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Betrachtet, forscht, die Einzelheiten sammelt, 

  Naturgeheimnis werde nachgestammelt.                      
 

       
 

Observe, investigate, with searching eyes, � 
And nature will disclose her mysteries. 

 
 

Goethe  
  

   



 

 

ABSTRACT 
Unlike mammals, adult salamanders can regenerate their brain after injury in 

a process fuelled by neurogenesis. The aim of this thesis is to identify the cells that 

give rise to new neurons after injury and examine the mechanisms controlling the 

initiation and termination of brain regeneration in the newt. The reasons why newts 

can regenerate their brain while mammals cannot are unknown, and it has been 

argued that the presence of constantly proliferating cells is a prerequisite for 

regeneration to occur. 

In Paper I of this thesis we mapped the distribution of proliferating cells in 

the adult newt brain and identified the areas of the brain where neurons are added 

under normal conditions. We observed that similarly to mammals, neurons are 

continuously added to the newt forebrain, while no neurogenesis was detected in 

the midbrain. After injury to the newt midbrain, radial glia-like cells (RGLs) start to 

proliferate and progeny of these cells differentiate into neurons. These results show 

that regeneration is not dependent on constitutive neurogenesis. 

In Paper II we wanted to test if the neurotransmitter dopamine is involved in 

controlling regeneration of dopaminergic (DA) neurons. We found that 

synthetically increasing the concentration of dopamine in the regenerating newt 

brain by administration of the dopamine precursor L-dopa, inhibits regeneration by 

blocking the proliferation of the progenitor cells. We also found that antagonizing 

dopamine signalling in the uninjured brain is sufficient to evoke proliferation of the 

otherwise quiescent RGLs and we found that progeny of these cells give rise to 

increased numbers of neurons in the midbrain. 

The newt is not the only vertebrate animal able to regenerate its brain; both 

fish and reptile species can repair injured brain. Interestingly, fish and reptiles are 

also able to survive hypoxia and are exposed to these conditions in their natural 

habitat. In Paper III of my thesis we wanted to examine if the ability to regenerate 

brain tissue is linked to an animal’s ability to survive varying levels of oxygen. We 

observed that the red spotted newt is able to survive hypoxia, but this treatment 

leads to increased cell death in the brain. Reoxygenation of the brain leads to an 

elevated production of reactive oxygen species, which is concomitant with an 

increase in proliferation of the ventricular progenitor cells, suggesting that a 

regenerative process has been initiated. Inhibiting production of reactive oxygen 

species during reoxygenation results in reduced progenitor cell proliferation.     



 

 

The major findings of this thesis are summarized as follows: the red spotted 

newt is able to regenerate areas of the brain that are normally devoid of 

proliferating cells. In this process, ventricular RGLs act as progenitor cells in the 

adult newt brain and give rise to new neurons after injury. We have also shown that 

the neurotransmitter dopamine inhibits the proliferation of DA progenitor cells in a 

feedback-like manner and thus identified a mechanism for how the brain senses the 

degree of neuronal loss. These results pinpoint several features of naturally 

occurring brain regeneration and could aid the development of techniques to evoke 

brain regeneration in humans. Finally we have found that the newt, similarly to 

other animals capable of brain regeneration, is able to survive hypoxia. Hypoxia 

leads to increased cell death in the brain, but molecules that are activated by 

reoxygenation induce regenerative mechanisms such as increased proliferation of 

neural progenitor cells. These discoveries suggest that the trait of brain regeneration 

has evolved together with the capacity to survive variation in oxygen levels. 
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1 REGENERATIVE BIOLOGY 
 
1.1 INTRODUCTION 

The capacity of the human body to repair injured tissues and organs decreases 

with age. At the same time, the likelihood that a person will get degenerative disease 

increases. Since the population of the industrialised world is rapidly ageing, the number 

of patients suffering form degenerative diseases will drastically escalate. To cope with 

this increase in patients, novel methods need to be developed to cure these patients.  

An organ that is particularly sensitive to ageing is the brain and many 

neurodegenerative diseases, such as Parkinson disease and Alzheimer’s disease become 

more prevalent with age. Current treatments of neurodegenerative diseases are usually 

aimed at alleviating the symptoms caused by degeneration in the brain, not repairing 

the injury. Possible ways to cure degenerative diseases is to replace the lost cells and 

injured tissue using stem cells. Stem cells exist in many organs of the human body 

including the brain and these cells have the capacity to repair organs after natural wear 

or injury. A great deal of effort in the field of regenerative medicine is now placed on 

developing methods that utilize stem cells to repair injuries caused by disease or 

trauma. This can be done either by enhancing the activity of somatic stem cells that are 

already in the body or by injecting stem cells that have been manipulated in a dish, into 

the diseased part of the body. 

Unlike humans, some non-mammalian vertebrates such as fish and amphibians 

have proved to be excellent natural regenerators and are able to rebuild various organs 

without transplantation or injection of stem cells. The most impressive example of 

these natural regenerators is the newt. This aquatic salamander has been used in 

regeneration studies for at least 250 years and is known to regenerate limbs, lens, retina 

and heart tissue after injury. In contrast to mammals, newts shows no age related 

decline in their regenerative capacity and a lot can be learned of the processes 

controlling regeneration in this animal. Work done in my PhD group has previously 

shown that newt is also able to recover from a toxin induced parkinsonian-like 

condition. After ablation of the midbrain dopaminergic (DA) neurons, which 

correspond to the neurons that die in patients suffering from Parkinson’s disease, it 

takes approximately 30 days for the neurons to grow back.  However, the origin of the 

cells and factors controlling neurogenesis following injury were not known.  
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In this thesis I study the cellular source involved the regeneration process of the 

adult newt brain. I also examine the signals that control the progenitor cells during 

regeneration. Finally, I examine the reason why newts have developed this amazing 

ability to regenerate brain tissue. In the background section of this thesis, I will firstly 

give an introduction to the field of experimental regenerative research, with a section 

explaining the various mechanisms involved in regeneration in different model 

organisms. Secondly I will introduce the reader to the process of neurogenesis, both in 

the injured and un-injured adult vertebrate brain. And finally I will give a brief 

introduction to the dopaminergic system and diseases caused by changes in this system, 

and explain how dopamine is known to regulate stem cell behaviour. 
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1.1.1 Experimental Regenerative biology  

 
The concept of regenerating lost body parts has captured people’s imagination 

through the ages and is well documented in different mythologies of many cultures. 

Greek mythology discusses Prometheus, the half man half God who was caught by 

Zeus for having given knowledge of fire and language to the humans. He was 

condemned to be chained to a rock and having an eagle peck out his liver every night. 

Every morning the liver had regenerated and Prometheus would have to suffer the same 

punishment over and over. Remarkably, the human liver is an organ with a relatively 

good regenerative capacity (Pack et al., 1962). Whether or not the ancient Greeks had 

performed any experiments or were only incredibly perspicacious, we do not know. 

The Greek hero Heracles also encountered regeneration when he tried to decapitate the 

nine-headed Lernaean Hydra. Every time he cut of a head, two new ones replaced it.  

Aristotle (384-322BC) the great natural philosopher and scientist, mentions the 

concept of regeneration in his book “The History of Animals”. He states that lizards are 

able to regenerate their tail and the chick of the swallow is able to repair its eyes. In 

addition, he discusses the ability of male deer to regenerate their antlers on a yearly 

basis. He also noted that were unable to regenerate their antlers following castration 

(Aristotle, 1984). It took over two millennia for scientists to discover that castration of 

deer affects the androgen levels in the body, which in turn affects the regeneration 

process (Kierdorf and Kierdorf, 2011; Kierdorf et al., 2004).   

Though there were observations of regeneration during ancient times, no actual 

experimental regeneration studies were reported until the eighteenth century. The 

pioneer of this work was René Antoine Ferchault de Réaumur (1683-1757). Réaumur 

was a great observer and experimental scientist, Thomas Henry Huxley (1825-1895) 

even placed him on par with both Aristotle and Charles Darwin (Huxley and Huxley, 

1900), and his work inspired many of his contemporaries (Ratcliff, 2005). Réaumur is 

most famous for his work in the iron and steel industry, he even got a temperature scale 

named after him in honour of him inventing the alcohol thermometer. Biologists will 

nevertheless remember him for his works on the regenerative capacity of crustaceans. 

In 1712, he published a paper in which he showed that the blackback land crab 

(Gecarcinus lateralis) is able to regenerate amputated limbs.  

Réaumur’s pivotal regeneration experiment inspired his scientist colleagues to 

examine if regeneration occurred in other animals (Odelberg, 2004; Ratcliff, 2005). 

One of these scientists was Abraham Trembley (1710-1784), a Swiss naturalist who 
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studied regeneration in a fresh-water polyp. He discovered that if this animal is cut into 

two pieces, both pieces regenerate a new body, the head part regenerates a new foot, 

and the foot part regenerates a new head. Because of these animals striking 

resemblance to the monster Hercules fought with, Carl Linnaeus (1707-1778) decided 

to name them Hydra (Oxford English Dictionary). Charles Bonnet (1720-1793), who 

happened to be Trembley’s cousin, performed similar experiments on worms. He 

observed that worms also had the power to regenerate and he showed that they could 

even remake complete animals from the small parts that were cut from the animals 

(Birnbaum and Sanchez Alvarado, 2008; Tsonis and Fox, 2009). Apart from studying 

regeneration, Bonnet also contributed to the field of biology by identifying another 

interesting biological phenomena called Parthenogenesis. Parthenogenesis is a form of 

asexual reproduction that Bonnet observed while studying the plant lice (aphids) 

(Davis, 2012; Dinsmore, 1991; Suomalainen, 1950). This phenomenon is now known 

to exist in other vertebrates species including some amphibians and reptiles (Lampert, 

2008). Interestingly, the capacity to reproduce asexually is often thought to be linked 

with the capacity to regenerate damaged tissue (Sanchez Alvarado, 2000). 

The first person to do systematic experiments on salamanders was Lazzaro 

Spallanzani (1729-1799). He reported in 1768 that salamanders are able to regenerate 

their limbs and tails after amputation. He also observed that upon amputation of a limb, 

a thin round or elliptic surface was formed at the site of injury. Today we know that this 

surface, also called the blastema, consists of a cell mass that gives rise to the regenerate 

(Tsonis and Fox, 2009). For their scientific achievements Réaumur, Bonnet and 

Spallanzani were given several awards and were all elected foreign members of the 

Royal Swedish Academy of Sciences (Dahlgren et al., 1915). 

The discovery that adult animals can rebuild organs de novo (from the beginning) 

had great implications for the way people thought about nature and also affected 

several natural philosophers of the eighteenth century. One of the central biological 

questions at this time was whether an organism develops through epigenesis, or 

preformation. These terms are eloquently explained in a footnote to the English 

translation of Aristotle’s, “The Generation of Animals”: “Does the embryo contain all 

its parts in little from the beginning, unfolding like a Japanese paper flower in water 

(preformation), or is there a true formation of new structures as it develops 

(epigenesis)?“ (Aristotle, 1943). 
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The discovery of regeneration would convince many that epigenesis was the 

correct alternative since it appeared improbable that the newt for example, had small 

auxiliary limbs in the body that could start to grow in case of injury. Though it should 

be noted that not everyone was convinced and even Réamur and Bonnet remained 

preformationists (Tsonis and Fox, 2009). In 1856 Charles Darwin (1809-1882) 

published his pivotal “On the Origin of Species”. Though the concept of regeneration 

was not mentioned in the book, the discovery of evolution and natural selection opened 

up the possibility to ask a whole new set of questions when discussing regeneration. 

One of these questions that was hotly debated in the late nineteenth century was 

whether regeneration is an adaptive feature in animal evolution or if it is a capacity 

intrinsic to metazoan life, but lost during in animals when they adapt to various 

environments and behaviours. The two main protagonists is this debate were August 

Weismann (1834-1914) and Thomas Hunt Morgan (1866-1945), two giants of 

developmental biology in the late nineteenth century and early twentieth century (Goss, 

1992).  

Weismann is most famous for his “germ plasm theory” in which he proposes that 

germ cells contain the heritable information of an organism, while somatic cells 

perform regular bodily functions. But Weismann also had a great interest in 

regeneration. He stated that the power to regenerate various organs would have to be 

introduced by nature since it is a trait that is highly beneficial to the organism in 

question.  Thomas Hunt Morgan on the other hand argued that since regeneration is a 

very complex process, it would be a highly improbable that it would evolve over-time. 

