels. 

After incubating the cells 24 hours more, the situation did not change. Control, 

ethosuximide and mibefradil plates were still alike and confluence was not disturbed 

(pictures 31, 32, 33). 

 

 

 

Picture 29, manganese after 24 hours of incubation 

 

 

Picture 30, pimozide after 24 hours of incubation 
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Picture 31, control cells after 48 hours of incubation 

 

Picture 32, ethosuximide treated cells after 48 hours of incubation 

 

Picture 33, mibefradil treated cells after 48 hours of incubation 

 

 

 



85 
 

12.2 Immunostaining 
 

12.2.1 Experiment 4: detecting the cells expressing neuronal markers 
 

Immunostaining the cells with Tuj-1, as described in Materials and methods, chapter 

10.2, showed that the cells used in these experiments differentiate and gain some 

neuronal features. This is shown in pictures 35 and 36 that are taken from the cells that 

were differentiated for 5 days (picture 35) and for 7 days (picture 36). In picture 37, 

there is one cell from the spheres that were differentiated for 7 days. In addition to the 

expression  of  -tubulin  III,  which  shows  as  a  red  color,  it  has  clear  morphological  

features of a neuronal cell. 

 

 

Pictures 35 and 36, cells differentiated for 5 days are on the left, and the cells differentiated for 
7 days are on the right. Red colored cells in the pictures express -tubulin III, a marker of neural 
maturation. 
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Picture 37, a neuronal cell in the culture differentiated for 7 days 

 

12.2.2 Experiment 5: Detecting the cells expressing T-type calcium channels 
 

Another essential thing to prove was that the cells used in these experiments express T-

type calcium channels. Labeling the cells with a T-type specific antibody and imaging 

with confocal microscope revealed that the 87.5 ± 5 % of the cells differentiated for 3 

days, express T-type calcium channels (picture 38). Pictures 38-41 are published with 

permission. 

 

 

Picture 38, 87.5 ± 5 % of the cells differentiated for 3 days expressed T-type calcium channels. 
The image limited with the white bordered box is on the right. 
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The same picture with Tuj-1 antibody shows that the cells also express neuronal 

elements (picture 39). On the right side of picture 39, there is an overlap of T-type 

antibody expressing picture and Tuj-1 picture. That overlap shows two cells with 

smaller somas, which do not express T-type calcium channels as much as the other five 

cells in the overlap picture. 

 

 

Picture 39, cells expressing -tubulin III after 3 days of incubation. On the right there is 
an overlap of Tuj-1 and T-type antibody pictures.  The cells that  express both neuronal 
markers and T-type calcium channels are mostly yellow in their color. Two of the cells 
that do not express T-type calcium channels are marked with white arrows. 

 

DAPI, which dyes all the cells somas blue, is shown in the picture 36. On the right side 

of the picture there is an overlap of the pictures with T-type antibody and DAPI. In this 

overlap the cells expressing T-type calcium channels are light blue in their color. 

Picture 40 shows all the cells in the picture. Picture 41 is an overlap of all these pictures.  
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Picture 40, DAPI dyes all the cells somas blue. An overlap of all the pictures where T-type 
channels and other cells are on the right side. 

 

 

Picture 41, an overlap of all the previous pictures showing the cells expressing -tubulin III, T-
type calcium channels and all the cells that have somas. 
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13. Conclusions 
 

The results show that all the known blockers of T -type calcium channels added to the 

growth medium decreased the number of cells migrating from the neurospheres. This 

effect was even clearer when the cells were grown in the presence of nickel chloride and 

ethosuximide than when the differentiation was started without pharmacological 

treatment. These two different treatments were conducted to see the difference in 

timing. This reflects the role of low-voltage activated calcium channels in neuronal 

differentiation. It can be assumed that if the role of T-type calcium channel is crucial in 

the very beginning of migration, the specific blockers would have a clearer effect on the 

cells than if added two days later. In the case that T-type calcium channel’s role would 

appear later on, one could expect to see no significant effect of the blockers when added 

right in the beginning of the differentiation. 

The results gained in our studies demonstrate that nickel chloride had the most 

significant effect, although it might also be less selective. The number of the cells when 

they were grown in the presence of nickel chloride was 1.5-fold lower compared to the 

control  than  when  it  was  added  afterwards.  The  ratio  when  grown  in  the  presence  of  

ethosuximide and added afterwards compared to the control was not so clear, with 1.5 

and 1.4-fold difference in the cell number, respectively. Considering that the difference 

in the cell number between the control and ethosuximide treatment when ethosuximide 

was added 24 hours afterwards was not statistically significant, makes the effect more 

questionable at this specific time point. The effect of these substances decreasing the 

cell number when grown in the presence of them might indicate that T-type calcium 

channel has an important role in the early state of the migration. When the antagonists 

are added afterwards, the effect on the cells is not as strong. On the other hand, in our 

experiments kurtoxin produced different effects at this specific time point, although the 

results gained with kurtoxin are not very reliable for two reasons. Firstly, differentiation 

of  the  cells  in  the  kurtoxin  wells,  as  wells  as  in  the  control  wells,  was  disturbed  even  

before adding the compound, and there was no statistical difference compared to the 

control. Secondly, kurtoxin is a peptide toxin, and relatively instable compared to the 

non-peptide compounds. Also other studies have disputed over the results and 

performing of kurtoxin experiments. Kurtoxin has produced very different sets of gating 
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modifications in different calcium channel subtypes in one experiment (Sidach and 

Mintz, 2002). The authors describe these findings as unexpected, and therefore rule out 

the use of kurtoxin in functional studies of T-type calcium channel. At this point it must 

be noted that although the compound is complicated, probably mostly due to its peptide 

structure, failures in one study should not completely exclude the use of this substance 

in functional studies, in my opinion. In another study it was noted that kurtoxin interacts 

with voltage-gated sodium channels (Chuang et al, 1998). After all, in our experiments 

made with kurtoxin, the tendency of the toxin inhibiting cells’ migration was the same 

as in the results gained with nickel and ethosuximide.  

Previous studies done by Komuro and Rakic show that N-type calcium channel would 

play the key role in neuronal migration. In this study we investigated LVA calcium 

channels and saw an effect of T-type calcium channel blockers interfering with the 

migration. Komuro and Rakic showed that blocking of T-type channels did not have a 

significant  effect.  However,  they  studied  the  migration  of  purkinje  cells  which  are  

postnatal. Furthermore, the concentrations used in their studies were different. Komuro 

and Rakic investigated the effect of calcium channel blockers on neuronal migration as 

movements of single cells, while we studied the effect on the whole cell population as a 

number  of  migrating  cells.  They  showed that  the  blockage  of  N-type  calcium channel  

significantly decreases the rate of cell movement (Komuro and Rakic, 1998). They also 

claimed that  blocking  other  types  of  voltage-gated  calcium channels,  such  as  L-  or  T-

type  calcium  channels  had  no  significant  effect.  This  might  be  due  to  the  low  

concentrations of antagonists they used in the experiment. Nickel chloride was used at a 

concentration of 100 µM, while the concentration of nickel chloride in this study was 

ten times higher, 1 mM. This is simply because of the growth medium we used contains 

phosphates  that  buffer  most  of  the  heavy  metals.  It  is  clear  that  the  experimental  

procedures being so different in our study compared to the ones of Komuro and Rakic, 

makes the comparison very difficult. 

 In two other studies L-type calcium channel is shown to promote neuronal 

differentiation  (Gicola  et  al.  1998;  D’Ascenzo  et  al.  2006).  There  are  similar  results  

gained in the research of T-type calcium channel (Chemin J. et al. 2002; 2003). At this 

point, it must be kept in mind that these results do not disagree with the results of 
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Komuro and Rakic, considering that migration and differentiation are classified as 

different events in the neurogenesis, and they are altered mostly by different reactions. 

It is likely that an endogenous factor does not affect a certain phase of neurogenesis but 

promotes another. In the study of Chemin et al, 2002, the authors concluded that T-type 

calcium channels trigger the onset of differentiation and regulate the expression of HVA 

calcium channels. When comparing all these studies to each other a question arises: Is 

there in fact a controversy after all or do we just face the complexity of neuronal 

developmental events and their overlapping nature? Undoubtedly one problem is 

comparing the different experimental set ups to each other. Comparison of the studies 

made with cell cultures and electrophysiological single-cell studies is not entirely 

impossible, but challenging. There are several factors that have to be taken into account, 

including  the  cell  type,  time  and  origin  of  extraction  of  the  cells  and  the  day  of  

differentiation when the records are made, in addition to the concentration and 

selectivity of the test compound, just to list some of the most critical issues. 

In this study, the selectivity of the compound was tested with a negative control, HEK-

cells, which do not express voltage-gated calcium channels. The results were as 

expected. The drugs known to be more selective, ethosuximide and mibefradil had no 

effect on them, while the less selective compounds manganese and pimozide disturbed 

the  growth  of  the  HEK-cells.  In  pictures  29  and  30  this  can  be  seen  as  detached  cell  

aggregates on an above layer of the cells attached to the plate. 
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14. Discussing the results and questions to analyze further 
 

 

This study shows that T-type calcium channel is likely to take part in neuronal 

progenitor cells’ migration. This finding is in line with other studies that show T-type 

calcium channel promoting neurogenesis (Gu and Spitzer, 1993; Chemin et al, 2002; 

2003) and calcium ion being a key regulator in the process of neural induction (Webb et 

al, 2005). T-type selective antagonists, ethosuximide, nickelchloride and kurtoxin 

decreased the rate of migration in mice embryonic subventricular zone progenitor cells. 