Rather, he argued, regeneration is a property inherent to metazoan life, but the capacity 

to regenerate is lost in some animals when they adapt to their special niche (Goss, 

1992). Morgan also argued that if regeneration was an adaptive trait, developed in 

animals to repair organs that are liable to injury, animals should not be able to 

regenerate organs that are not likely to be injured. He tested this hypothesis in the 

common hermit crab (Eupagurus longicarpus) and he observed that this animal could 

regenerate appendages on the anterior part of the body, that are usually protected by the 

shell and thus not liable to injury (Morgan, 1901b). It should be noted that these 

experiments have later been repeated with varying results (Goss, 1992).  

The question whether regeneration is an adaptive trait or inherent to multicellular 

life is still debated and will be further discussed in this thesis (Agata and Inoue, 2012; 

Bely and Nyberg, 2010; Brockes et al., 2001; Garza-Garcia et al., 2010).    
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1.1.2 What is an adult? 

 
Before a discussion on adult regeneration and adult neurogenesis can commence, 

it is important to define what an adult actually is. When comparing species from 

different animal classes, it can be complicated to give definitions. An animal is 

sometimes considered to be adult when it reaches sexual maturity, but complications 

can arise when dealing with animals that have unconventional life cycles. For example, 

some animals die naturally without reaching sexual maturity. This is the case with 

animals that reproduce asexually, such as animals that replicate solely by 

parthenogenesis (Schwander et al., 2011). Further examples of animals that do not 

become sexually mature can be found amongst the insects, such as worker ants that are 

members of an ant colony and remain sterile throughout their life (Jemielity et al., 

2005). So by this definition these animals never become adults. Complications also 

arise when studying amphibians. Amphibians usually pass through metamorphosis 

before becoming sexually mature, but there are exceptions. The Axolotl (Ambystoma 

mexicanum) does not usually metamorphose, but becomes sexually mature while 

retaining features that in other amphibians are restricted to juvenile animals, such as 

keeping their external gills and their caudal tail fins (Rosenkilde and Ussing, 1996). 

This concept is called paedomorphosis and occurs in some species of amphibians 

(Laudet, 2011). 

In this thesis I will mostly discuss vertebrates and I will define an adult animal as 

an animal that has reached sexual maturity. 
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1.2 METAZOAN REGENERATIVE BIOLOGY 
1.2.1 Morphallaxis vs. Epimorphosis 

 
Thomas Hunt Morgan divided regeneration into two major classes depending on 

specific criteria; morphallaxis and epimorphosis (Morgan, 1901a; Sanchez Alvarado, 

2000). Morphallaxis is defined as a regenerative process that is not fuelled by 

proliferating cells, but rather the re-organisation of pre-existing cells while 

epimorphosis is when progeny of proliferating cells give rise to the regenerate.  

An animal, commonly used as an example of morphallacitc regeneration, is the 

Hydra, in which the injury-induced morphogenesis mostly arises from myoepithelial 

cells (Fujisawa, 2003; Holstein et al., 1991). Though the Hydra can regenerate when 

mitosis is inhibited (Park et al., 1970), recent discoveries, however, indicate that there 

is a proliferation zone in the regenerating hydra, which plays a important part in the 

regeneration process (Chera et al., 2009), thus excluding the hydra from the group of 

morphallactic regenerators, in a strict sense of the word. Another animal that is 

considered to regenerate partly through morphallaxis is the planarian flatworm. This 

worm of class turbellaria, was shown by Morgan, to be able to regenerate a whole 

animal from 1/279th piece of the body (Morgan, 1898). Therefore, Morgan considered 

planarians to regenerate through morphallaxis, but recent research has found that 

proliferation of neoblasts, pluripotent stem cells in the Planaria, is required for 

regeneration (Reddien and Sanchez Alvarado, 2004; Wagner et al., 2011). So there are 

examples where morphallaxis plays a part of the regeneration process, in the sense of 

remodelling of tissue. But in most regenerative animals studied, proliferation of cells is 

a necessity for complete regeneration to proceed. It is also interesting to note that 

animals who have a constant number of cells as adults such as nematodes 

(roundworms) and Rotifera (wheel animals) appear to lack regenerative capacity, 

suggesting that constant cell turn-over is a requirement for regeneration (Hughes, 1989; 

Sanchez Alvarado, 2000).  

Considering that no animals appear to be able to regenerate tissue completely 

without a proliferative response, morphallaxis in the strict sense appears to be a 

somewhat out-dated term (Agata et al., 2007). Although tissue reorganisation does 

occur during regeneration, all cases of functional organ regeneration should in my mind 

be considered to be epimorphic.    
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1.2.2 Epimorphosis and the origin of the cells that fuel regeneration 

 
Epimorphosis, by Morgan's definition, is regeneration where proliferation of cells 

precedes and interacts with the process of new tissue formation. Cases of epimorphic 

regeneration are found throughout the metazoan kingdom and interesting examples can 

be found in various types of animals, such as insects (Anderson and French, 1985), 

worms (Wagner et al., 2011) and starfish (Thorndyke et al., 2001). Though these model 

organisms are of great importance for the field, this thesis will mostly focus on 

epimorphic regeneration in vertebrates. 

The proliferating cells that give rise to the new tissue in different cases of 

epimorphic regeneration originates from different sources. The cells can originate from 

trans-differentiation of mature cells, from cells that have been dedifferentiated or from 

somatic stem cells that reside in the body. In this section I will explain these concepts 

and discuss differences and similarities between these different mechanisms.  

 

1.2.2.1 Transdifferentiation 

When the lens of the urodele amphibian is injured or removed, pigmented 

epithelial cells (PEC) originating from the dorsal iris start to loose colour and alter their 

shape. PECs start to proliferate and subsequently change phenotype, eventually giving 

rise to a new lens. This process is called trans-differentiation (Figure 1A) (Jopling et al., 

2011; Zhao et al., 1997). In mammals, there are examples of transdifferentiation 

occurring during development. For example in the development of the oesophagus, 

where smooth muscle cells in the developing animal has been found to switch to 

skeletal muscle phenotype during the first period after birth (Patapoutian et al., 1995). 

Transdifferentiation as a process can take place in the absence of proliferation, which is 

the case when pancreatic exocrine cells are experimentally transdifferentiated into beta 

cells, by ectopic expression of three transcription factors (Zhou et al., 2008).  
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Figure 1: Different origins of cells that contribute to the regenerating tissue. 
A) Cells that undergo transdifferentiation change from one type of differentiated cell 
into another, this can take place both with or without proliferation taking place.  
B) Dedifferentiatiated cells loose their differentiated character and adopts 
characteristics of a proliferating progenitor cells that can differentiate back into 
specialized cells. C) Stem cells have the capacity to self-renew and give rise to one or 
more types of differentiated cells. 
 

 

1.2.2.2 Dedifferentiation  

Dedifferentiation is the process by which a terminally differentiated cell looses its 

differentiated characteristics and becomes a proliferating progenitor cell (Figure 1B) 

(Tanaka and Reddien, 2011). A classic example of dedifferentiation has been observed 

in the regenerating newt limb. When muscle fibres in the newt limb become injured, 

the multinucleated muscle fibres (syncytium) start to fragment into mononucleated cells 

(Charge and Rudnicki, 2004; Echeverri et al., 2001). These cells have the capacity to 

re-enter the cell cycle and give rise to parts of the blastema, a mass of proliferating cells 
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that eventually grows and becomes a new limb (Kumar et al., 2000; Tanaka and 

Reddien, 2011). Blastema formation is a central process in limb regeneration, but it 

should be noted that the definition of blastema varies between model organism and 

scientist, making it a rather confusing concept. Sometimes a blastema is defined as a 

self-organizing clump of proliferating cells that can be transplanted onto other body 

parts and still give rise to the same regenerate. Other times, a blastema is loosely 

defined as a group of multipotent cells, making them a common feature in regenerative 

biology (Brockes and Kumar, 2008; Echeverri and Tanaka, 2005; Poss, 2010; Stocum, 

1968).  

Other examples of dedifferentiation can be observed in the regenerating heart 

tissue. Unlike mammals, teleost fish (for example zebrafish (Danio rerio)) and 

amphibians have the capacity to regenerate heart tissue after partial amputation of the 

ventricle (Poss et al., 2002; Witman et al., 2011). In zebrafish, it has been shown, 

through genetic trace mapping, that upon injury differentiated cardiomyocytes detach 

from one another, dissemble their sarcomeric structure and start to enter the cell cycle. 

Progeny of these cells then differentiate into new functional cardiomyocytes, and 

functional regeneration of the heart can proceed (Jopling et al., 2010).  

In mammals, dedifferentiation is a rare event, but there are some examples of 

dedifferentiation in a regenerative context. In the peripheral nervous system for 

example, the nerve projections (or axons) are protected by a sheath of myelin producing 

Schwann cells. Mature Schwann are normally terminally differentiated and do not 

proliferate. But if there is an injury to the axon that they are in contact with, the 

Schwann cells loose this contact and they re-enter the cell cycle. But before this process 

occurs the mature Schwann cells start to express genes that are associated with 

immature Schwann cells. Progeny of those cells then develop into mature, myelin-

producing Schwann cells (Chen et al., 2007; Muller and Stoll, 1998; Woodhoo et al., 

2009).  

It is also possible that astrocytes in the central nervous system dedifferentiate 

after injury to the brain such as ischemia. Upon ischemia astrocytes become reactive 

and start expressing the neural stem cell marker nestin, though whether these cells give 

rise to new neurons is yet to be determined (Duggal et al., 1997; Lendahl et al., 1990).  

Whilst natural dedifferentiation is a relatively rare event in adult mammals, recent 

developments have researchers to reprogram mature mammalian cells in vitro in a 

process that could be classified as dedifferentiation. Work lead by Dr. Shinya 

Yamanaka has shown that overexpressing four transcription factors in cultured 
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postnatal fibroblasts is sufficient to dedifferentiate them into pluripotent embryonic cell 

like cells (these cells are known as induced pluripotent stem cells (IPS cells)) 

(Takahashi and Yamanaka, 2006).  

 

1.2.2.3 Regeneration fuelled by somatic stem cells 

A stem cell is defined as a cell that can self-renew, through mitosis, and has the 

ability to give rise to specialized cell types (Figure 1C) (Gage, 2000; Hsu and Fuchs, 

2012; Morrison and Spradling, 2008; Potten and Loeffler, 1990). In mammals the 

zygote can be considered the ultimate stem cell in that it is a totipotent stem cell. A 

totipotent is a cell that has the ability to give rise to all cell types in an organism, 

including the extra-embryonic tissues. The cells that make up the inner cell mass of the 

developing embryo are considered to be pluripotent. This means that they can give rise 

to all cells in the embryo (Jopling et al., 2011). Somatic stem cells that reside in the 

adult body are not pluripotent, but rather multipotent or unipotent, meaning that they 

can make give rise to not all, by some cell lineages or only one type of cell, respectively 

(Hsu and Fuchs, 2012). 

 

1.2.2.4 Regeneration by stem cells in non-mammalian metazoans 

A remarkable animal that makes use of totipotent stem cells in its regeneration 

process can be found in the phylum Platyhelminthes or flat worms. The planarian is a 

bilateral worm that has the capacity to regenerate whole bodies from small body-parts 

(Morgan, 1898). The only cell type that proliferates in the planarians, whether during 

regeneration or in the intact animal, is the neoblast. Neoblasts, which are found 

throughout the body of adult planarians are pluripotent stem cells, since they can 

generate all cells in the animal, including new neoblasts (Tanaka and Reddien, 2011). 

If an animal is irradiated, this kills the neoblasts and the animal cannot regenerate 

and eventually dies. Recent elegant work has shown that injection of a single, labelled 

neoblast, into irradiated animals is sufficient to restore the animal’s regenerative 

capacity and rescue the animal (Wagner et al., 2011). Stem cells are also involved in 

the regeneration in newts. In the limb for example, satellite cells, the muscle stem cells 

involved in growth and regeneration of muscle tissue, are found in close contact with 

muscle. Upon amputation of a newt limb, these satellite cells re-enter the cell cycle and 

give rise to new muscle. Newt satellite cells that have been cultured in vitro and, when 

injected into a regenerating limb, are even able to give rise non-muscular tissues such 

as cartilage and epidermis (Morrison et al., 2006). Interestingly, lineage crossing of 



 

12 

satellite cell progeny has not been observed in regenerating axolotl limb, suggesting 

that there might be species-specific differences in the mechanisms of limb regeneration 

and stem cell properties (Kragl et al., 2009). 