The effect was clearer when differentiation of the cells was started in the presence of 

these substances. In contrast, an L-type specific blocker nifedipine and an N-type 

specific blocker -conotoxin did not have a significant effect under the same conditions 

(data under inspection). 

There are yet some problems this study could not overcome. One of them is the lack of 

a specific T-type channel antagonist, and these results are based in a statistical 

likelihood of the function of different T-type channel antagonists. The results do not 

conclude that T-type channel’s role in migration would be the most dominant. If 

assumed that T-type channel has a significant role in promoting migration, one would 

conclude, that the more specific the T-type blocking antagonist is, the more it inhibits 

the migration. This study shows conversely results. This in turn gives us a reason to 

consider that the previous assumption made about T-type channel having the biggest 

role  in  migration,  might  be  wrong.  More  likely  it  seems to  be  that  the  T-type  calcium 

channel works together with some other endogenous factors, like for example other 

voltage-activated channels, integrins, and external signals, without any kind of 

hierarchy between them. 

Hence, further studying should be made to confirm the results gained in this study, and 

point out the exact role of T-type calcium channel in migration, and the significance of 

this role. Also the roles of each subtype of the T-type channel remain unsolved. These 

studies could include experiments with gene-experssed cells overexpressing a certain 

subtype.  Three-dimensional  cell  growth  conditions  would  be  the  most  favorable,  

mimicking the cells’ natural environment in the brain. In vivo labeling and detecting of 
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the progenitor cells would give some valuable information of the cells’ migration. An 

urgently needed investigation would be a highly specific T-type calcium channel 

antagonist.  In  addition  to  that  it  would  be  useful  in  the  research  of  T-type  channel’s  

functions it would also be of a great clinical profit in treatment of absence epilepsy.      

What comes to the therapeutic relevance of these findings is that a lot more fundamental 

studying has to be made to achieve the “pharmacological toolkit” to manipulate the 

endogenous stem cells. To generalize, the main problems in stem cell therapies are the 

reciever’s immunity, stem cells’ survival, differentiation, targeted migration, and not 

turning  into  tumors.  One  of  these  barriers  is  already  crossed  with  the  help  of  

pharmacology. Namely, the reciever’s immunity can be stopped from rejecting the cells 

with immunosuppressive medication. 

The challenge, that Santiago Ramón y Cajal casted nearly a century ago for the future 

researchers is overcome. Now that we know that neurogenesis continues in the adult 

brain, has brought us a new question to answere. How can the mankind benefit from the 

stem cells in a cost-effective way that is available for everyone? 

 

 

 

 

 

 

 

 

 

 

 



94 
 

15. References 
 

Abbott  J.D.,  Huang  Y.,  Liu  D.,  Hickey  R.,  Krause  D.S.,  Giordano  F.J.,  Stromal  cell–
derived factor-1 plays a critical role in stem cell recruitment to the heart after 
myocardial infarction but Is not sufficient to induce homing in the absence of injury, 
Circulation, 110: 3300-3305, 2004 

 

Aboody K.S., Brown A., Rainov N.G., Bower K.A., Liu S., Yang W., Small J.E., 
Herrlinger U., Ourednik V., Black P., Breakefield X.O. and Snyder E.Y., Neural stem 
cells display extensive tropism for pathology in adult brain: evidence from intracranial 
gliomas, Proceedings of National Acaemy of Science, USA 97: 12846–12851, 2000 

 

Ahmed S., Reynolds B.A. and Weiss S., BDNF enhances the differentiation but not the 
survival of CNS stem cell- derived neuronal precursors, Journal of Neuroscience 15: 
5765-5778, 1995 

 

Allen  T.G.  and  Brown  D.A.,  M2  muscarinic  receptor-mediated  inhibition  of  the  Ca2-
current in rat magnocellular cholinergic basal forebrain neurons, Journal of Physiology 
466: 173–189, 1993 

 

Aloisi  F.,  Ria  F.  and  Adorini  L.,  Regulation  of  T-cell  responses  by  CNS  antigen-
presenting cells: different roles for microglia and astrocytes, Immunology Today 21: 
141–147, 2000 

 

Altman J., Are new neurons formed in the brains of adult mammals? Science 135: 
1127-1128, 1962 

 

Alvarez-Buylla A., Garcia-Verdugo J.M., Tramontin A.D., A unified hypothesis on the 
lineage of neural stem cells, Nature Reviews of Neuroscience 2: 287-293, 2001 

 

Alvarez-Buylla A. and Lim D.A., For the long run: maintaining germinal niches in the 
adult brain, Neuron. 41: 683-686, 2004 

 

Amzica F. and Steriade M., The K-complex: its slow (<1-Hz) rhythmicity and relation 
to delta waves, Neurology 49: 952–959, 1997 



95 
 

 

Amzica F., and Steriade M., The functional significance of K-complexes, Sleep 
Medicinal Reviews 6: 139–149, 2002 

 

Anderson S.A., Marín O., Horn C., Jennings K. and Rubenstein J.L.R., Distinct cortical 
migrations from the medial and lateral ganglionic eminences, Development 128: 353-
363, 2001 

 

Androutsellis-Theotokis A., Leker R.R., Soldner F., Hoeppner D.J., Ravin R., Poser 
S.W., Rueger M.A., Bae S-K., Kittappa R. and McKay R.D.G., Notch signalling 
regulates stem cell numbers in vitro and in vivo, Nature 442: 823-826, 2006 

 

Armstrong R.C., Harvath L., Dubois-Dalcq M.E.,  Type  1  astrocytes  and  
oligodendrocyte-type 2 astrocyte glial progenitors migrate toward distinct molecules, 
Journal of neuroscience research, 27(3): 400-7, 1990 

 

Asahara T., Masuda H., Takahashi T., Kalka C., Pastore C., Silver M., Kearne M., 
Magner M. and Isner J.M., Bone marrow origin of endothelial progenitor cells 
responsible for postnatal vasculogenesis in physiological and pathological 
neovascularization, Circulation research, 85: 221–228, 1999 

 

Assanah M., Lochhead R., Ogden A., Bruce J., Goldman J., and Canol P., Glial 
progenitors in adult white matter are driven to form malignant gliomas by platelet-
derived growth factor-expressing retroviruses, The Journal of Neuroscience, 26(25): 
6781-6790, 2006 

 

Aston-Jones G. and Bloom F.E., Activity of norepinephrine-containing locus coeruleus 
neurons in behaving rats anticipates fluctuations in the sleep-waking cycle, Journal of 
Neuroscience 1: 876-886 

  

Avery R.B. and Johnston D., Ca2-channel antagonist U-92032 inhibits both T-type Ca2-
channels and Na-channels in hippocampal CA1 pyramidal neurons, Journal of 
Neurophysiology, 77: 1023–1028, 1997 

 



96 
 

Baker S.A., Baker K.A., Hagg T., Dopaminergic nigrostriatal projections regulate 
neural precursor proliferation in the adult mouse subventricular zone, European Journal 
of Neuroscience 20, issue 2: 575-579, 2004 

 

Bambakidis  N.C.,  Butler  J.,  Horn  E.M.,  Wang  X.,  Preul  M.C.,  Theodore  N.,  Spetzler  
R.F., and  Sonntag V.K.H., Stem cell biology and its therapeutic applications in the 
setting of spinal cord injury, Journal of Neurosurgery, Vol. 24, No. 3-4: 1-7, 2009 

 

Barkho  B.Z.,  Song  H.,  Aimone  J.B.,  Smart  R.D.,  Kuwabara  T.,  Nakashima  K.,  Gage  
F.H., Zhao X., Identification of astrocyte-expressed factors that modulate neural 
stem/progenitor cell differentiation, Stem Cells and Development, 15(3): 407-21, 2001 

 

Barreiro-Iglesias A., Targeting ependymal stem cells in vivo as a non-invasive therapy 
for spinal cord injury, Disease Models & Mechanisms 3: 667-668, 2010 

 

Batten P., Sarathchandra P., Antoniw J.W., Tay S.S., Lowdell M.W., Yacoub T.B.M., 
Benraiss A., Chmielnicki E., Lerner K., Roh D., and Goldman S.A., Adenoviral brain-
derived neurotrophic factor induces both neostriatal and olfactory neuronal recruitment 
from  endogenous  progenitor  cells  in  the  adult  forebrain,  The  Journal  of  Neuroscience  
21(17): 6718-6731, 2001 

 

Bear M. F. and Malenka R. C., Synaptic plasticity: LTP and LTD, Current Opinion in 
Neurobiology, 4: 389-399, 1994 

 

Behrstock S.,  Ebert  A.,  McHugh J.,  Vosberg S.,  Moore J.,  Schneider B.,  Capowski E.,  
Hei D., Kordower J., Aebischer P. and Svendsen C.N., Human neural progenitors 
deliver glial cell line-derived neurotrophic factor to parkinsonian rodents and aged 
primates, Gene Therapy 13: 379–388, 2006 

 

Bender V.A., Bender K.J., Brasier D.J., Feldman D.E., Two coincidence detectors for 
spike timing-dependent plasticity in somatosensory cortex, Journal of Neuroscience 26: 
4166–4177, 2006 

 

Benedetti, S., Pirola B., Pollo B., Magrassi L., Bruzzone M.G., Rigamonti D., Galli R., 
Selleri S., Di Meco F., De Fraja C., Vescovi A., Cattaneo E. and Finocchiaro G., Gene 
therapy of experimental brain tumors using neural progenitor cells, Nature Medicine 6: 
447–450, 2000 



97 
 

 

Ben-Hur T., Idelson M., Khaner H., Pera M., Reinhartz E., Itzik A., Reubinoff B.E., 
Transplantation of human embryonic stem cell-derived neural progenitors improves 
behavioral deficit in Parkinsonian rats, Stem Cells 22: 1246-1255, 2004 

 

Benington J.H., Sleep homeostasis and the function of sleep, Sleep 23, 959-966 

 

Bennington J.H., Frank M.G., Cellular and molecular connections between sleep and 
synaptic plasticity, Progressions in Neurobiology 69: 71–101, 2003 

 

Benraiss  A.,  Chmielnicki  E.,  Lerner  K.,  Roh D.  and  Goldman S.A.,  Adenoviral  brain-
derived neurotrophic factor induces both neostriatal and olfactory neuronal recruitment 
from  endogenous  progenitor  cells  in  the  adult  forebrain,  The  Journal  of  Neuroscience  
21(17): 6718-6731, 2001 

  

Bezprozvanny I., Tsien R.W., Voltage-dependent blockade of diverse types of voltage 
gated Ca2+- channels expressed in Xenopus Oocytes  by  the  Ca2+- channel antagonist 
Mibefradil (Ro 40-5967), Molecular Pharmacology 48: 540-549, 1995 

 

Batten P., Sarathchandra P., Antoniw J.W., Tay S.S., Lowdell M.W., Taylor P.M. and 
Yacoub M.H., Human mesenchymal stem cells induce T cell anergy and downregulate 
T cell allo-responses via the TH2 pathway: relevance to tissue engineering human heart 
valves, Tissue Engineering 12(8): 2263-73, 2006 

 

Biagi B.A. and Enyeart J.J., Multiple calcium currents in a thyroid C-cell line: 
biophysical properties and pharmacology, American Journal of Physiology, Volume 
260, Issue 6: C1253-63, 1991 

 

Birtoli B., Ulrich D. Firing mode-dependent synaptic plasticity in rat neocortical 
pyramidal neurons, Journal of Neuroscience 24: 4935–4940, 2004 

 

Björklund  A.,  Rosenblad  C.,  Winkler  C.,  Kirik  D.,  Studies  on  neuroprotective  and  
regenerative effects of GDNF in a partial lesion model of Parkinson’s disease, 
Neurobiological Diseases 4: 186–200, 1997 

 



98 
 

Blaschuk  K.L.,  Frost  E.E.,  French-Constant  C.,  The  regulation  of  proliferation  and  
differentiation in oligodendrocyte progenitor cells by alphaV integrins, Development 
127: 1961-1969, 2000 

 

Bliss T.V. and Collingridge G.L.A., Synaptic model of memory: long-term potentiation 
in the hippocampus, Nature 361: 31-39, 1993 

 

Block V., Hennevin E. and Leconte P.,  The phenomenon of paradoxical sleep 
augmentation after learning: experimental studies of its characteristics and significance, 
In: Fishbein W., Sleep, dreams and memory, Volume 6, Medical & Scientific Books, 
New York, pp. 1-18, 1981 

 

Boulder C., Embryonic vertebrate central nervous system: revised terminology. 
Anatomical Record 166: 257-61, 1970 

 

Bramham C.R., Srebro B., Synaptic plasticity in the hippocampus is modulated by 
behavioral state, Brain Research 493: 74-86, 1989 

 

Broicher T., Seidenbecher T., Meuth P., Munsch T., Meuth S.G., Kanyshkova T., Pape 
H-C., Budde T., T-current related effects of antiepileptic drugs and a Ca2+ channel 
antagonist on thalamic relay and local circuit interneurons in a rat model of absence 
epilepsy, Neuropharmacology 53: 431-446, 2007 

 

Burdsal C.A., Damsky C.H. and Pedersen R.A., The role of E-cadherin and integrins in 
mesoderm differentiation and migration at the mammalian primitive streak, 
Development 118: 829-844, 1993 

 

Cahalan M.D., Modification of sodium channel gating in frog myelinated nerve fibres 
by Centruroides sculpturatus scorpion venom, Journal of Physiology 244: 511-534, 
1975 

 

Carskadon M.A. and Dement W.C., Normal human sleep: an overview, In: Kryger, 
M.H., Roth T. and Dement W.C., Principles and Practise of Sleep Medicine, Saunders, 
Philadelphia, pp. 15-25, 2000 

 



99 
 

Catterall W.A., Perez-Reyes E., Snutch T.P. and Striessnig J., International union of 
pharmacology XLVIII, Nomenclature and structure-function relationships of voltage-
gated calcium channels, Pharmacological Reviews, Vol. 57 No. 4: 411-425, 2005 

 

Cayre M., Canoll P. and Goldman J.E., Cell migration in the normal and pathological 
postnatal mammalian brain, Progress in Neurobiology Vol. 88, Issue 1: 41-63, 2009  

 

Chemin J., Nargeot J., and Lory P., Neuronal T-type 1H calcium channels induce 
neuritogenesis and expression of high-voltage-activated calcium channels in the 
NG108-15 cell line, The Journal of Neuroscience, 22(16): 6856-6862, 2002 

 

Chemin, J., Nargeot, J. and Lory, P., Cav3.2 calcium channels control an autocrine 
mechanism that promotes neuroblastoma cell differentiation, Developmental 
Neuroscience: Neuroreport: Volume 15, Issue 4: 671-675, 2004  

 

Chiaramello S., Dalmasso G., Bezin L., Marcel D., Jourdan F., Peretto P., Fasolo A. and 
De Marchis S., 1BDNF  TrkB interaction regulates migration of SVZ precursor cells via 
PI3-K and MAP-K signalling pathways, European Journal of Neuroscience 26: 1780–
1790, 2007 

 

http://www.chipmantech.com/fileuploads/StemCell_Brochure.pdf, page browsed on 
22.11.2010 

 

Cho, K., Aggleton, J.P., Brown, M.W., Bashir, Z.I., An experimental test of the role of 
postsynaptic calcium levels in determining synaptic strength using perirhinal cortex of 
rat, Journal of Physiology 532: 459–466, 2001 

 

Choi B.H. and Lapham L.W., Abnormal neuronal migration, deranged cerebral cortical 
organization, and diffuse white matter astrocytosis of human fetal brain: A major effect 
of methylmercury poisoning in utero, Journal of Neuropathology and Experimental 
Neurology, Vol. 37, Issue 6: 719-851, 1978 

 

Chuang R.S., Jaffe H., Cribbs L., Perez-Reyes E., and Swartz K.J., Inhibition of T-type 
voltage-gated calcium channels by a new scorpion toxin, Nature Neuroscience 1: 668–
674, 1998 

 



100 
 

Ciccolini F. and Svendsen C.N., Fibroblast growth factor 2 (FGF-2) promotes 
acquisition of epidermal growth factor (EGF) responsiveness in mouse striatal precursor 
cells: identification of neural precursors responding to both EGF and FGF-2, The 
Journal of Neuroscience, 18(19): 7869–7880, 1998 

 

Cigola  E.,  Volpe  B.T.,  Lee  J.W.,  Franzen  L.  and  Baker  H.,  Tyrosine  hydroxylase  
expression in primary cultures of olfactory bulb: Role of L-Type calcium channels, The 
Journal of Neuroscience 18(19): 7638–7649, 1998 

 

Cizkova D., Nagyova M., Slovinska L., Novotna I., Radonak J., Cizek M., Mechirova 
E., Tomori Z., Hlucilova J., Motlik J., Sulla I. and Vanicky I. Jr., Response of 
ependymal progenitors to spinal cord injury or enhanced physical activity in adult rat, 
Cellular and Molecular Neurobiology 29: 999–1013, 2009 

 

Conti  L.  and  Cattaneo  E.,  Neural  stem  cell  systems:  physiological  players  or  in  vitro  
entities?, Nature Reviews Neuroscience 11: 176-187, 2010 

 

Contreras D. and Steriade M., Spindle oscillation in cats: the role of corticothalamic 
feedback in a thalamically generated rhythm, Journal of Physiology 490: 159–179, 1996 

 

Cormier R.J., Greenwood A.C., Connor J.A., Bidirectional synaptic plasticity correlated 
with the magnitude of dendritic calcium transients above a threshold, Journal of 
Neurophysiology 85: 399–406, 2001 

 

Cotman C.W. and Nieto-Sampedro M., Hope for a new neurology, Annals of the New 
York Academy of Science 457: 83–104, 1985 

 

 

Coulter D.A., Huguenard J.R., Prince D.A., Characterization of ethosuximide reduction 
of  low-threshold  calcium  current  in  thalamic  neurons,  Annual  Reviews  of  Neurology  
25: 582–59, 1989 