 

1.2.2.5 Stem cells in mammals  

Mammals do not possess the same capacity to regenerate damaged tissue as 

planarians or the urodele amphibians, but they do have stem cells. These cells are in 

charge of tissue repair and maintenance during the animal’s lifetime. In the adult 

mammal, somatic stem cells are found in various tissues, such as brain, skin, intestine, 

the haematopoietic system and muscle. Some stem cells are only responsible for repair 

tissue after injury, while others are part of daily upkeep of the tissue. Satellite cells, for 

example, are adult skeletal muscle stem cells. These cells are usually quiescent, but 

upon injury they re-enter the cell cycle and produce myoblasts that can fuse with the 

myofibers and regenerate the muscle (Collins et al., 2005). In tissues where cells are 

rapidly renewed, such as in the intestine and epidermis, the stem cells divide constantly. 

The turnover time of the epidermis in the intestine is thought to be 5 days, and it is 

estimated that stem cells in this organ divide once every day (Barker et al., 2007). 

 

1.2.2.6 How stem cells keep their stemness 

The role of somatic stem cells is to maintain and repair tissues for the entire life 

of the organisms, and for the stem cells to survive for this long period of time, they 

need to be kept under appropriate conditions. The milieu that stem cells reside in is 

usually denoted as the stem cell niche. Each niche creates an environment that is 

beneficial for the respective stem cells type and this environment varies between 

different populations. The surrounding cells in the niche can communicate with the 

stem cells through secreted factors and cell surface receptors which influence various 

aspects of cell behaviour, such as proliferation, fate choice and differentiation. 

Stem cells also have intrinsic mechanisms to reduce damage, increase survival 

and prevent the onset of cellular senescence. While somatic cells are known to divide a 

finite number of times before becoming senescent, a limit called the “Hayflick limit” 

(Hayflick and Moorhead, 1961), some stem cells can proliferate throughout the lifespan 

of the animal, thus defying the “Hayflick limit” (Rando and Chang, 2012). It has been 

calculated that the intestinal stem cells of mice divide 700–1000 times in the lifetime of 

the animal (Barker et al., 2007). These cells have been shown to have relatively high 

level of telomerase activity, an enzyme that restricts the shortening of telomeres 
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invariably associated with every round of cell division (Schepers et al., 2011). When 

telomeres length reaches a critical limit, DNA damage pathways become activated in 

the cells and they become senescent (Sahin and Depinho, 2010). Interestingly 

telomerase activity appears to be low in some stem cell populations, suggesting that 

other methods of reducing telomere shortening might be active in these cells (Hiyama 

and Hiyama, 2007).  

In 1975 John Cairns hypothesized that stem cells in order to protect themselves 

from mutations, might retain the same chromosome strand in each cell division (Cairns, 

1975). This theory is usually called the “immortal strand theory” and is difficult to 

prove or disprove. Thanks to recent technical advancements, its been shown that 

chromosomes are non-randomly segregated in the intestine progenitor cells and in 

muscle satellite cells (Falconer et al., 2010; Quyn et al., 2010; Rocheteau et al., 2012). 

Asymmetric segregation of chromosomes has also been observed in neural stem cells 

cultured in vitro, but there is no evidence supporting the same concept in vivo 

(Karpowicz et al., 2005). 

What about cells in the vertebrate species that are capable of regenerating their 

organs, such as fish and salamanders? How are these hindered from becoming 

senescencent? Interestingly, myogenic cells taken from newts do not to become 

senescent when cultured in vitro, unlike their rodent counterparts (Ferretti and Brockes, 

1988).  

But immortalisation of rodent fibroblasts is possible by expressing newt cDNA in 

these cells. Expression of the 3´-UTR sequence of α-glucosidase related mRNA, 

isolated from the newt blastema resulted in cells that overcome the Hayflick limit 

(Powell et al., 1998). Apart from these studies, the mechanisms of senescence 

avoidance have not been extensively studied in urodele amphibians, though there are 

some studies in other regenerating animal models. Up-regulation of telomerase activity 

has been observed in regenerating zebrafish fins and it would be very interesting to 

examine telomerase activity and chromosome segregation in newt cells (Anchelin et al., 

2011). 
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1.3 THE NEWT AS EXPERIMENTAL MODEL 
1.3.1 Ecology and Habitat 

 
Newts are aquatic vertebrates that belong to the subfamily of amphibians called 

Urodelea or salamanders. The urodeles are classified as amphibians that retain their 

tails after metamorphosis, unlike anuran amphibians (frogs) that loose their tail during 

metamorphosis. Newts have a complex life cycle, with three distinct life stages: the 

larval or tadpole stage, juvenile or eft stage, and the adult stage.  

During the larval stage the animals remain entirely aquatic and do not leave the 

water. Newt larvae have external gills and eventually develop small limbs. During 

larval metamorphosis, the newts lose their gills and start to develop lungs, a 

prerequisite for most terrestrial vertebrate life (Shi and Boucaut, 1995). When larval 

metamorphosis is complete the animals leave the water and start their juvenile life on 

land. The colour of the animals changes from a brownish-green to a reddish colour and 

they are now called “Eft” (the word “Eft” is thought to be the linguistic progenitor of 

the word “newt”, but is nowadays only used when talking about the juvenile animal 

(Brockes and Kumar, 2005)). The juvenile stage lasts for 1 to 3 years and during this 

stage the animal may migrate far distances until they find a suitable aquatic habitat 

(Hurlbert, 1969). When the animals have re-started life in a pond, they then undergo a 

second metamorphosis after which they are sexually mature and have now changed 

their colour to a greenish grey with red dots (Brockes and Kumar, 2005). In the adult 

stage, newts live primarily in water, which is a distinguishing feature of newts 

compared to other salamanders, which stay on land as adults. During winter, the newts 

stay in water, and remain active even if the pond they live in becomes ice-covered 

(Berner and Puckett, 2010).  

There are three species of newts that are commonly used in experimental biology; 

the red- spotted newt (Notophthalmus viridescens) from North America, Iberian ribbed 

newt (Pleurodeles watl) found on the Iberian peninsula and the north part of Morocco, 

and Japanese Fire belly newt (Cynops pyrrhoghaster) which is found on mainland 

Japan (Hillman et al., 2009). The Axolotl (Ambystoma mexicanum) is another 

salamander species often used in experimental regenerative research. It is sometimes 

mistaken for a newt since it lives in water as an adult. But it is a rather a paedomorphic 

salamander. In nature, this species does not naturally proceed through metamorphosis, 

but becomes sexually mature as an aquatic larva (Laudet, 2011).   
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1.3.2 Regeneration and the Newt 

 
There is a long tradition of using salamanders in experimental biology that began 

with previously mentioned Lazzaro Spallanzani. He showed that newts regenerate 

limbs, jaws and tails after they had been surgically removed or injured (Sanchez 

Alvarado, 2000; Tsonis and Fox, 2009). Since the early work of Spallanzani and others, 

newts have been of great interest to experimental biologists, but they have not only 

been used by scientists who study regeneration. These animals possess other qualities 

making them good models to study for example development and evolution that will be 

explained below.  

Newts are considered to be the champions of regenerators amongst vertebrates 

and, apart from the aforementioned limbs (Brockes, 1997) and tail (Iten and Bryant, 

1976), this animals is able to regenerate spinal cord (Davis et al., 1990), brain (Minelli 

et al., 1987; Parish et al., 2007), lens (Eguchi, 1988; Tsonis et al., 2004), parts of the 

heart (Witman et al., 2011), intestine (O'Steen, 1958), upper and lower jaw (Goss and 

Stagg, 1958) and male but not female gonads (Scadding, 1977). 

Interestingly there are some organs the newt cannot regenerate for example the 

kidney. While kidney regeneration does take place in some vertebrate species, for 

example gold fish (Carassius auratus) have been shown to regenerate renal tubes after 

toxic insult or partial nephrectomy, the newt is not able to regenerate this organ (Elger 

et al., 2003; Reimschuessel et al., 1990). When 15 -30% of the kidney is removed from 

the newt, there is a proliferation response, but no nephrogenesis (Scadding and 

Liversage, 1974).   

There does not appear to be an age dependent decline in the regenerative capacity 

of newts (Kara, 1994). The process of lens regeneration for example, has been repeated 

18 times in the same animal without any observable decline in regenerative capacity. 

The age of the animals in this experiment was estimated to be at least 30 years, 

indicating that age does not affect the regenerative capability in this species (Eguchi et 

al., 2011).  
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1.3.3 Salamanders in other fields of research 

 
Apart from being exceptional regenerators, there are also additional traits of the 

salamander that makes it an excellent model for the study of other biological 

phenomena. The salamander zygote is very large and the development of the embryo 

takes place in water outside the parental body. These abilities make the newt embryo 

useful animal model to study embryological development. Hans Spemann (1869-1941) 

and his student Hilde Mangold (1898-1924) used the embryo of the salamander when 

they discovered the early amphibian embryos “organiser centres“, which were found to 

control neural induction in the ectoderm (Figure 2A). The discovery of these centres, 

which are now called Spemann’s organizer, were a pivotal discovery in the field of 

developmental biology, and earned Spemann a Nobel prize (De Robertis, 2006).   

 

 

 

 

 
Figure 2: Examples of how salamanders have been used in biological research. 
A) Two-headed amphibian larvae after repetition of a classical experiment, firstly 
performed by Spemann and Mangold in 1924. Photograph by Raju Tomer. B) Electron 
micrograph showing ribosomal DNA transcription on salamander lampbrush 
chromosomes taken from growing oocytes. From (Miller and Beatty, 1969). Reprinted 
with permission from AAAS. C) A swimming Red spotted newt. Note the S-shaped 
curvation of the body and how limbs are folded backward against the body. Photograph 
by Shahul Hammeed. 
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The large size of the haploid salamander genome makes it a useful model to study 

cell division and chromosomes. The red spotted newt, for example, have 11 pairs of 

chromosomes with a total weight of ∼39 pg compared to ∼3.5 pg which is the genomic 

weight of human diploid cells (Sexsmith and Toronto, 1968). Walther Flemming 

(1843-1905) took advantage of the large size of the salamander cells when he 

discovered the Lampbrush chromosome, a type of chromosome organisation found in 

oocytes of amphibians and birds (Flemming, 1882; Morgan, 2002). These 

chromosomes have been useful when studying amongst other things DNA 

transcription, and Oscar Miller (1925-2012) was able to take remarkable electron 

micrographs of DNA transcription on the Lampbrush chromosomes using electron 

microscopy (Figure 2B) (Miller and Beatty, 1969).  

In 1985, ten Iberian ribbed newts became some of the first amphibians to visit 

space. They shared a spacecraft with two rhesus macaques (Macaca mulatta) ten male 

albino rats (Rattus norvegicus) and some drosophila flies (Drosophila melanogaster) 

(Desplanches et al., 1990; Gazenko and Ilyin, 1986). Experiments on the newts were 

aimed to examine if regeneration was affected during and after space travel (Marthy, 

2003). 

Salamanders are considered to be the animals most closely resembling the first 

land-living vertebrates and they retain some of the central properties of this putative 

first terrestrial vertebrate (Frolich and Biewener, 1992; Gao and Shubin, 2001). For this 

reason salamanders have been used when studying central pattern generators that 

control locomotion and the evolution of terrestrial locomotion. These animals live both 

on land and in water and they can move with ease in both settings. When salamanders 

move in these environments, they use two distinct and natural modes of movement, 

swimming and walking. These two ways of locomotion activate different movement 

patterns of the animal’s vertebrae. Salamanders swim in a similar way to snakes or 

primitive fish like the lamprey. While they swim they hold their limbs close to their 

body and the movement of the trunk is characterized by the use of axial muscles that 

produce a wave that travels posteriorly through the body and increases in amplitude 

towards the tail (Figure 2C) (Cabelguen et al., 2010). In Paper II of this thesis we take 

advantage of the newts swimming capacity in a behavioural test to examine injury 

degree. In this test we measure movement by quantifying the number of times the tip of 

a newt’s tail crosses a line in a grid while swimming.  

When on land, salamanders walk using mainly their limb muscles, to create a 

slow stepping gait by simultaneously moving the diagonally opposed limbs. They can 
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switch rapidly between swimming and walking. Electrophysiological studies have been 

performed on salamanders to decipher how the neuronal networks control different 

modes of locomotion (Cabelguen et al., 2010; Chevallier et al., 2008; Grillner and 

Jessell, 2009). Recently, a mechanical robot has been generated to model the neural 

origin of the switch between walking and swimming in the salamanders (Ijspeert et al., 

2007).  

Another remarkable feature of salamander is that they possess a great lifespan in 

relation to their size. The olm (Proteus anguinus) for example, is thought to have an 

average life span of at least 68 years and become sexually mature 16 years after birth 

(Voituron et al., 2011). There is usually thought to be a positive correlation between 

longevity and body size, but this 25 cm long, blind cave living salamander is obviously 

an exception to this rule (Finch and Austad, 2011; Speakman, 2005; Voituron et al., 

2011).   

The salamander that has been used in experiments presented in this thesis is the 

red spotted newt (Notophthalmus viridescens) native to eastern North America. Though 

it does not have the extreme lifespan of the olm, in captivity red spotted newt have been 

kept alive for up to 25 years but average lifespan in the wild is estimated to be 12-15 

years (Hillman et al., 2009). 
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2 NEUROGENESIS IN THE ADULT BRAIN 
 

2.1 HISTORIC OVERVIEW 

 
 

“Once the development was ended, the founts of growth and regeneration of the 

axons and dendrites dried up irrevocably. In the adult centres the nerve paths are 

something fixed, ended and immutable. Everything may die, nothing may be 

regenerated. It is for the science of the future to change, if possible, this harsh decree.”

   -Santiago Ramón y Cajal, 1928 

 

As this quote illustrates, the great neuroscientist Cajal (1852-1934) could not 

envisage that neurogenesis, the creation of functional neurons took place in the adult 

brain and he was not alone with this opinion. This was in fact held as a dogma for most 

parts of the 20th century, and neurogenesis was thought to take place only during 

embryonic and perinatal life stages of mammalian development but not in adults 

(Colucci-D'Amato et al., 2006; Gross, 2009; Rakic, 1985). The experimental basis for 

this theory was that the mammalian adult brain lacked neurons with mitotic figures and 

the apparent inability of the mammalian brain to regenerate itself after trauma (Altman 

and Das, 1965).  

In the 1950s a new technique was developed, in which the nucleotide Thymidine 

was synthesised using the radioactive form of hydrogen (tritium or 3H) instead of 

regular hydrogen. Plants (in this case the English broad bean) were then grown in a 

medium supplemented with tritiated thymidine, which incorporates into cells that are in 

the S-phase of the cell cycle, the stage when new DNA is synthesised. Incorporated 

tritium was then visualized using autoradiography (Taylor et al., 1957). This method 

gave scientists a tool with which to quantify proliferation and trace the progeny of the 

proliferating cells. This technique was later transferred to animals (Hughes et al., 1958), 

and in the 1960s Joseph Altman and colleagues used it to study neurogenesis in the 

adult rodent brain. Progeny of proliferating cells was observed in the dentate gyrus of 

the hippocampus and in the subependymal layer of the lateral walls of the lateral 

ventricles. Altman also observed progeny in the olfactory bulb and in the rostral 

migratory stream, a rostral extension of the ventricles leading to the olfactory bulb. 
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Importantly, radiolabelled neurons were also detected, indicating that neurogenesis had 

in fact taken place in these areas (Altman, 1962, 1969; Altman and Das, 1965).   

Despite these initial, yet thorough investigations, the concept of adult 

neurogenesis did not receive a lot of attention at the time. Work done in non-human 

primates indicated that new neurons were not added to the brain in the adult primate 

brain, and it took further technical developments to push the field forward (Rakic, 

1985). The development of 5-bromo-2'-deoxyuridine (BrdU), another synthetic 

thymidine analogue, was very important for the future studies of adult neurogenesis 

(Gratzner, 1982). Like tritiated thymidine, BrdU can be administered to animals or cells 

but importantly, it can also be detected by immunohistochemistry. The phenotype of 

the BrdU+ cells can thus be analysed by co-labelling with other specific antibodies. It 

should be noted that BrdU has been reported to incorporate into the DNA of cells that 

are going through cell death, undergoing DNA damage repair or have aborted the cell 

cycle (Taupin, 2007). It has also been reported that high concentrations of BrdU 

induces cell senescence in progenitor stem cells (Ross et al., 2008). To circumvent 

these difficulties it is important to perform co-labelling of BrdU and other proliferation 

markers such as proliferating cell nuclear antigen (PCNA) and Mini Chromosome 

Maintenance protein 2 (MCM2) to assess whether the BrdU+ cells are going through 

the cell cycle. 

Another now commonly used technique to trace progeny of dividing cells in the 

nervous system is in vivo administration of replication-incompetent retrovirus (Price et 

al., 1987). Retroviruses only infect dividing cells, and if the retroviral vector expresses 

a fluorescent tracer such as green fluorescent protein (GFP), it makes for a very 

convenient method to visualise the progeny of the progenitor cells in various 

neurogenic niches (Carleton et al., 2003; Lewis and Emerman, 1994; van Praag et al., 

2002).  

A caveat with studying stem cell populations using thymidine analogues and 

retrovirus is that they predominantly label highly proliferating cells. Many stem cells 

are thought to be mostly quiescent and it is likely that BrdU and retroviruses mostly 

label transiently proliferating cells (Hsu and Fuchs, 2012). To overcome this problem, 

lineage-tracing techniques have been developed in which one uses genetic markers to 

permanently label quiescent stem cells and their progeny (Barker et al., 2007; 

Bonaguidi et al., 2011).    

The concerted use of BrdU, retrovirus and genetic fate mapping techniques, 

together with technical advancements made in confocal, electron and multi-photon 
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microscopy and electrophysiological recordings of adult born neurons has pushed the 

field of adult neurogenesis forward tremendously. We now have a great knowledge of 

the progenitor cells that reside in the mammalian and non-mammalian brain and the 

field of adult neurogenesis is rapidly progressing. 

In most studied mammalian species, adult neurogenesis occurs in two distinct 

areas of the adult brains; the subgranular zone (SGZ) of the dentate gyrus in the 

hippocampus and the subventricular zone (SVZ) of the lateral wall of the lateral 

ventricles. However, it should be noted that variations exist between species, and there 

is some controversy concerning the presence of neurogenesis in other areas.  

  

2.1.1 Adult neurogenesis in non-mammalian vertebrates 

 
While adult neurogenesis has been a controversial topic when talking about 

mammals, it has been less so when dealing with other vertebrates. New neurons are 

constantly added to the brain of fish, amphibians and reptiles and birds and these 

species are good models for comparative studies of the mechanism and functionality of 

adult neurogenesis.  

Brain morphology varies greatly between different vertebrate species. The 

telencephalon in teleost fish for example, develops by outward bending or eversion, 

while the telencephalon of amniotes and amphibians develop by a process of 

evagination, resulting in striking structural differences of the ventricular system (Figure 

3) (Northcutt, 1981).  Despite these differences, the major brain areas are found in most 

animals, and proliferating, ventricular cells have been observed throughout the 

rostrocaudal axis of brain of non-mammalian vertebrates. 

Studies using tritiated thymidine or BrdU have shown that proliferating cells give 

rise to cells that express makers for mature neurons or possess the morphology of 

mature neurons in fish (Adolf et al., 2006; Grandel et al., 2006; Zupanc et al., 2005), 

amphibians (Polenov and Chetverukhin, 1993; Richter and Kranz, 1981) reptiles 

(Lopez-Garcia et al., 1988; Perez-Canellas et al., 1997) and birds (Alvarez-Buylla et al., 

1990; Goldman and Nottebohm, 1983). 

The origin of the new neurons in non-mammalian brains has been studied and is 

thought to be radial glia-like cells (RGLs), though this has not been shown 

conclusively. RGLs are sometimes referred to as ependymoglia cells when talking 

about the amphibian brain. In contrast to the mammals, the brain of fish, amphibians, 

reptiles and birds retain a large population of RGLs that are found lining the ventricles 
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throughout the adult brain. RGLs in fish and amphibians are large, bipolar cells that are 

in contact with both the ventricular and the pial surface of the brain. Their cell bodies 

are located proximal to the ventricle and they have radial processes spanning through 

the parenchyma to end in a bushy process that is in contact with the pial surface 

(Bystron et al., 2008; Rakic, 1971).  In mammals, radial glial cells with pial end-feed 

are known to be neural progenitors in the developing brain, but are absent in the adult 

brain (Bonilla et al., 2008; Noctor et al., 2001). Mammalian radial glia cells express 

intermediate filament makers such as nestin, vimentin and GFAP (though GFAP is not 

expressed in the developing rodent brain (Mori et al., 2005)), and give rise to the 

subventricular astrocytes (Merkle et al., 2004). 

In the teleost fish, new neurons are added throughout the rostral caudal axis of the 

brain. Neurons are added to the olfactory bulb, large parts of the telencephalon, 

hypothalamus and cerebellum (Chapouton et al., 2007; Grandel et al., 2006; Zupanc et 

al., 2005). Though adult neurogenesis has been reported in amphibians, it has not been 

mapped as extensively as in fish. Neurogenesis has been reported in the hypothalamus 

and preoptic nucleus of frogs (Chetverukhin and Polenov, 1993; Polenov and 

Chetverukhin, 1993).  In adult reptiles, addition of neurons has been reported in the 

olfactory bulb, throughout the forebrain and diencephalon while no neurogenesis has 

been reported in the midbrain or hindbrain (Font et al., 2001; Garcia-Verdugo et al., 

2002). In birds, adult neurogenesis has first been described in the higher vocal centre 

(HVC), located in the avian telencephalon (Goldman and Nottebohm, 1983). Other 

areas in which neurogenesis has been shown includes the striatum, lobus parolfactorius 

and hippocampus, while the hypothalamus, septum, cerebellum, optic tectum and brain 

stem appear to be devoid of neurogenesis (Alvarez-Buylla, 1990; Nottebohm, 1985).  

In summary, adult neurogenesis in non-mammalian vertebrates is 

morphologically more widespread compared to mammals, and several brain areas have 

addition of new neurons. There is some conservation concerning which brain areas 

have addition of neurons, such as the olfactory bulb, and there are also some phyla 

specific neurogenic areas like the HVC in birds. The progenitor cells for these neurons 

are thought to be the RGLs lining the ventricular system of these animals, but genetic 

fate mapping is needed to show this decisively.  
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Figure 3) Differences in brain morphology and distribution of proliferation of 
progenitor cells in five vertebrate classes.   
Empty circles on the left hemisphere indicate the location of radial glia-like cell nuclei 
and lines show the radial projections. Filled circles on the right hemisphere indicate the 
distribution of proliferating cells. The brains are chosen from following species: A) 
zebrafish, B) salamander, C) gecko, D) atlantic canary and E) mouse (note that the 
section chosen is at the very caudal end of the lateral ventricles). Figures not drawn to 
scale.  
 
 
 
2.1.2 Adult neurogenesis in mammals 

 
2.1.2.1 Dentate gyrus of the Hippocampus 

In the adult mammalian brain, neurons are continuously generated in the SGZ of 

the dentate gyrus and SVZ of the lateral ventricles.  The neurons that are generated in 

the adult mammalian SGZ are dentate granule neurons. These cells are derived from a 

set of progenitor cells found lining the hilar side of the granule cell layer of the dentate 

gyrus. The neural progenitors in the SGZ can be divided into three cell types, radial-

glial like cells (sometimes denoted as type I cells), intermediate progenitor cells (IPCs) 

(sometimes called type II cells), and neuroblasts (Kriegstein and Alvarez-Buylla, 2009; 

Ming and Song, 2011).  
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The type I cells are thought to be the bona-fide stem cells, and have a radial glia-

like morphology and express glial fibrillary acidic protein (GFAP) and nestin 

(Bonaguidi et al., 2011). Both of these proteins are markers for stem cells in the adult 

and developing CNS (Fukuda et al., 2003; Lendahl et al., 1990). The RGLs are thought 

to be mostly quiescent and are therefore usually negative for markers of cell 

proliferation, such as PCNA and MCM2 (Bonaguidi et al., 2012; Lugert et al., 2010). 