 

Crunelli V. and Leresche N., A role for GABA-B receptors in excitation and inhibition 
of thalamocortical cells, Trends in Neuroscience 14: 16–21, 1991 

 



101 
 

Crunelli  V. and Leresche N.,  Block of thalamic T-type Ca2+ channels by ethosuximide 
is not the whole story, Epilepsy Currents 2: 53–56, 2002 

 

Crunelli  V.,  T´oth  T.I.,  Cope  D.W.  Blethyn  K.L.  and  Hughes  S.W.,  The  ‘window’  T-
type calcium current in brain dynamics of different behavioural states, Journal of 
Physiology 562: 21–129, 2005 

 

Cueni L., Canepari M., Adelman J.P., Lüthi A., Ca2+ signaling by T-type Ca2+ channels 
in neurons, European Journal of Physiology 457: 1161-1172, 2009 

 

D'Ascenzo M., Piacentini R., Casalbore P., Budoni M., Pallini R., Azzena G.B., Grassi 
C., Role of L-type Ca2+ channels in neural stem/progenitor cell differentiation, The 
European Journal of Neuroscience 23(4): 935-44, 2006 

 

De Carlos J.A., López-Mascaraque L. and Valverde F., Dynamics of cell migration 
from the lateral ganglionic eminence in the rat, The Journal of Neuroscience, Volume 
16, Number 19 1ssue 1: 6146-6156, 1996 

 

Deisseroth  K.,  Singla  S.,  Toda  H.,  Monje  M.,  Palmer  T.D.,  Malenka  R.C.,  Excitation-
neurogenesis coupling in adult neural stem/progenitor cells, Neuron 42(4): 535-52, 
2004 

 

Deschenes M., Paradis M., Roy J.P. and Steriade M., Electrophysiology of neurons of 
lateral thalamic nuclei in cat: resting properties and burst discharges. Journal of 
Neurophysiology 51: 1196–1219, 1984 

 

Domesick V.B. and Morest D.K., Migration and differentiation of shepherd’s crook 
cells in the optic tectum of the chick embryo, Neuroscience 2: 477-491, 1977 

 

Doucette J.R., The glial cells in the nerve fiber layer of the rat olfactory bulb, The 
Anatomical Record 210: 385-391, 1984 

 

Eilers J., Augustine G.J. and Konnerth A., Subthreshold synaptic Ca2+ signalling in 
fine dendrites and spines of cerebellar Purkinje neurons, Nature 373: 155–158, 1995 



102 
 

 

 

Emerit M.B. and Riad M., Trophic effects of neurotransmitters during brain maturation, 
Biology of the Neonate 62: 193-201, 1992 

 

Engler A.J., Sen S., Sweeney H.L. and Discher D.E., Matrix elasticity directs stem cell 
lineage specification, Cell 126: 677-689, 2006 

 

Ertel  S.I.,  Ertel  E.A.  and  Clozel  J.P.,  T-type  Ca2-channels  and  pharmacological  
blockade: potential pathophysiological relevance. Cardiovascular Drugs and Therapy 
11: 723–739, 1997 

 

Fahrner A., Kann G., Flubacher A., Heinrich C., Freiman T.M., Zentner J., Frotscher M., 
Haas C.A., Granule cell dispersion is not accompanied by enhanced neurogenesis in 
temporal lobe epilepsy patients, Experimental Neurology 203: 320–332, 2007 

 

Fox A.P., Nowycky M.C. and Tsien R.W., Single-channel recordings of three types of 
calcium channels in chick sensory neurons, Journal of Physiology 394: 173–200, 1987’ 

 

Freed C.R., Greene P.E., Breeze R.E., Tsai W.Y., DuMouchel W., Kao R., Dillon S., 
Winfield H., Culver R.N.S., Trojanowski J.Q., Eidelberg J., and Fahn S., 
Transplantation of embryonic dopamine neurons for severe Parkinson's disease, The 
New England Journal of Medicine 344: 710-719, 2001 

 

Fuchs E., Tumbar T. and Guasch G., Socializing with the Neighbors: Stem cells and 
their niche, Cell. 116(6): 769-78, 2004 

 

Gage F.H., Mammalian neural stem cells, Science 287: 1433-1438, 2000 

 

Gibson J.R., Beierlein M. and Connors B.W., Two networks of electrically coupled 
inhibitory neurons in neocortex, Nature 402: 75–79, 1999 

 



103 
 

Golding N.L., Jung H-y, Mickus T., Spruston N., Dendritic calcium spike initiation and 
repolarization are controlled by distinct potassium channel subtypes in CA1 pyramidal 
neurons, The Journal of Neuroscience, 19(20): 8789-8798, 1999 

 

Goldman J.E., Zerlin M., Newman S., Zhang L., Gensert J., Fate determination and 
migration of progenitors in the postnatal mammalian CNS, Development and 
Differentiation of the Nervous System, Volume 19, No. 1: 42-48, 1997 

 

Gómez-Pinilla F., Dao L. and So V., Physical exercise induces FGF-2 and its mRNA in 
the hippocampus,  Brain Research Volume 764, Issues 1-2: 1-8, 1997  

 

Gomora J.C., Daud A.N., Weiergraber M., Perez-Reyes E., Block of Cloned Human T-
type calcium channels by succinimide antiepileptic drugs, Molecular Pharmacology 60: 
1121–1132, 2001 

 

Gong C., Wang  T-W.,  Huang  H.S.  and  Parent  J.M.,  Reelin  regulates  neuronal  
progenitor migration in intact and epileptic hippocampus, The Journal of Neuroscience 
27(8): 1803-1811, 2007 

 

Gould E., McEwen B.S., Tanapat P., Galea L.A.M., Fuchs E., Neurogenesis in the 
dentate gyrus of the adult tree shrew is regulated by psychological stress and NMDA 
receptor activation, Journal of Neuroscience 17: 2492–2498, 1997 

 

Greenberg M.E., Thompson M.A. and Sheng M., Calcium regulation of immediate 
early gene transcription, Journal of Physiology, Volume 86, Issues 1-3: 99-108, 1992 

 

Griffin M.D., Ritter T., Mahon B.P., Immunological aspects of allogeneic mesenchymal 
stem  cell  therapies,  Human  Gene  Therapy,  Not  available-,  ahead  of  print.  
doi:10.1089/hum.2010.156. Aug 18, 2010 

 

Gu X. and Spitzer N.C., Low-threshold Ca2+ current and its role in spontaneous 
elevations of intracellular Ca2+ in developing Xenopus neurons, The Journal of 
Neuroscience 13(11): 4936-48, 1993 

 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DSo,%2520Vannarith%26authorID%3D6602197415%26md5%3D63434fb148e2cea20ce825a3b1f04c49&_acct=C000049116&_version=1&_userid=949111&md5=c8ae5ae25519bcf8c0e3dc5872541aa5


104 
 

Hack M.A., Saghatelyan A., de Chevigny A., Pfeifer A., Ashery-Padan R., Lledo P-M. 
and Götz M., Neuronal fate determinants of adult olfactory bulb neurogenesis, Nature 
Neuroscience 8: 865 – 872, 2005 

 

Hagiwara N., Irisawa H., and Kameyama, M., Journal of Physiology 395: 233–253, 
1988 

 

Hagg T., Molecular regulation of adult CNS neurogenesis: an integrated view, Trends in 
neurosciences 28(11): 589-95, 2005 

 

Hamill O.P., Marty A., Neher E., Sakmann B., Sigworth F.J., Improved patch-clamp 
techniques for high-resolution current recording from cells and cell-free membrane 
patches, Pflügers Archiv: European Journal of Physiology 391(2): 85–100, 1981 

 

Haubensak W., Attardo A., Denk W., Huttner W.B., Neurons arise in the basal 
neuroepithelium  of  the  early  mammalian  telencephalon:  a  major  site  of  neurogenesis,  
Proceedings of the national academy of sciences USA 101: 3196-201, 2004 

 

Hay E.D., An overview of epithelio-mesenchymal transformation, Acta Anatomica 154: 
8–20, 1995 

 

Heady  T.N.,  Gomora  J.C.,  Macdonald  T.L.  and  Perez-Reyes  E.,  Molecular  
pharmacology of T-type Ca2-channels, The Japanese Journal of Pharmacology 85: 339–
350, 2001 

 

Hebb D.O., The organization of behavior, New York: Wiley, 1949 

 

Hernandez-Cruz A., Pape H.C, Identification of two calcium currents in acutely 
dissociated neurons from cat lateral geniculate nucleus, Journal of Neurophysiology 61: 
1270–1283, 1989 

 

Herrlinger U., Woiciechowski C., Sena-Esteves M., Aboody K.S., Jacobs A.H., Rainov 
N.G.,  Snyder  E.Y.  and  Breakefield  X.O., Neural  precursor  cells  for  delivery  of  
replication-conditional HSV-1 vectors to intracerebral gliomas, Molecular Therapy 1: 
347–357, 2000 



105 
 

 

Hess D.C. and Borlongan C.V., Stem cells and neurological diseases, Cell proliferation, 
41 (Suppl. 1): 94-114, 2008 

 