The RGLs give rise to the IPCs. These cells have low, if any levels of GFAP and 

nestin, but are highly proliferative. The IPCs start express proneural transcription 

factors such as Mash 1 (also known as Ascl1) (Castro et al., 2011) and late-stage IPC 

express doublecortin (Dcx). IPCs give rise to neuroblast that also express Dcx, and are 

somewhat proliferative. Neuroblasts give rise to immature neurons, which still are Dcx+ 

and start to express the pan neuronal marker NeuN. These cells eventually mature into 

glutamatergic granule cells (or dentate granule cells). 

The development from RGLs to a mature and functional granule cells takes 

around 6-8 weeks (Mongiat and Schinder, 2011; Zhao et al., 2006). The axons of the 

mature granule cells project through the hilus to the CA3 region of the hippocampus, 

where they form synaptic connections (Markakis and Gage, 1999; Mongiat and 

Schinder, 2011). In rodents, it has been estimated that several thousands of neurons are 

added to the dentate gyrus every day, though a large number of newborn neurons are 

thought to die within the third week after cell division (Cameron and McKay, 2001; 

Kempermann et al., 2003). Neurogenesis in the hippocampus changes with age and the 

number of neurons produced in the rodent dentate gyrus declines in old animals (Kuhn 

et al., 1996). 

 

2.1.2.2 Subventricular zone of the lateral ventricles 

In the lateral wall of the lateral ventricles, stem cells are found beneath a layer of 

ependymal cells that line the ventricular system. Progeny of these the stem cells 

migrate rostrally to the olfactory bulb and mature into periglomerular or granule 

neurons (Kriegstein and Alvarez-Buylla, 2009; Ming and Song, 2011).  

The progenitor cells in the lateral wall can be divided into three groups, 

sometimes denoted as type B, type C and type A cells. Type B cells are considered to 

be the primary progenitors and are located in the subventricular zone (SVZ) (Doetsch et 

al., 1999a; Kriegstein and Alvarez-Buylla, 2009). Type B cells have a radial glia-like 

morphology with a short apical process in contact with the ventricle and a long basal 

process with end feet touching blood vessels (Ming and Song, 2011; Shen et al., 2008; 



 

  25 

Tavazoie et al., 2008). Type B cells, is a population of mostly quiescent cells but when 

they proliferate they give rise to the transiently amplifying, type C cells (Doetsch et al., 

1999b; Morshead et al., 1994). Type C cells are highly proliferative cells that in 

contrast to type B cells do not have any contact with the ventricle. Type C cells give 

rise to immature neuroblasts, also called type A cells. Neuroblasts migrate to the 

olfactory bulb by what is called the rostral migratory stream (RMS). The majority of 

them differentiate GABAergic granule neurons while a minority differentiate into 

GABAergic periglomerular cells (Luskin, 1993). One study suggests that there is a 

small population of glutamatergic short-axon, juxtaglomerular cells being generated in 

the adult olfactory bulb (Brill et al., 2009). Many of the young neurons undergo 

apoptosis and of the cells generated and only around 50% remain after 45 days. The 

neurons that survive the first three months can survive for at least 19 months (Petreanu 

and Alvarez-Buylla, 2002; Winner et al., 2002). The survival rate of the new born 

neurons can be artificially increased by exposing the animals to an array of different 

odours, suggesting that activity of neurons increases survival (Rochefort et al., 2002). 

But the effect observed appears to last only short-term, because reduction of sensory 

input causes the number of surviving cells to return to control levels (Rochefort and 

Lledo, 2005).  

 

2.1.2.3 Neurogenesis in other areas of the adult mammalian brain 

Apart from the SGZ of the dentate gyrus in the hippocampus and SVZ of the 

lateral ventricles, neurogenesis has been reported in other areas of the mammalian brain 

including hypothalamus, substantia nigra and amygdala (Gould, 2007). While addition 

of neurons has been reported in the neo-cortex of adult macaques and rodents by some 

groups (Dayer et al., 2005; Gould et al., 1999), other groups consistently fail to find 

new neurons in these species and brain areas (Ehninger and Kempermann, 2003; 

Kornack and Rakic, 2001; Magavi et al., 2000). Neurogenesis of DA neurons in the 

substantia nigra of the rodent midbrain is also a controversial issue with contradictory 

results (Frielingsdorf et al., 2004; Lie et al., 2002; Zhao et al., 2003). Differential 

findings may be due to the use of different methods to neurogenesis in the brain. 

Examples of these differences are variations in thickness of the sections analysed (for 

example, using too thick sections with low sampling frequency might lead to BrdU+ 

neurons not being detected). Also differences in microscopy techniques and different 

protocols of BrdU administration might be the cause of these discrepancies 

(Frielingsdorf et al., 2004). 
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Neurogenesis has also been observed in the adult hypothalamus of adult rodents 

and adult sheep (Kokoeva et al., 2005; Migaud et al., 2010; Seress, 1985). BrdU pulse 

chase experiments and genetic fate mapping has shown that tanycytes, located in the 

ventral hypothalamic ventricular zone, are actively proliferating progenitor cells in the 

hypothalamus. Apart from being situated in the hypothalamus, tanycytes are highly 

reminiscent of the stem cells in the SVZ and SGZ, they have a radial glia-like 

morphology and express neural stem cell markers such as nestin and Sox2 (Lee et al., 

2012; Migaud et al., 2010).   

It is interesting to note that most of the stem cells described in the adult 

mammalian brain have a radial glia-like morphology, whether they are found in the 

SVZ, SGZ or even ventral hypothalamus. This observation suggests that there might be 

a relationship between cell morphology and cell multipotency, though I am not aware 

of any research addressing this issue.  

 

 

2.1.3 Adult neurogenesis in humans  

 
Most studies on mammalian adult neurogenesis are performed on rodents. 

Identifying genesis of cells in humans is a very difficult thing to do. What is common 

practice in animal studies, such as administration of nucleotide analogues or virus, is 

not possible in healthy humans due to possible toxicity, mutagenicity and 

carcinogenicity of these chemicals. The presence of cycling cells can be studied using 

immunohistochemistry with antibodies against proteins present in proliferating cells 

such as PCNA, KI67 or MCM2 on post-mortem brain tissue. This technique has been 

used, and proliferating cell have been identified in the human SVZ but the final 

destination of the progeny of these cells cannot be found using this technique (Sanai et 

al., 2004). BrdU has been administered to cancer patients as a diagnostic tool. This was 

done to assess the proliferation rate of the cancer cells in the tumour after biopsy. Post-

mortem brains from these patients were analysed and BrdU+ neurons were observed in 

the dentate gyrus of the hippocampus and the olfactory bulb, but no BrdU+ neurons 

were observed in the cortex (Bhardwaj et al., 2006; Curtis et al., 2007; Eriksson et al., 

1998). It should be noted that the presence of adult neurogenesis in the olfactory bulb is 

a highly controversial issue and other groups find limited addition of neurons to the 

adult human olfactory bulb (Sanai et al., 2011; Sanai et al., 2004). Also the existence of 
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a rostral migratory stream in humans is highly debated, with different groups having 

contradictory results (Curtis et al., 2007; Sanai et al., 2011; Sanai et al., 2004). 

A caveat with human BrdU studies is that the subjects are terminally ill and have 

been treated with drugs to cure the cancer, and the effect that the diseases or medical 

treatment has on neurogenesis is difficult to elucidate. To overcome this hurdle an 

ingenious technique has been developed in which the 14C content in the DNA is 

measured. The half-life of 14C is 5730 years and the atmospheric 14C levels have been 

very stable throughout for at least centuries. But above ground nuclear bomb testing in 

the 1950s and 60s led to a huge increase in the atmospheric 14C levels that subsequently 

decreased exponentially, since the abandonment of these tests. Measuring the 14C 

content in the DNA of cells has been shown to be a good method to retrospectively 

determine when various cells in the human body are born (Bergmann et al., 2009; 

Spalding et al., 2008; Spalding et al., 2005).  Using this technique it has been 

determined that although there is turnover of non-neuronal cells such as astrocytes, 

there is no addition of neurons to the adult human cortex (Bhardwaj et al., 2006). This 
14C dating method has not provided evidence for new neurons being added to the 

olfactory bulb of adult humans (Bergmann et al., 2012). It has been pointed that 

although these Swedish subjects did not show signs of olfactory neurogenesis, this 

phenomenon might be present in people who use their olfaction to a higher degree than 

ordinary humans such as wine sommeliers and chefs (Macklis, 2012).  

  



 

28 

 

2.2 COMPARATIVE ASPECTS OF ADULT NEUROGENESIS IN 
VERTEBRATES 

 
Interestingly, there seems to be a certain degree of conservation regarding areas 

of the brain in which neurons are added in the adult animals. For example, the olfactory 

bulb is a structure preserved in vertebrates ranging from the jawless fish to mammals 

(Melendez-Ferro et al., 2001). Neurogenesis in the adult olfactory bulb appears to be 

conserved amongst most studied vertebrates, with a possible exception found in the 

humans (Adolf et al., 2006; Bergmann et al., 2012; Garcia-Verdugo et al., 1989; 

Richter and Kranz, 1981; Vellema et al., 2010).  

The dentate gyrus of the hippocampus, on the other hand, is a structure only 

found in mammals (Treves et al., 2008). While birds do have a hippocampus, the 

homolog for this structure in fish, amphibians and reptiles is thought to be the lateral 

pallium and the medial pallium (Northcutt, 1995; Vargas et al., 2009). Recruitment of 

new neurons to the hippocampus or the corresponding structure appears to be 

conserved in most studied vertebrates (Barnea and Nottebohm, 1994; Kaslin et al., 

2008).  

Although neurogenesis in the adult hypothalamus has not been extensively 

studied in mammals compared to the SGZ and the SVZ, there are data indicating 

addition of neurons in this area (Lee et al., 2012). Neurogenesis in the hypothalamus 

has also been observed in adult fish (Grandel et al., 2006; Zupanc et al., 2005) and 

frogs (Polenov and Chetverukhin, 1993) but there are no reports showing it in reptiles 

or birds (Cao et al., 2002; Kaslin et al., 2008).  

 

2.3 ROLE OF ADULT NEUROGENESIS IN THE VERTEBRATE BRAIN 
 

Why are new neurons added to some parts of the brain but not others? And what 

is the role of these new neurons? These questions are not only interesting from an 

evolutionary point of view, but are also important in determining possible diseases 

caused by alterations in adult neurogenesis. 

Although the distribution of proliferating progenitor cells and addition of new 

neurons varies a great deal between different species, there are some features that many 

animals have in common. Firstly, addition of new neurons in the olfactory bulb has 

been observed in fish, amphibians, reptiles and mammals (Mackay-Sim, 2010). The 
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olfactory bulb is the structure of the brain that relays olfactory information from the 

nose to the piriform cortex brain (Buck, 1996).  

As previously mentioned, if rodents are exposed to different odours, the survival 

rate of the newly born neurons increases and, if neurogenesis in the SVZ is in turn 

reduced, the survival rate of the neurons that make it to the olfactory bulb is increased, 

suggesting an activity-dependency for survival of the olfactory neurons (Rochefort et 

al., 2002; Rochefort and Lledo, 2005). In a recent study, newborn neurons in the 

olfactory bulb of adult mice were artificially activated by optogenetics. The authors 

observed that this experimental setup improved the learning capabilities and enhanced 

mnemonic capacity (Alonso et al., 2012). It remains to be shown whether the survival 

rate of newborn neurons in the adult brain can be altered through activation by 

optogenetics. Ablation of neurogenesis has been shown to affect the structure of the 

olfactory bulb in mammals (Valley et al., 2009), and continuous neurogenesis is 

required for the preservation and reorganization of the neural circuitry in the olfactory 

bulb (Imayoshi et al., 2008).  

Neurogenesis in the adult dentate gyrus of the hippocampus is the only brain 

region in which neurogenesis has clearly been demonstrated in humans (Eriksson et al., 

1998). This structure is in mammals associated with memory formation, and addition of 

neurons in this structure has in mammals been connected to memory formation and 

learning (Zhao et al., 2008). Changes in neurogenesis in the dentate gyrus have also 

been implicated with various disorders such as stress and depression (Sahay and Hen, 

2007; Snyder et al., 2011). However, it is not clear whether these changes are causal or 

only correlational to the manifestations seen in animal models of these diseases.  

Even though non-mammalian vertebrates do not have a dentate gyrus, many of 

these animals have a great mnemonic capacity. Migratory birds, for example show 

remarkable long-term memory, and neurogenesis has been observed in the avian 

hippocampus (Alvarez-Buylla, 1990; Godard, 1991). The structure that is thought to 

functionally and cellularly correspond to the hippocampus in fish, amphibians and 

reptiles is the dorsal and lateral pallium (Rodriguez et al., 2002). Interestingly, neurons 

are continually added to these structures in many animals, raising the tantalizing 

possibility that the function of adult neurogenesis in this structure might be conserved 

between different taxa. Further research needs to be performed to address this 

possibility.  
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Neurogenesis in the hypothalamus has been observed in several species of 

vertebrates including rodents (Kokoeva et al., 2005). If neurogenesis in this area is 

blocked by means of irradiation, mice show a change in body weight, indicating that 

addition of neurons to this area is involved in metabolism (Lee et al., 2012). Inhibition 

of neurogenesis in the hypothalamus in other phyla would give answer if this is an 

evolutionary conserved mechanism.    

In birds, the structure most studied concerning adult neurogenesis is the HVC, a 

forebrain nucleus in the pallium that controls singing (Hahnloser et al., 2002). Male 

canaries (Serinus canaria) are seasonally breeding songbirds. They are open-ended 

vocal learners, which means that they modify their song during adulthood. In this 

species, neurogenesis in the HVC was thought to be involved in the learning and 

memorizing of new songs, since the rate of neurogenesis is positively related to 

seasonal differences in song learning (Goldman and Nottebohm, 1983; Kirn et al., 

1994). But when researchers looked at birds that do not learn new songs each season, 

such as the song sparrow (Melospiza melodia) they observed the same seasonal pattern 

(Tramontin and Brenowitz, 1999). It has been proposed that addition of neurons to the 

HVC can assist the perception of songs, but the role of adult neurogenesis in the avian 

HVC still remains an elusive issue (Walton et al., 2012).  
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2.4 NEUROGENESIS AFTER INJURY 

 
Despite the presence of neural stem cells in the adult mammalian brain, mammals 

are not able to regenerate significantly after injury or disease (Bjorklund and Lindvall, 

2000; Illis, 2012). Lower vertebrates, such as fish, amphibians and reptiles on the other 

hand, have the capacity to functionally repair structures of the central nervous system 

(Kaslin et al., 2008; Tanaka and Ferretti, 2009). Here I will compare differences and 

similarities of the reaction to injury of the CNS between animals that are able to 

regenerate brain structures, and ones that are not, and discuss reasons that may be the 

cause for this dramatic difference.  

 
2.4.1 Neurogenesis after injury in the non-mammalian brain 

 
2.4.1.1 Fish 

Most regenerating animal models react to injury by increasing proliferation of 

various cell types, both in the parenchyma and in the ventricular zone. To model 

traumatic brain injury and kill neurons in the zebrafish brain, a stab lesion model has 

been developed. A stab to the dorsal telencephalon leads to massive cell death, seen by 

dUTP nick end (TUNEL) labelling. TUNEL is a method used to detect DNA 

fragmentation and thus cell death. The phenotype of the cells that died after this stab 

lesion was not examined, and it is likely that both glia and neurons die. A proliferative 

response, assed by BrdU incorporation and PCNA expression, starts three days after the 

stab lesion. This increase in proliferation remains higher compared to the control 

hemisphere for at least 14 days after the injury, and proliferating cells are observed both 

in the ventricular zone and in the parenchyma. Using BrdU pulse-chase experiments 

and Cre-loxP-based genetic lineage-tracing techniques, the authors suggest that the 

newly generated neurons were derived from ventricular RGLs (Kroehne et al., 2011). 

 

2.4.1.2 Reptiles 

In reptiles, the neurotoxin 3-Acetylpyridine (3AP) has been used to kill neurons 

in different kinds of lizards.  12 hours after 3AP was injected into the cortex, neural 

death was observed. Proliferation was detected using both BrdU and antibody staining 

against proliferation cell nuclear antigen (PCNA). 1-2 weeks after the injury, an 

increase in proliferation was observed and it was hypothesised but not shown, that 

progeny of these cells migrate and differentiate and replace the lost neurons (Font et al., 

2001; Font et al., 1991; Romero-Aleman et al., 2004).   
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2.4.1.3 Birds 

As previously mentioned, adult neurogenesis occurs naturally in the HVC in birds 

(Hahnloser et al., 2002). Experimental ablation of neurons in the HVC by photolysis 

results in a proliferative response, but the origin of the proliferating cells is not known. 

The neurons that are normally renewed in the HVC, the projection neurons, can be 

regenerated, while the neurons that are not normally generated in this area, the HVC-X 

neurons, do not appear to be regenerated (Scharff et al., 2000). Compensatory 

proliferation has also been observed in avian hypothalamus, an area where no natural 

neuronal turnover has been observed. When the hypothalamus is injured, new neurons 

are generated, but the functionality of these neurons has not yet been addressed (Cao et 

al., 2002). 

 

2.4.1.4 Amphibians 

The first regenerative studies done on the amphibian brain used the technique of 

simply surgically removing a piece of the brain that one wanted to study. In these early 

studies, an increase in proliferation was also observed, but the identity of the 

proliferating cells was not thoroughly investigated (Minelli et al., 1987). Experiments 

have been done on newts, in which a 70% of the optic tectum is surgically removed. A 

proliferative response was observed in these animals and after 8 months the tectum was 

almost fully regenerated, but the origin of the new neurons was not investigated 

(Okamoto et al., 2007). 

Toxin induced neuronal death has also been used in amphibian animal models, 

for example 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which is a toxin 

that causes Parkinsonian like symptoms in humans and animals. This toxin has 

previously been administrated to both frogs and salamanders, but the question if the 

animals regenerated was not asked (Barbeau et al., 1985a; Barbeau et al., 1985b; 

Langston et al., 1983). Another toxin used to kill DA neurons is animal models is 6-

hydroxydopamine (6-OHDA), which is an analogue to catecholamine receptors (Kelly 

et al., 1975). 6-OHDA has also been injected into the brain of frogs, though without 

examining if there was a proliferative response to the injury or if the animals 

regenerated (Endepols et al., 2004). In the red spotted newt, 6-OHDA has been used to 

kill the DA neurons in the midbrain. 3 days after injection of 6-OHDA, TUNEL+ cells 

expressing TH were observed and the majority of the DA neurons in the midbrain were 

lost. Quantification showed reduction of cells expressing other midbrain DA markers, 
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such as TH and Nurr1 (Parish et al., 2007). The midbrain DA neurons are known to 

regulate locomotion and in order to examine the functionality of DA cell loss a 

behaviour assay was developed in which locomotion was quantified after an injection 

of amphetamine into lesioned and sham-lesioned animals. Lesioned newts showed 

decreased locomotion compared to control animals.  

30 days after 6-OHDA lesion, complete cellular and behavioural recovery was 

observed. After injury, an increase in ventricular BrdU+ was observed and after a 30-

day chase, BrdU/TH double positive cells were identified, indicating that regeneration 

of midbrain DA neurons was fuelled by neurogenesis (Parish et al., 2007). The 

observation that the newt can fully regenerate its midbrain DA neurons makes it a 

unique animal model and allows for further questions to be addressed in this animal 

model. For example, what is the identity of the progenitor cell that gives rise to new 

neurons after injury? What are the signals that control initiation and termination of the 

DA neuron regeneration process? Can the newt regenerate other types of neurons in the 

midbrain?  

 

2.4.2 Neurogenesis after injury in the mammalian brain 

 
Under normal conditions, addition of neurons in the adult mammalian brain is 

thought to be restricted to certain well-defined brain areas such as the olfactory bulb 

and the dentate gyrus of the hippocampus. This does not exclude the possibility that 

neurogenesis occurs in other areas after injury or during disease. Interestingly, 

neurogenesis in the neurogenic niches themselves is increased in animals subjected to 

brain injury and in animal models for various brain diseases. For example, if seizures 

are induced in rats using the toxin Pilocarpine, the number of generated granule cells is 

significantly increased (Parent et al., 1997). Cerebral ischemia or stroke can also be 

modelled in animals by disturbing the blood supply to the brain, which leads to 

extensive neuronal death in the brain. This treatment has also been reported to increase 

proliferation of neural progenitors both in the SVZ and the SGZ in the mammalian 

brain (Arvidsson et al., 2001; Matsuoka et al., 2003; Zhang et al., 2001). Modelling 

stroke in the rodent brain can also induce proliferation of the normally quiescent 

ependymal cells found lining the ventricular system that then give rise to neuroblasts 

(Carlen et al., 2009; Zhang et al., 2007). Intriguingly, some progeny of the injury 

induced proliferating cells give rise to new neurons in the striatum (Arvidsson et al., 

2002). These cells are thought to originate from the SVZ, express Dcx, and migrate into 
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the striatum. The functionality and electrical properties of these neurons has not been 

examined and it is thought that the majority of these neurons do not survive (Arvidsson 

et al., 2002; Parent, 2003).  

Neuronal death can be induced in different areas of the brain using a 

chromophore-targeted neuronal degeneration (Sheen and Macklis, 1995). When this 

method is used to kill neurons in the rodent cortex, a proliferative response has been 

observed and new neurons are generated in the injured area. The origin of these new 

cells is not clear but they appear to be originating from the SVZ (Magavi et al., 2000).  

An increase in cell proliferation after injury has also been observed in the rodent 

midbrain. For example if the DA neurons in the SNc are killed using neurotoxins such 

as MPTP and 6-OHDA, an increase of proliferation has been observed in both 

ventricular and parenchymal cells in the midbrain (Aponso et al., 2008; Zhao et al., 

2003). It is known that the ventral midbrain harbours cells with multipotent stem cells 

potential, and if cultured in vitro can give rise to cells in all of the neural lineages (Lie 

et al., 2002; Storch et al., 2004). Despite the presence of multipotent cells in the 

midbrain, the question if the injury-activated cells give rise to new DA neurons in the 

midbrain is a controversial issue (Frielingsdorf et al., 2004; Zhao et al., 2003). A non-

disputed issue nonetheless, is that mammals, unlike the salamanders, do not regenerate 

their midbrain DA neurons to a significant degree after injury or disease. 
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2.4.3 Why are some animals able to regenerate brain tissue while 
others are not? 

 
The ability to regenerate tissues such as the brain is a feature not found in all 

vertebrate species, but it is present in some fish, amphibians and reptiles. It is unlikely 

that these animals have developed the capacity to regenerate the brain independently, 

since many features of the regeneration process appear in different regeneration 

models.  How come these animals have the capacity to regenerate brain tissue whilst 

mammals cannot? 

At first glance it might appear clearly beneficial for an animal to be able to 

regenerate a tissue or an organ. But to develop the capacity to regenerate an organ such 

as the brain or a limb is a complicated matter. Firstly there must be an evolutionary 

pressure to develop or retain the regenerative capacity. This pressure can be either a 

direct pressure on regeneration as a trait itself, or an indirect pressure and regeneration 

has then developed as an epiphenomenon, or as a by-product of another trait (Brockes 

et al., 2001; Tanaka and Ferretti, 2009).  

For regeneration of a specific organ to have developed through direct 

evolutionary pressure, a certain set of logical criteria need to be met by the animal 

(Wagner and Misof, 1992). 

 

• The organ in question is liable to damage in the natural habitat of the animal 

and damage to the organ occurs relatively frequently.  

 

• The animal can survive without a completely functional organ. 

 

• The animal’s fitness increases if the organ in question regenerates. 

 

• The time it takes for the organ to regenerate cannot be too long relative to the 

lifespan of the organism. 

 

Using the newt limb regeneration as an example, attacks from fish, crayfish and 

other newts are prevalent in the newt’s natural habitat, and lead to loss of limbs 

(Marion and Hay, 2011; Pfennig and Collins, 1993). Since the newts live mostly in 

water and are very competent swimmers even when they have lost a limb, they have no 

problem to survive without a limb for the 75 days it takes for them to regenerate a new 
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one. But newts do use their limbs for reproduction. These animals reproduce through a 

form of pseudocopulation called amplexus, in which the male newt grasp the female 

with his hind limbs (Able, 1999). It is possible that newts that do not possess a full set 

of limbs are not able to reproduce. This has however not been extensively studied in 

newts.  A newt that has all its limbs will nevertheless have fitness compared to newts 

lacking limbs.  