Hirsch J.C., Fourment A., Marc M.E., Sleep-related variations of membrane potential in 
the lateral geniculate body relay neurons of the cat, Brain Research 259: 308-312 

 

Hobson  J.A.  and  Steriade  M.,  Neuronal  basis  of  behavioral  state  control,  In:  
Mountcastle V.B., Bloom F.E. and Geiger S.R., Handbook of Physiology, Section 1: 
The Nervous System, Volume. IV, Intrinsic regulatory systems of the brain, American 
Physiological Society, Bethesda, pp. 701-826, 1986 

 

Hockerman G.H., Peterson B.Z., Johnson B.D. and Catterall W.A., Molecular 
determinants of drug binding and action on L-type calcium channels, Annual Review of 
Pharmacology and Toxicology 37: 361-96, 1997 

 

Hofmann F., Birnbaumer L., Campbell K.P., Catterall W.A., Harpold M.M., Horne 
W.A., Mori Y., Schwartz A., Snutch T.P., Tanabe T., The naming of voltage-gated 
calcium channels, Neuron. 13(3): 505-6, 1994 

 

Hoffman P.N. and Cleveland D.W., Neurofilament and tubulin gene expression 
recapitulates the developmental program during axonal regeneration: Induction of a 
specifi c -tubulin isotype. Proceedings of National Academy of Science, USA 85: 
4530-4533, 1988 

 

Horne J.A., Why We Sleep, Oxford University Press, Oxford, 1988 

 

Hug K.,  Sources  of  human embryos  for  stem cell  research:  ethical  problems and  their  
possible solutions, Medicina (Kaunas) 41(12): 2004 

 

Hughes S.W., Lorincz M., Cope D.W., Blethyn K.L., Kekesi K.A., Parri H.R., Juhasz 
G. and Crunelli V., Synchronized oscillations at alpha and theta frequencies in the 
lateral geniculate nucleus, Neuron 42: 253–268, 2004 

 



106 
 

Huguenard J.R., Prince D.A., A novel T-type current underlies prolonged Ca(2+)-
dependent burst firing in GABAergic neurons of rat thalamic reticular nucleus, Journal 
of Neuroscience 12: 3804-17, 1992 

 

Huguenard J.R. and Prince D.A., Intrathalamic rhythmicity studied in vitro: Nominal T-
current modulation causes robust antioscillatory effects, The Journal of Neuroscience, 
September 14(9): 5485-5502, 1994 

 

Huguenard J.R., Low-thershold calcium currents in central nervous system neurons, 
Annual Reviews of Physiology 58: 329-348, 1996 

 

Huguenard J.R., Block of T -type Ca2+ channels is an important action of succinimide 
antiabsence drugs, Epilepsy Curr 2(2): 49–52, 2002 

 

Höglinger G.U., Rizk P., Muriel M.P., Duyckaerts C., Oertel W.H., Caille I. and Hirsch 
E.C., Dopamine depletion impairs precursor cell proliferation in Parkinson disease, 
Nature Neuroscience 7: 726 – 735, 2004 

 

Imayoshi I., Sakamoto M., Otshuka T., Takao K., Miyakawa T., Yamaguchi M., Mori 
K., Ikeda T., Itohara S. and Kageyama R., Roles of continuous neurogenesis in the 
structural and functional integrity of the adult forebrain, Nature Neuroscience, Volume 
11 Nr. 10: 1153-61, 2008 

 

Imitola J., Raddassi K., Park K.I., Mueller F.J., Nieto M., Teng Y.D., Frenkel D., Li J., 
Sidman R.L., Walsh C.A., Snyder E.Y., Khoury S.J., Directed migration of neural stem 
cells to sites of CNS injury by the stromal ceel-derived factor 1alpha/CXC chemokine 
receptor 4 pathway, Proceedings of National Academy of Science, USA 101: 18117-
18122, 2004 

 

Isope P., Murphy T.H., Low threshold calcium currents in rat cerebellar Purkinje cell 
dendritic spines are mediated by T-type calcium channels, Journal of Physiology 562: 
257–269, 2005 

 

Ivkovic  S.,  Canoll  P,  and  Goldman  J.E., Constitutive EGFR Signaling in 
Oligodendrocyte Progenitors Leads to Diffuse Hyperplasia in Postnatal White Matter, 
The Journal of Neuroscience, 28(4): 914-922, 2008 



107 
 

 

Iwai M., Sato K., Omori N., Nagano I., Manabe Y., Shoji M. and Abe K., Three steps of 
neural stem cells development in gerbil dentate gyrus after transient ischemia, Journal 
of Cerebral Blood Flow and Metabolism  22: 411–419, 2002 

 

Iyer N.V., Kotch L.E., Agani F., Leung S.W., Laughner E., Wenger R.H., Gassmann 
M., Gearhart J.D., Lawler A.M., Yu A.Y. and Semenza G.L.,  Cellular and 
developmental control of O2 homeostasis by hypoxia-inducible factor , Genes and 
Development 12: 149-162, 1998 

 

Jahnsen H. and Llinas R., Electrophysiological properties of guineapig thalamic 
neurones: an in vitro study, Journal of Physiology 349: 205–226, 1984 

 

Jahnsen H. and Llinas R., Ionic basis for the electro-responsiveness and oscillatory 
properties of guinea-pig thalamic neurons in vitro, Journal of Physiology 349: 227–247, 
1984 

 

Jan L.Y. and Jan Y.N., A superfamily of ion channels, Nature 345: 672, 1990 

 

Jiang Y.Q. and Oblinger M.M., Differential regulation of  III and other tubulin genes 
during peripheral and central neuron development, Journal of Cell Science 103: 643-
651, 1992 

 

Jiesheng K., Xiao-Liang C., David R., The antipsychotic drugs Sertindole and Pimozide 
block erg3, a human brain K+-channel, Biochemical and Biophysical Research 
Communications 286: 499-504, 2001 

 

Jin K., Peel A.L., Mao X.O., Xie L., Cottrell B.A., Henshall D.C. and Greenberg D.A., 
Increased hippocampal neurogenesis in Alzheimer's disease, Proceedings of National 
Academy of Science, Volume 101, No. 1: 343-347, 2004 

 

Jörntell  H.  and  Hansel  C.,  Synaptic  memories  upside  down:  bidirectional  plasticity  at  
cerebellar parallel fiber-purkinje cell synapses, Neuron Vol. 52, Issue 2: 227-238, 2006   

 



108 
 

Kahan B.D., Individuality: the barrier to optimal immunosuppression, Nature Reviews 
of Immunology 3: 831-8, 2003 

 

Kandel  E.R.,  Schwartz  J.H.,  Jessell  T.M.,  Principles  of  Neural  Science,  4th  edition  
McGraw-Hill, New York, pp. 152–153, 2000  

 

Kemp N., Bashir Z.I., Long-term depression: a cascade of induction and expression 
mechanisms, Progression in Neurobiology, 65, 339-365, 2001 

 

Kempermann G. and Gage F.H., Experience-dependent regulation of adult hippocampal 
neurogenesis: Effects of long-term stimulation and stimulus withdrawal, Hippocampus, 
Volume 9, issue 3: 321-332, 1999 

 

Kempermann G., Kuhn H.G., Gage F.H., More hippocampal neurons in adult mice 
living in an enriched environment, Nature 386: 493–495, 1997 

 

Kim D., Song I., Keum S., Lee T., Jeong M-J., Kim S-S., McEnery M.W. and Shin H-
S., Lack of  the  burst  firing  of  thalamocortical  relay  neurons  and  resistance  to  absence  
seizures in mice lacking 1G T-Type Ca2+ channels, Neuron, Volume 31, Issue 1: 35-45, 
2001 

 

Klöckner U., Lee J.H., Cribbs L.L., Daud A., Hescheler J., Pereverzev A., Perez-Reyes 
E.,  and  Schneider  T.,  Comparison  of  the  Ca2-currents  induced  by  expression  of  three  
cloned 1 subunits, 1G, 1H and 1I, of low-voltage-activated T-type Ca2-channels, 
European Journal of Neuroscience 11: 4171–4178, 1999 

 

Kolb A., Intelligent monitoring of stem cell differentiation, http://www.biotech-
online.com/fileadmin/pdf/digital_edition_archives/BTI_nov07.pdf, November 2007, p. 
10-13 

 

Komuro  H.  and  Rakic  P.,  Specific  role  of  N-type  calcium  channels  in  neuronal  
migration, Science 257: 806-809, 1992 

 

Komuro H. and Rakic P., Modulation of neuronal migration by NMDA receptors, 
Science 260:95-97, 1993 



109 
 

 

Komuro H. and Rakic P., Orchestration of neuronal migration by activity of ion 
channels, neurotransmitter receptors, and intracellular Ca2+ fluctuations, Journal of 
Neurobiology Vol. 37, Issue 1: 110–130, 1998 

 

Kordower J.H., Palfi S., Chen E.Y., Ma S.Y., Sendera T. and Cochran E.J., 
Clinicopathological findings following intraventricular glial-derived neurotrophic factor 
treatment in a patient with Parkinson’s disease, Annals of Neurology 46: 419–424, 1999 

 