Interestingly, frogs are able to completely regenerate their limbs as aquatic 

tadpoles, but this phenomenon is lost after metamorphosis (Kurabuchi, 1990; Suzuki et 

al., 2006). As adults, terrestrial frogs are heavily reliant on their limbs for locomotion 

(Astley and Roberts, 2012; Lutz and Rome, 1994). If they loose a limb they are 

therefore not likely to survive for long, and definitely not long enough to regenerate a 

new limb. It could be argued that since these animals do not survive long enough to 

regenerate, the capacity to regenerate cannot be evolved or retained in these animals. In 

some aquatic frogs, such as the African clawed frog (Xenopus laevis), amputation of 

limb results in the generation of a muscle-deficient, cartilagenous spike (Yakushiji et 

al., 2009). This spike enhances the male frogs ability to form amplexus with females 

and thus enhances the animals’ ability to reproduce (Yakushiji et al., 2009), 

demonstrating that even partial regeneration can be beneficial for an animal.  

Unlike limb regeneration, the capacity to regenerate brain tissue does not only 

exist in newts, but has been observed in fish, other amphibians and reptiles. It has been 

argued that the capacity of these animals to regenerate brain tissue after injury has 

evolved as an epiphenomenon or by-product of another trait (Kaslin et al., 2008; 

Tanaka and Ferretti, 2009). According to this theory, the constant growth of certain 

brain parts, primarily sensory parts of the brain, has been selected for to the benefit of 

the animals. Regeneration of these brain parts is possible since the functional 

requirements for growth are already in place in these areas, and the environment is 

already permissive for cell growth and neural integration into the existing neuronal 

networks (Ferretti, 2011). Experiments to test this hypothesis should examine if it is 

possible for some animals to regenerate areas in the brain where neurogenesis does not 

take place under normal conditions. In Paper I of this thesis we map the presence of 

proliferating cells in the adult newt brain, and examine if areas devoid of proliferating 

are able to regenerate.  

It is not clear whether a frequent and sub-lethal injury to the brain has put 

evolutionary pressure to develop brain regeneration as a trait. As previously mentioned, 

red spotted newts spend parts of winter in ice-covered ponds, an environment which is 
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known to become hypoxic (Berner and Puckett, 2010; Tattersall and Boutilier, 1997). 

In Paper III of this thesis we test if the newt is able to survive hypoxia under 

controlled conditions, and if this treatment leads to brain damage.  
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3 NEUROTRANSMITTERS AND HOW THEY 
CONTROL STEM CELLS 
 

3.1 NEUROTRANSMITTERS 
3.1.1 Description 

 

The primary way for neurons to communicate with each other is through the 

synapse, a specialized junction where chemicals are released by the presynaptic neuron 

and react with receptors on the postsynaptic neuron. These chemicals are called 

neurotransmitters. There are two major groups of neurotransmitters in the central 

nervous system, amino acids and amines. Examples of amino acids include glutamate, 

γ-aminobutyric acid (GABA) and glycine. While dopamine, and norepinephrine, 

epinephrine and serotonin (5-HT) are the major amine neurotransmitter. Other 

neurotransmitters include acetylcholine (ACh), which is an ester of acetic acid and 

choline, and small peptides such as substance P and somatostatin.  

The same neurotransmitter can bind to an array of different receptors and thus the 

effect of the neurotransmitter varies depending on what combination of receptors is 

expressed by the receiving cell. Importantly, the release of neurotransmitters is not only 

confined to the synapse, but also occurs directly to non-synaptic extracellular space 

(Blankenship and Feller, 2010). In the adult hippocampus GABA and glutamate is 

released in extra synaptic areas (Brickley and Mody, 2012; Rusakov and Kullmann, 

1998) and in the midbrain, dopamine is released by dendrites belonging to the DA 

neurons located in the substantia nigra and ventral tegmental area (Beckstead et al., 

2004; Bjorklund and Lindvall, 1975; Geffen et al., 1976). 

Neurotransmitter signalling is not only an inter-neuron phenomenon, but can also 

take place between neurons and other cell types such as glial cells and neural progenitor 

cells. Neurotransmitters have been shown to regulate the proliferation and maturation 

of progenitor cells into neurons showing that neural activity and experience can control 

the behaviour of progenitor cells. Neurotransmitters could therefore constitute an 

important signalling mechanism during development and regeneration. In Paper II of 

this these we examine the role of the neurotransmitter dopamine in controlling 

regeneration of DA neurons. 
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3.1.2 Neurotransmitter control of neurogenesis and stem cells 
Neurotransmitter control of adult neurogenesis gives a fascinating link between 

animal behaviour and the formation of new neurons. The process of neurogenesis is 

tightly regulated by behaviour. Voluntary running, for example increases proliferation 

of neural progenitors, while animals that are subjected to social isolation show 

decreased neurogenesis in the hippocampus (Ibi et al., 2008; van Praag et al., 1999). It 

has been hypothesized that these effects are due to changes in activity of neurons in the 

neurogenic areas and subsequent alterations in the levels of neurotransmitters, but as of 

today this has not been directly demonstrated.   

Neurotransmitters do not only function as signalling molecules at the synapse, but 

are also used in the body to control stem cell proliferation and neurogenesis. One 

example of a neurotransmitter that controls stem cells is GABA. GABA has an 

inhibitory effect on mature neurons while it excites immature neurons during 

development and in an adult context (Cancedda et al., 2007; Toni and Sultan, 2011). In 

development and in the adult animal, GABA signalling inhibits proliferation of neural 

stem cells through the ionotropic GABAA receptor (Andang et al., 2008; Liu et al., 

2005; Tozuka et al., 2005). A recent study using optogenetics has shown that RGLs in 

the SGZ react to GABA that is released by the Parvalbumin expressing interneurons. 

Activation of these interneurons, but not somatostatin or vasoactive intestinal 

polypeptide expressing interneurons, induced quiescence of the RGLs (Song et al., 

2012). Also glutamate has been shown to control proliferation and differentiation of 

stem cells in the adult brain. Treatment with an NMDA receptor agonist reduces 

proliferation of neural progenitor cells in the SGZ (Cameron et al., 1995) but it is not 

clear if this effect is cell autonomous, or occurs via regulation of other cell types. 

Specific deletion of NMDA receptors in neural progenitor cells reduces the survival 

rate of immature neurons (Tashiro et al., 2006).  
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Figure 4) Dopamine synthesis, turnover and transduction in a classical synapse.   
1) Dopamine is synthesized in the presynaptic cells from L-tyrosine and L-dopa.  
2) Dopamine is loaded into vesicles that are 3) emptied into the synaptic cleft upon 
depolarization. 4) Dopamine binds to D1L or D2L dopamine receptors that have 
opposing effects on the postsynaptic cells intracellular concentration of cAMP.  
5) Dopamine is transported into cells by dopamine transporter (DAT).  
6) Amphetamine inhibits the DAT, thereby increasing the concentration of dopamine in 
the synaptic cleft. 7) Dopamine receptor antagonist Haloperidol inhibits both D1L and 
D2L dopamine receptors, but has significantly higher affinity for D2L dopamine 
receptors. 

 

 

3.2 DOPAMINE 
3.2.1 Dopamine and its receptors  

Dopamine was discovered to be a neurotransmitter in 1958 by Arvid Carlson and 

is now known to be a major catecholamine neurotransmitter in the metazoan nervous 

system (Carlsson et al., 1958; Missale et al., 1998). Dopamine is involved in controlling 

a variety of functions including locomotion, cognition, reward and neuroendocrine 

function. Dopamine is synthesised from the amino acid tyrosine, which is converted by 

tyrosine hydroxylase (TH) into L-3,4-dihydroxyphenylalanine (L-dopa). L-dopa is in 

turn transformed into dopamine, a reaction catalysed by aromatic L-amino acid 

decarboxylase (AAAD). TH is the rate limiting enzyme in dopamine synthesis and is 

commonly used as a marker for DA neurons (Elsworth and Roth, 1997).   

Dopamine receptors are metabotropic and heterotrimeric G protein coupled 

receptors and are classified as either D1-like (D1L) or D2-like (D2L). The D1L 

receptor family consists of dopamine receptors D1 and D5. When dopamine binds to 
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the D1L receptors, the Gαs subunit stimulates the activity of adenylate cyclase, this 

leads to increased production of cAMP (Cyclic adenosine monophosphate).  

The D2L receptor family consists of dopamine receptors D2, D3 and D4. 

Activation of the D2L receptors leads to inhibition of adenylate cyclase, through the Gαi 

signalling. Activation of D2-like receptors results in decreased production of cAMP 

(Figure 4) (Emilien et al., 1999; Missale et al., 1998). Hence dopamine signalling 

through D1L and D2L receptors has opposing effects on the postsynaptic cell.  

The effect that dopamine has on the different cells is also context dependent. 

Activation of different receptors results in activation of distinct intracellular signalling 

pathways. To complicate things further, dopamine receptors also exist in heterodimers. 

These heterodimeric complexes can be formed by either two different kinds of 

dopamine receptors or one dopamine receptor and another type of receptor, such as the 

ionotropic NMDA receptor (Ferre et al., 2009; Missale et al., 2010; Salter, 2003). 

 

3.2.2  Diseases of Dopamine 
Deficits and alterations in dopamine signalling are involved in diseases such 

Parkinson’s disease (PD) (Dawson and Dawson, 2003), schizophrenia (Knable and 

Weinberger, 1997), drug addiction (Koob and Le Moal, 2001) and attention-deficit 

hyperactivity disorder (ADHD) (Faraone et al., 2005). Treatment of these diseases 

often involves direct or indirect modulation of dopamine signalling. Examples of drugs 

used in the treatment of some of these diseases are amphetamine treating ADHD and 

dopamine receptor antagonist such as haloperidol in treatment against schizophrenia. 

Amphetamine increases the concentration of dopamine by inhibiting the dopamine 

transporter (DAT) (Giros et al., 1996; Wigal, 2009) and haloperidol is a dopamine 

receptor antagonist with a high binding affinity for D2L receptors (Missale et al., 

1998). Care has to be taken when modulating the DA system over time, since this 

treatment might lead to chronic complications. Long term haloperidol treatment for 

example can lead to a condition called tardive dyskinesia, which is a movement 

disorder characterised by involuntary movement of the face and extremities (Margolese 

et al., 2005). How dopamine receptor antagonists cause tardive dyskinesia is not known 

(Alabed et al., 2011; Tammenmaa et al., 2002).  
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3.2.2.1 Parkinson’s disease 

Parkinson’s disease (PD) was first described in 1817 by British physician James 

Parkinson in his “Essay on the Shaking Palsy” (Parkinson, 2002). In this paper 

Parkinson described a devastating disease with primary symptoms of tremors and 

general difficulties in movement. We now know that Parkinson’s disease (PD) is a 

slowly progressing neurodegenerative disease that affects ~1-2 % of individuals over 

the age of 60. The primary symptoms of PD are inability to move (akinesia), slowness 

of movement (bradykinesia), tremor and postural instability (Olanow et al., 2009b).  

The major cause of these symptoms is thought to be loss of DA neurons in the 

ventral midbrain, more specifically in the substantia nigra pars compacta (SNc). The 

DA neurons in the SNc project to the striatum, and death of these neurons leads to a 

decrease in the concentration of dopamine in the striatum (Olanow et al., 2009b). In 

addition to the death of midbrain DA cells the pathology also consists of the formation 

of α-synuclein containing Lewy bodies in the SNc and other areas (Kosaka et al., 1976; 

Spillantini et al., 1997).  

The etiology of PD is not fully understood. Both genetic and environmental 

factors have been implicated in the disease. Several genes are known to cause familiar 

and sporadic PD, including the parkin gene and α-synuclein gene (Kitada et al., 1998; 

Singleton et al., 2003). Pesticides and other toxins have also been shown to cause PD-

like symptoms in animal models and humans (Betarbet et al., 2000; Langston et al., 

1983). 

Oxidative stress has been implicated as a cause for PD, and post mortem studies 

of PD patients have shown increase in oxidative damage and mitochondrial impairment 

(Dexter et al., 1989). DA neurons in the SNc are known to be autonomous pacemaking 

cells, constantly releasing dopamine into the striatum (Guzman et al., 2009). It has been 

suggested that this pacemaking activity leads to increased oxidative stress in these 

neurons, making them more susceptible to toxin induced mitochondrial oxidative 

damage compared to other neurons (Guzman et al., 2010).  