Korhonen K.,  Toimela  T.,  Tarvainen  J.,  Suomela  T.,  Sjövall  S.,  Ylikomi  T.,  Korpinen  
J., ViitanenJ., Vilkki J. and Peippo J., Alkioiden kehityksen seuranta 
konenäkölaitteessa, http://www.smts.fi/mpol2008/index_tiedostot/Esitelmat/es097.pdf, 
2008 

 

Kostyuk, P.G., Molokanova, E.A., Pronchuk, N.F., Savchenko, A.N., and Verkhratsky, 
A.N., Different action of ethosuximide on low- and high-threshold calcium currents in 
rat sensory neurons, Neuroscience 51: 755–758, 1992 

 

Koulu and Tuomisto, Farmakologia ja Toksikologia, Medicina Kuopio, 2007 

 

Krayenbuhl J.C., Vozeh S., Kondo-Oestreicher M., Dayer P., Drug-drug interactions of 
new active substances: mibefradil example, European Journal of Clinical Pharmacology 
55: 559–565, 1999 

 

Kriegstain A. and Alverez-Buylla A., The glial nature of embryonic and adult neural 
stem cells, Annual Reviews of Neuroscience, 32: 149-84, 2009 

 

von  Krosigk  M.,  Bal  T.,  McCormick  D.A.,  Cellular  mechanisms  of  a  synchronized  
oscillation in the thalamus, Science 261: 361–364, 1993 

 

Kuo  C.C.  and  Yang  S.,  Recovery  from  inactivation  of  T-type  Ca2-channels  in  rat  
thalamic neurons, Journal of Neuroscience 21: 1884–1892, 2001 

 



110 
 

Kärkkäinen V., Louhivuori V., Castrén M.L., Åkerman K.E., Neurotransmitter 
responsiveness during early maturation of neural progenitor cells, Differentiation 77: 
188-198, 2009 

 

Lacinová L., Klugbauer N., Hoffman F., Regulation of the calcium channel 1G subunit 
by divalent cations and organic blockers, Neuropharmacology 39: 1254-1266, 2000 

 

Landisman C.E., Long M.A., Beierlein M., Deans D.R., Paul D.L., Connors B.W., 
Electrical synapses in the thalamic reticular nucleus, Journal of Neuroscience 22: 1002–
1009, 2002 

 

Lee J-H., Gomora J.C, Cribbs L.L. and Perez-Reyes E., Nickel block of three cloned t-
type calcium channels: low concentrations selectively block 1H, Biophysical Journal 
77: 3034-3042, 1999 

 

Leresche N., Parri H., Rheinall T., Erdemli G., Guyon A., Turner J.P., Williams S.R., 
Asprodini E., Crunelli V., On the action of the anti-absence drug ethosuximide in the rat 
and cat thalamus, The Journal of Neuroscience, 18(13): 4842-4853, 1998 

 

Lev-Ram V., Wong S.T., Storm D.R., Tsien R.Y., A new form of cerebellar long-term 
potentiation is postsynaptic and depends on nitric oxide but not cAMP, Proceedings of 
National Academy of Science USA (12): 8389-93, 2002 

 

Llinás R., Ribary U., Jeanmonod D., Kronberg E., and Mitra P.P., Thalamocortical 
dysrhythmia: a neurological and neuropsychiatric syndrome characterized by 
magnetoencephalography, Proceedings of National Academy of Science USA 96: 
15222–15227, 1999 

 

Liu J., Solway K., Messing R.O., and Sharp F.R., Increased neurogenesis in the dentate 
gyrus after transient global ischemia in gerbils, The Journal of Neuroscience, 18(19): 
7768-7778, 1998 

 

Liu  J.,  Suzuki  T.,  Seki  T.,  Namba  T.,  Tanimura  A.  and  Arai  H.,  Effects  of  repeated  
phencyclidine administration on adult hippocampal neurogenesis in the rat, SYNAPSE 
60: 56–68, 2006 

 



111 
 

Livingstone M. and Hubel D., Effects of sleep and arousal on the processing of visual 
information in the cat, Nature 291: 554, 1981 

 

Lory P., Bidaud I. and Chemin J., T-type calcium channels in differentiation and 
proliferation, Cell Calcium, Volume 40, Issue 2: 135-146, 2006 

 

Machold R., Hayashi S., Rutlin M., Muzumdar M.D., Nery S., Corbin J.G., Gritli-Linde 
A., Dellovade T., Porter J.A., Rubin L.L., Dudek H., McMahon A.P. and Fishell G., 
Sonic hedgehog is required for progenitor cell maintenance in telencephalic stem cell 
niches, Neuron Volume 39, Issue 6: 937-950, 2003 

 

MacKinnon  R.  and  Miller  C.,  Mechanism  of  charybdotoxin  block  of  the  high-
conductance, Ca2+-activated K+ channel, The Journal of General Physiology Vol. 91 
No. 3: 335-349, 1988 

 

Magee J.C. and Carruth M., Dendritic voltage-gated ion channels regulate the action 
potential firing mode of hippocampal CA1 pyramidal neurons, Journal of 
Neurophysiology 82: 1895–1901, 1999 

 

Martin R.L., Lee J.H., Cribbs L.L., Perez-Reyes E., and Hanck D.A., Mibefradil block 
of cloned T-type calcium channels, Journal of Pharmacology and Experimental 
Therapeutics 295: 302–308, 2000 

 

Martino G. and Pluchino S., The therapeutic potential of neural stem cells, Nature 
Reviews Neuroscience 7: 395-406, 2006 

 

Miljanich G.P. and Ramachandran J., Antagonists of neuronal calcium channels: 
structure, function, and therapeutic implications, Annual Review of Pharmacology and 
Toxicology Vol. 35: 707-734, 1995 

Miles D.K. and Kernie S.G., Activation of neural stem and progenitor cells after brain 
injury, Progress in Brain Research 157: 187–97, 2006  

 

Miller S. and Mayford M., Cellular and molecular mechanisms of memory: the LTP 
connection, Current opinion in Genetic Development 9: 333-337, 1999 

 



112 
 

Mishra K. S. and Hermsmeyer K., Selective inhibition of T-type Ca2+- channels by Ro 
40-5967, Circulation Research, American Heart Association, 75: 144-148, 1994 

 

Morest D.K., A study of neurogenesis in the forebrain of opossum pouch young, Z. 
Anatomy Entwickle 130: 265-305, 1970 

 

Morest D.K. and Silver J., Precursors of neurons, neuroglia, and ependymal cells in the 
CNS:  What  are  they?  Where  are  they  from?  How  do  they  get  where  they  are  going?,  
Glia 43: 6-18, 2003 

 

Neher  E.  and  Sakmann  B.,  Single  channel  currents  recorded  from  membrane  of  
denervated frog muscle fibers, Nature 260: 799-802, 1976 

 

Nevian T. and Sakmann B., Spine Ca2+ signaling in spiketiming-dependent plasticity, 
Journal of Neuroscience 26: 11001–11013, 2006 

 

Niedermeyer  E.,  Sleep  and  EEG,  in:  E.  Niedermeyer,  Lopes  da  Silva  F.H.  (Eds.),  
Electroencephalography: Basic Principles, Clinical Applications, Related Fields, 
Williams and Wilkins, Baltimore, 1993, pp. 153–191 

 

Niedermeyer E., Primary (idiopathic) generalized epilepsy and underlying mechanisms, 
Clinical Electroencephalography 27: 1–21, 1996 

 

Nguyen L., Rigo J.M., Rocher V., Belachew S., Malgrange B., Rogister B., Leprince P., 
Moonen G., Neurotransmitters as early signals for central nervous system development, 
Cell and tissue research 305(2): 187-202, 2001 

 

Nowycky M.C., Fox A.P., and Tsien R.W., Three types of neuronal calcium channel 
with different calcium agonist sensitivity, Nature 316: 440 – 443, 1985 

 

Nutt J.G., Burchiel K.J., Comella C.L., Jankovic J., Lang A.E., Laws Jr E.R., Lozano 
A.M., Penn R.D., Simpson Jr. R.K., Stacy M., Wooten G.F., and the ICV GDNF Study 
Group, Randomized, double-blind trial of glial cell line-derived neurotrophic factor 
(GDNF) in PD, Neurology 60: 69–73, 2003 



113 
 

 

Oliet  S.H.R.,  Malenka  R.C.  and  Nicoll  R.A.,  Two  distinct  forms  of  long-term  
depression coexist in CA1 hippocampal pyramidal cells, Neuron 18: 969–982, 1997 

 

Olivera B.M., Miljanich G.P., Ramachandran and M.E. Adams, Calcium channel 
diversity and neurotransmitter release: the omega-conotoxins and omega-agatoxins, 
Annual Reviews of Biochemistry 63: 823-867, 1994 

 

Ono K.,  Tomasiewicz H.,  Magnuson T. and Rutishauser U., N-CAM mutation inhibits 
tangential neuronal migration and is phenocopied by enzymatic removal of polysialic 
acid, Neuron. 13(3): 595-609, 1994 

 

Owens T., Babcock A.A., Millward J.M. and Toft-Hansen H., Cytokine and chemokine 
inter-regulation in the inflamed or injured CNS, Brain Research Reviews 48: 178–184, 
2005 

 

Paratcha G., Ibanez C.F. and Ledda F., GDNF is a chemoattractant factor for neuronal 
precursor cells in the rostral migratory stream, Molecular and Cellular Neuroscience 31: 
505 – 514, 2006 

 

Parent J.M.,  Yu T.W., Leibowitz R.T.,  Geschwind D.H.,  Sloviter R.S. and Lowenstein 
D.H., Dentate granule cell neurogenesis is increased by seizures and contributes to 
aberrant network reorganization in the adult rat hippocampus, Journal of Neuroscience, 
17: 3727–3738, 1997 

 

Perez-Reyes E., Cribbs L.L., Daud A., Lacerda A.E., Barclay J., Williamson M.P., Fox 
M.,  Rees  M.,  and  Lee  J-H.,  Molecular  characterization  of  a  neuronal  low  voltage-
activated T-type calcium channel, Nature 391: 896–900, 1998 

 

Perez-Reyes E., Molecular physiology of low-voltage-activated T-type calcium 
channels, Physiological Reviews 83: 117–161, 2003 

 

Polloneal J., Ocbina, A., Maria L.V., Dizon B., Shin, L.B. and Szele F.G., Doublecortin 
is necessary for the migration of adult subventricular zone cells from neurospheres, 
Molecular and Cellular Neuroscience, Volume 33, Issue 2: 126-135, 2006 



114 
 

 

Poulsom  R.,  Alison  R.M.,  Forbes  S.J.  and  Wright  N.A.,  Adult  stem  cell  plasticity,  
Journal of Pathology 197: 441–456, 2002 

 

Praag H.V., Kempermann G. and Gage F.H., Neuronal consequences of environmental 
enrichment, Nature Reviews Neuroscience 1: 191–198, 2000 

 

http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=3291&loc=ec_rcs, 
ethosuximide’s chemical structure 

 

http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=60663&loc=ec_rcs, 

mibefradil’s chemical structure 

 

http://pubchem.ncbi.nlm.nih.gov/summary/summary.cgi?cid=16362&loc=ec_rcs, 
pimozide’s chemical structure 

 

Purves D., Augustine G.J., Fitzpark D., Hall W.C., LaMantia A-S., McNamara J.O., 
White L.E., Neuroscience, 4th edition, Sinauer Associates, 2008 

 

Raab  A.  and  Storz  H.,  A longterm study  on  the  impact  of  sociopsychic  stress  in  tree-
shrews (Tupaia belangeri) on central and peripheral tyrosine hydroxylase activity, 
Journal of Comparative Physiology 108: 115-131, 1976 

 

Rabitti D., The involvement of endothelial progenitor cells in tumor angiogenesis, 
Journal of Cellular and Molecular Medicine 8: 294–300, 2004 

 

Rakic P. and Komuro H., The role of receptor/channel activity in neuronal cell 
migration, Journal of Neurobiology 26: 299-315, 1995 

 

Rakic P. and Komuro H., Intracellular Ca2+- fluctuations modulate the rate of neuronal 
migration, Neuron 17: 275-285, 1996 

 



115 
 

Ramón y Cajal, S., Degeneration and Regeneration of the Nervous System, London: 
Oxford University Press, 1928 

 

Randall  A.  and  Tsien  R.W.,  Pharmacological  dissection  of  multiple  types  of  Ca2+-
channel currents in rat cerebellar granule neurons, Journal of Neuroscience 15: 2995-
3012, 1995 

 

Reif A., Fritzen S., Finger M., Strobel A., Lauer M., Schmitt A. and Lesch K-P., Neural 
stem cell proliferation is decreased in schizophrenia, but not in depression, Molecular 
Psychiatry 11: 514–522, 2006 

 

Reimer M.M., Kuscha V., Wyatt C., Sörensen I., Frank R.E., Knüwer M., Becker T. and 
Becker C.G., Sonic hedgehog is a polarized signal for motor neuron regeneration in 
adult zebrafish, Journal of Neuroscience 29: 15073-15082, 2009 

 

Reynolds B.A. and Weiss S., Generation of neurons and astrocytes from isolated cells 
of the adult mammalian central nervous system, Science Vol. 255, No. 5052: 1707-
1710, 1992 

 

Saghatelyan A., de Chevigny A., Schachner M. and Lledo P-M., Tenascin-R mediates 
activity-dependent recruitment of neuroblasts in the adult mouse forebrain, Nature 
Neuroscience 7: 347 – 356, 2004 

 

Sanford L.P., Ormsby I., Gittenberger-De Groot A.C., Sariola H., Friedman R., Boivin 
G.P., Cardell E.L., Doetschman T., TGF-beta2 knockout mice have multiple 
developmental defects that are non-overlapping with other TGFbeta knockout 
phenotypes, Development 124: 2659–2670, 1997 

 

Santi C.M., Cayabyab F.S., Sutton K.G., McRory J.E., Mezeyova J., Hamming K.S., 
Parker D., Stea A., Snutch T.P., Differential inhibition of t-type calcium channels by 
neuroleptics, The Journal of Neuroscience 22(2): 396-40, 2002 

 

Sauer F.C., Mitosis in the neural tube, The Journal of Comparative Neurology Vol. 62, 
Issue 2: 377–405, 1935 

 



116 
 

Schofield R., The relationship between the spleen colony-forming cell and the 
haemopoietic stem cell, Blood Cells 4: 7–25, 1978 

 

Shibata T, Yamada K., Watanabe M., Ikenaka K., Wada K., Tanaka K., and Inoue Y., 
Glutamate Transporter GLAST Is Expressed in the Radial Glia-Astrocyte Lineage of 
Developing Mouse Spinal Cord, The Journal of Neuroscience, Volume 17, Number 23, 
Issue 1: 9212-9219, 1997  

 

Sidach S.S. and Mintz I.M., Kurtoxin, a gating modifier of neuronal high- and low-
threshold Ca channels, The Journal of Neuroscience 22(6): 2023-2034, 2002 

 

Smith C., Sleep states and learning: a review of the animal literature, Neuroscience & 
Biobehavioral reviews 9: 157-168, 1985 

 

Smith C., Sleep states and memory processes, Behavioural Brain research 69: 137-145, 
1995 

 

Snead O.C., Banerjee P.K., Burnham M., and Hampson, D., Modulation of absence 
seizures by the GABA(A) receptor: a critical rolefor metabotropic glutamate receptor 4 
(mGluR4). Journal of Neuroscience 20: 6218–6224, 2000 

 

Spangrude  G.J.,  Heimfeld  S.  and  Weissmann J.L.,  Purification  and  characterization  of  
mouse hematopoietic stem cells, Science Vol. 241, Issue 4861: 58, 1988 

 

Spemann H. and Mangold H., Induction of embryonic primordial by implantation of 
organizers from a different species, (Trans. Hamburger V.) In Fundation of 
Experimental Embryology by Willer B.H. and Oppenheimer J.M. Eds. New York, 
pp.144–184, 1924 

 

Spitzer N.C., Gu X. and Olson E., Action potentials, calcium transients and the control 
of differentiation of excitable cells, Current Opinion in Neurobiology 4: 70-77, 1994 

 

Spitzer N.C., Root C.M. and Borodinsky L.N., Orchestrating neuronal differentiation: 
patterns of Ca2+ spikes specify transmitter choice, Trends in neurosciences 27(7): 415-
21, 2004 



117 
 

 

Stahnisch F.W. and Nitsch R., Santiago Ramón y Cajal’s concept of neuronal plasticity: 
the ambiguity lives on, Trends in Neurosciences Volume 25, No. 11: 589, 2002 

 

Staley K.J., Otis T.S., Istvan M., Membrane properties of Dentate Gyrus granule Cells: 
Comparison of Sharp Microelectrode and Whole-Cell Recordings, Journal of 
Neurophysiology, Volume 67, No. 5: 1992 

 

Stefansson H., Sarginson J., Kong A., Yates P., Steinthorsdottir V.,Gudfinnsson E., 
Gunnarsdottir S., Walker N., Petturson H., Crombie C., Ingason A., Gulcher J.R., 
Stefansson K. and St Clair D., Association of neuregulin 1 with schizophrenia 
confirmed in a scottish population, The American Journal of Human Genetics Vol. 72, 
Issue 1: 83-87, 2003  

  

Steriade M., Deschenes M., Domich L. and Mulle C., Abolition of spindle oscillations 
in thalamic neurons disconnected from nucleus reticularis thalami, Journal of 
Neurophysiology 54: 1473–1497, 1985 

 

Steriade M., Nunez A. and Amzica F., Intracellular analysis of relations between the 
slow (< 1 Hz) neocortical oscillation and other sleep rhythms of the 
electroencephalogram, Journal of Neuroscience, 13: 3266-3283, 1993b 

 

Storch  A.,  Paul  G.,  Csete  M.,  Boehm  B.O.,  Carvey  P.M.,  Kupsch  A.  and  Schwarz  J., 
Long-term proliferation and dopaminergic differentiation of human mesencephalic 
neural precursor cells, Experimental Neurology, Volume 170, Issue 2: 317-325, 2001 

 

Strege  P.R.,  Bernard  C.E.,  Ou  Y.,  Gibbons  S.J.,  Farrugia  G.,  Effect  of  mibefradil  on  
sodium and calcium currents, American Journal of Physiology: Gastrointestinal Liver 
Physiology 289: G249-G253, 2005 

 

Sundgren-Andersson A.K. and Johansson S., Calcium spikes and calcium currents in 
neurons from the medial preoptic nucleus of rat, Brain Research 783: 194–209, 1998 

 

 



118 
 

Svendsen C.N., Clarke D.J., Rosser A.E. and Dunnet S.B., Survival and differentiation 
of rat and human epidermal growth factor-responsive precursor cells following grafting 
into the lesioned adult central nervous system, Experimental neurology 137: 376-388, 
1996 

 

Takagi Y., Takahashi J., Saiki H., Morizane A., Hayashi T., Kishi Y., Fukuda H., 
Okamoto Y., Koyanagi M., Ideguchi M., Hayashi H., Imazato T., Kawasaki H., 
Suemori H., Omachi S., Iida H., Itoh N., Nakatsuji N., Sasai Y. and Hashimoto N., 
Dopaminergic neurons generated from monkey embryonic stem cells function in a 
Parkinson primate model, The Journal of Clinical Investigation 115(1): 102–109, 2005 

 

Talley E.M., Cribbs L.L., Lee J.H., Daud A., Perez-Reyes E. and Bayliss D.A., 
Differential distribution of three members of a gene family encoding low voltage-
activated (T-type) calcium channels, Journal of Neuroscience 19: 1895–1911, 1999 

 

Tanaka  R.,  Yamashiro  K.,  Mochizuki  H.,  Cho N.,  Onodera  M.,  Mizuno Y.  and  Urabe  
T., Neurogenesis after transient global ischemia in the adult hippocampus visualized by 
improved retroviral vector, Stroke. 35: 1454, 2004 

 

Temple S., The development of neural stem cells, Nature 414: 112-117, 2001 

 

Thomas  L.B,  Gates  M.A.  and  Steindler  D.A.,  Young  neurons  from  the  adult  
subependymal zone proliferate and migrate along an astrocyte, extracellular matrix-rich 
pathway, Glia Volume 17, Issue 1: 1-14, 1996 

Thomas M.J., Watabe A.M., Moody T.D., Makhinson M. and O’Dell T.J. (1998) 
Postsynaptic complex spike bursting enables the induction of LTP by theta frequency 
synaptic stimulation, Journal of Neuroscience 18: 7118–7126, 1998 

 

Tropepe V., Hitoshi S., Sirard C., Mak T.W., Rossant J. and van der Kooy D., Direct 
neural fate specification from embryonic stem cells: a primitive mammalian neural stem 
cell stage acquired through a default mechanism, Neuron. Volume 30, Issue 1: 65-78, 
2001 

 

Tsakiridou E., Bertollini L., de Curtis M., Avanzini G. and Pape H.C., Selective 
increase in T-type calcium conductance of reticular thalamic neurons in a rat model of 
absence epilepsy, Journal of Neuroscience, Vol 15: 3110-3117, 1995 

 



119 
 

 

Tsien, R.W., Lipscombe D., Madison V., Bley K.P. and Fox A.P., Multiple types of 
neuronal calcium channels and their selective modulation, Trends in Neuroscience 11: 
431-438, 1988 

  

Umemiya M., Berger A.S., Properties and- function of low- and high-voltage- activated 
CaZ+ channels in hypeglossal motoneurons, Journal of Neuroscience 14: 5652-60, 1994 

 

Wang Y., Jin K., Mao X.O., Xie L., Banwait S., Marti H.H. and Greenberg D.A., 
VEGF-overexpressing transgenic mice show enhanced post-ischemic neurogenesis and 
neuromigration, Journal of Neuroscience Research, Volume 35, Issue 4: 740-747, 2007 

 

Webb S.E., Moreau M., Leclerc C. and Mille A.L., Calcium transients and neural 
induction in vertebrates, Cell Calcium, Volume 37, Issue 5: 375-385, 2005 

 

Westenbroek R.E., Immunochemical indentification and subcellular distribution of the  
1A subunits of brain calcium channels, Journal of Neuroscience 15: 6403-6418, 1995 

 

White G., Lovinger D.M., and Weight F.F., Transient low-threshold Ca2-current 
triggers burst firing through an afterdepolarizing potential in an adult mammalian 
neuron. Proceedings of National Academy of Science USA 86: 6802–6806, 1989 

 

Williams D.A., A study of thalamic and cortical rhythms in petit mal. Brain 76: 50-69, 
1953 

 

Williams M.E., Washburn M.S., Hans M., Urrutia A., Brust P.F., Prodanovich P., 
Harpold M.M., and Stauderman K.A., Structure and functional characterization of a 
novel human low-voltage activated calcium channel. Journal of Neurochemistry 72: 
791–799, 1999 

 

Winner B., Couillard-Despres S., Geyer M., Aigner R., Bogdahn U., Aigner L., Kuhn 
H.G. and Winkler J., Dopaminergic Lesion Enhances Growth Factor-Induced Striatal 
Neuroblast Migration, Journal of Neuropathology & Experimental Neurology, Volume 
67, Issue 2: 105-116, 2008 

 



120 
 

Yaari Y., Hamon B. and Lux H.D., Development of two types of calcium channels in 
cultured mammalian hippocampal neurons, Science, 235: 680-682 

 

Ye J.H. and Akaike N., Calcium currents in pyramidal neurons acutely dissociated from 
the rat frontal cortex: a study by the nystatin perforated patch technique, Brain Research 
606: 111–117, 1993 

 

Yin J.C.P., Tully T., CREB and the formation of long-term memory, Current opinion in 
neurobiology 6: 264-268, 1996 

 

Yu F.H., Yarov-Yarovoy V., Gutman G.A. and Catterall W.A., Overview of molecular 
relationships in the voltage-gated ion channel superfamily, Pharmacological Reviews 
Vol. 57 No. 4: 387-395, 2005 

 

Yu J.M., Jun E.S., Bae Y.C. and Jung J.S., Mesenchymal stem cells derived from 
human adipose tissues favor tumor cell growth in vivo, Stem Cells and Development 
17: 463–473, 2008 

 

Yunker A.M., Modulation and pharmacology of low voltage-activated (“T-type”) 
calcium channels, Journal of Bioenergetics and Biomembranes, Volume 35, No. 6: 577-
598, 2003 

 

Yunker A.M., McEnery M.W., Low-voltage-activated (“T-Type”) calcium channels in 
review, Journal of Bioenergetics and Biomembranes 35: 533–575, 2003   

 

Zhu J.J., Lytton W.W., Xue J.T. and Uhlrich D.J., An intrinsic oscillation in 
interneurons of the rat lateral geniculate nucleus, Journal of Neurophysiology 81: 702–
711, 1999 

 

Zhu H-L., Aishima M., Morinaga H., Wassall R.D., Shibata A., Iwasa K., Nomura M., 
Nagao M., Sueishi K., Cunnane T.C. and Teramoto N., Molecular and biophysical 
properties of voltage-gated Na+ channels in murine vas deferens, Biophysical Journal 
94: 3340–3351, 2009 

 



121 
 

Zhu H-L., Richard D., Wassall &Thomas C., Cunnane & Noriyoshi Teramoto, Actions 
of kurtoxin on tetrodotoxin-sensitive voltage-gated Na+ currents, NaV1.6, in murine vas 
deferens myocytes, Naunyn-Schmied Archives of Pharmacology 379: 453–460, 2009 

 

Zigova T., Sanberg P.R., Sanchez-Ramos J.R., Neural Stem Cells, Methods in 
Molecular Biology, Volume. 198: Humana Press, Totowa, New Jersey 2002 

 

 

 

 

 

  



122 
 

ATTACHMENT 1: SOLUTIONS 

 

Poly-l-ornithin 

- is used to coat the wells and plates, NSCs attach to the coating  material and start 
their differentiation 

- ordered from Sigma 

 

Poly-l-ornithin is diluted in 25 mg/ 50 ml of PBS and sterile filtered. This solution is 
used in a concentration of 1:10 of PBS, or even more diluted. The solutions are stored in 
-20 C. 

 

1 M HEPES 

- is added in growth medium in 0.75 ml/ 50 ml as a buffer solution 
- the solution has to be autoclaved before use 
- the salt powder ordered from Sigma-Aldrich is added in aqua sterilisata in a 

concentration of 1 M (mol/l): 

 

M = 238g/mol 

V = 500 ml 

m = MCV = 119g 
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PBS 

1 litre of PBS consists of: 

- NaCl2   80.0 
- KCl2   80.0 
- Na2HPO4 x 2 H2O   14.0 
- KH2PO4      2.0 

ad 1 l aqua sterilisata 

 

- pH of the solution needs to be adjusted to 7.3 
- solution must autoclaved 
- the solution is stored in the fridge 
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ATTACHMENT 2: B27 SUPPLEMENT 

 

B27 supplement is prepared in distilled water. The components of the solution are: 

 

- d-biotin 
- BSA 
- l-carnithine 
- corticosterone 
- ethanolamine HCl 
- d-galactose (anhydr.) 
- insulin (human, Zn) 
- linoleic acid 
- progesterone 
- putrescine 2HCl 
- sodium selenite 
- T3/albumin complex 
- transferring (human, iron-) 

 

The solution is stored in -20 C 
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