 

3.2.2.2 Treatment of Parkinson’s disease 

There is currently no cure for PD, but it is possible to alleviate the symptoms at 

least for some time.  Current treatments usually aim to increase the levels of dopamine 

signalling in the brain by administering dopamine precursor L-dopa or dopamine 

receptor agonists such as bromocriptine (van Hilten et al., 2007). 
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Since L-dopa crosses the blood-brain barrier (BBB) it can be administered orally 

and it is usually given together with a carbidopa, an inhibitor of AAAD that does not 

cross the BBB, thus inhibiting peripheral metabolism of L-dopa. Treating PD patients 

with L-dopa or dopamine agonists in early- and middle-stage of PD lessens the 

symptoms of the disease but the effect of treatment decreases with time (Marsden and 

Parkes, 1977). Chronic, long-term treatment with these substances is also associated 

with motor complications such as dyskinesia, motor fluctuations and physiological 

problems (Weiner and Reich, 2008).  

A possible way to cure PD and other degenerative diseases of the central nervous 

system (CNS) could be to replace the lost cells in the brain, either by activating 

endogenous stem cells or transplanting stem cells after manipulating them in vitro. 

Grafts of embryonic midbrain tissue have been transplanted into the striatum of 

PD patients in an attempt to restore the dopamine transmission (Lindvall et al., 1990; 

Olanow et al., 2003). Some patients in these trials experienced symptomatic relief and 

shown improved motorics after 16 years post transplantation (Li et al., 2008). But 

results vary using embryonic tissue and this method is not without ethical 

complications (Olanow et al., 2009a).  

 

3.2.2.3 Animal models of Parkinson’s disease 

Animal models of PD, mimicking the loss of midbrain DA neurons, are usually 

obtained by administering neurotoxins, such as aforementioned 6-OHDA or MPTP, 

which kill the DA neurons. Genetic manipulations mutating genes that are involved in 

the specification and survival of DA neurons have also been used to create PD-like 

symptoms in rodents (Chan et al., 1997; Deumens et al., 2002; Kittappa et al., 2007).  
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3.2.3 Dopamine control of neurogenesis developing mammalian brain 

 
In the developing rodent brain, dopamine has been shown to modulate various 

aspects of neurogenesis and different progenitor cells express various sets of dopamine 

receptors. D2-like dopamine receptors have been shown to be expressed in the 

proliferating cells in the ventricular zones during development, and modulation of 

dopamine signalling affects neurogenesis and neural specification in many brain areas 

including the lateral ganglionic eminences (LGE) and the ventral midbrain (Diaz et al., 

1997; Kim et al., 2006; Ohtani et al., 2003). In the developing LGE, activation of D1-

like dopamine receptors has been shown to decrease proliferation of DA progenitors, 

while activation of D2-like dopamine receptors had the opposite effect (Ohtani et al., 

2003). Interestingly, the same authors found that the general effect of dopamine on 

primary cultures from the LGE, was an inhibition of proliferation and in vivo 

administration of L-dopa reduced the number of proliferating LGE progenitor cells 

(Ohtani et al., 2003). These experiments illustrate the complex nature of dopamine 

signalling on neural precursors. 

In the developing ventral midbrain, dopamine signalling has been shown to 

regulate neurogenesis and maturation of neurons. The DA neurons in the substantia 

nigra pars compacta (SNc) originate from the midbrain floor plate radial glial cells 

(Bonilla et al., 2008; Ono et al., 2007). DA progenitor cells express markers such as 

Nurr1, Lmx1a, and Msx1, which have been shown to be important transcription 

modulators in the development of ventral midbrain DA neurons (Andersson et al., 

2006; Arenas, 2005; Wallen and Perlmann, 2003). Mice lacking the D1 or D2 

dopamine receptors have reduced number of SNc DA neurons, but the mechanism of 

the dopamine-mediated effect on neurogenesis is not clear (Kim et al., 2006; Parish et 

al., 2001).  

It has been suggested that dopamine signalling is involved in differentiation of 

DA progenitors by activating Nurr1, a fate-determining transcription factor for 

midbrain DA neurons. Nurr1 is activated by D2R signalling through ERK signalling 

and in vitro experiments showed that treating primary mesencephalic cultures with 

D2R agonists increased the number of TH+ cells. The effect that D2R agonist treatment 

had on proliferation and survival of newborn neurons was not examined (Kim et al., 

2006). To determine if modulation of dopamine signalling has an effect on ventral 

midbrain DA progenitor proliferation, dopamine receptor knockout animals need to be 
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analysed with high temporal resolution and experiments need to be performed together 

with different agonist/antagonist treatments.  

 

3.2.4 Dopamine control of neurogenesis in the adult mammalian brain 

 
In adult animals, dopamine signalling has been shown to modulate neurogenesis. 

In the SGZ of the hippocampus of the Mongolian gerbil (Meriones unguiculatus), 

dopamine receptor antagonist haloperidol, increases progenitor proliferation (Dawirs et 

al., 1998). Contrary to this, haloperidol treatment does not affect the proliferation in the 

SGZ of rats and mice (Halim et al., 2004; Kippin et al., 2005). This discrepancy is 

possibly due to different experimental paradigms. In the gerbil experiments haloperidol 

was administered during 24 hours, while the rats and mice were treated for at least three 

weeks.   

In the SVZ of adult rodents, dopamine signalling is known to affect different 

aspects of neurogenesis and progenitor proliferation. The dopamine itself originates 

from DA afferents from SNc DA neurons, that arrive at the SVZ during development 

(Freundlieb et al., 2006; Hoglinger et al., 2004). Progenitor cells in the SVZ express an 

array of different dopamine receptors, though there remains some controversy as to 

expression pattern of the various dopamine receptors on the different progenitor cells 

and the effect that dopamine signalling has on neurogenesis (Hoglinger et al., 2004; 

Kippin et al., 2005).  

D2-like dopamine receptors have been reported to be expressed in the transient 

amplifying cells (type C cells), and the neuroblasts. While D1-like dopamine receptors 

have only been observed in the type A cells (Hoglinger et al., 2004; Kippin et al., 2005; 

Platel et al., 2010). It has been proposed that dopamine stimulates proliferation of type 

A and/or type C cell progenitors in the SVZ and this effect is transmitted through D2L 

receptors (Coronas et al., 2004; Hoglinger et al., 2004; Platel et al., 2010). Evidence for 

this view comes from experiments in which the levels of dopamine in the SVZ were 

artificially reduced either pharmacologically or by killing the SNc DA neurons using 

specific toxins such as 6-OHDA or MPTP (Baker et al., 2004; Hoglinger et al., 2004; 

L'Episcopo et al., 2012). A contradictory study shows that blocking dopamine receptor 

signalling leads to increased proliferation of type B cells. (Kippin et al., 2005). This 

was shown by treating mice with dopamine receptor antagonist haloperidol, which 

results in an increase in proliferating cells in the SVZ and increased neurogenesis in the 

olfactory bulb. The authors also observed an increase in BrdU label retaining cells after 
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a long-term pulse chase experiment. BrdU label retaining cells are usually used as a 

marker for the slowly proliferating, type B cells (Doetsch et al., 1999a; Hsu and Fuchs, 

2012; Morshead et al., 1994). In vitro experiments in the same study showed that 

treating cells with dopamine or dopamine receptor 2 agonists, inhibited neurosphere 

formation, this is an assay commonly used for a quantitating proliferation of neural 

stem cells (Reynolds and Weiss, 1996; Singec et al., 2006). Both the stimulating effect 

of haloperidol observed in vivo, and the inhibitory effects of agonists seen in vitro were 

not observed when using D2-receptor knock-out animals, indicating that the dopamine 

D2 receptor is involved in mediating this process (Kippin et al., 2005). 

 

3.2.5 Mechanisms of dopamine control of neurogenesis in the adult 
and developing mammalian brain 

 
The downstream mechanism with which dopamine regulates the cell cycle has 

not been thoroughly investigated. It has been hypothesised that dopamine stimulates 

release of epidermal growth factor (EGF) (O'Keeffe et al., 2009). EGF is a factor that is 

required, together with fibroblast growth factor (FGF) for long-term survival of in vitro 

cultures of neural progenitor cells (Ming and Song, 2005; Reynolds and Weiss, 1992). 

EGF is also an important factor for in vivo proliferation of neural progenitors. Infusion 

of EGF has been shown to increase cell proliferation in the SVZ, and mice lacking 

TGFα, an EGF receptor ligand, show reduced proliferation of SVZ progenitor cells 

(Kuhn et al., 1997; Tropepe et al., 1997).  

Dopamine modulation of adult neurogenesis has also been suggested to be 

dependent on ciliary neurotrophic factor (CNTF) (Yang et al., 2008). CNTF is known 

to increase survival of neurons and intra-cortical injection of this factor into adult mice 

induces an increase in proliferation of the SVZ progenitor cells (Arakawa et al., 1990; 

Emsley and Hagg, 2003). Adult animals lacking CNTF have reduced amount of 

proliferating progenitor cells in the SVZ and while proliferation in control animals is 

increased when the animals are treated with the D2R agonist quinpirole, this effect is 

not observed in heterozygote and homozygote knockout animals.  

It is important to point out that most of these studies are done on a population 

basis, and it is probable that the effect of dopamine varies depending on the maturation 

and location of the progenitor cell. Cells within the same population are known to 

express different levels of D1-like or D2-like receptors, as for example observed in  

oligodendrocyte precursors (Bongarzone et al., 1998).  It is possible that more mature 
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cells have different receptor expression compared with more undifferentiated cells and 

thus the effect to dopamine would vary. It is also important to point out that both 

dopamine D1L and D2L receptors can be expressed on the same cell and in addition 

these receptors can exist as heterodimers. Thus modulating signalling through a specific 

dopamine receptor does not prove that this is the sole receptor involved in the process. 

To elucidate which cells react to the dopamine signalling in specific ways, laser 

dissection of the different progenitor subtypes could be performed based on 

morphology or genetic reporter. Single cell RNA sequencing or mass spectrometry on 

dissected tissue would enable one to detect possible differences in receptor expression 

on different progenitor subtypes (Rugg-Gunn et al., 2012; Tang et al., 2009). Also 

knock down of the receptor subtypes in a cell-specific manner could show the receptors 

involved.  

In summary, dopamine is known to affect many aspects of neurogenesis in both 

the adult and developing brain. But the downstream mechanisms and the identity of the 

neurons that controls these events are yet to be discovered. In Paper III of this thesis 

we examine how dopamine is involved in the process of regeneration in the adult newt 

brain and discover an until now unknown mechanism, in which dopamine controls the 

proliferation of DA progenitor cells.  
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4 PRESENT INVESTIGATION 
 

4.1 AIMS 
 

The overall aim of this thesis is to elucidate mechanisms of brain regeneration in 

the red spotted newt.  

 

The specific aims of the different studies are: 

 

Paper I:  

Map the distribution of proliferating cells in the uninjured newt brain and 

investigate what happens to the progeny of these cells, determine which cells give 

rise to neurons after DA neuron ablation in the newt brain identify genes that are 

activated during the regeneration process.  

 

Paper II:  

Investigate how dopamine is involved in the regeneration process of DA neurons 

in the adult newt. 

 

Paper III:  

Examine if newts are able to survive hypoxic conditions and determine 

subsequent responses in the brain.  
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4.2 PAPER I 
4.2.1 Results 

 
It has been suggested that the reason why some non-mammalian vertebrates are 

able to regenerate their brain is due to the presence of constantly proliferating cells 

throughout the brain of these animals (Ferretti, 2011; Kaslin et al., 2008). Upon brain 

damage, progeny of these cells are thought to migrate and repopulate the injured tissue. 

In Paper I, we aimed to map the distribution of proliferating cells in the adult newt 

brain and subsequently examine if there is a correlation between the areas that can be 

regenerated and the existence of proliferating cells.  

Using immunohistochemistry we found that the majority of the cells positive for 

proliferation markers such as PCNA and MCM2, line the walls of the lateral ventricles 

of the forebrain and the third ventricle of the diencephalon. The majority of those cells 

express the RGL marker GFAP and have a RGL- morphology. When examining the 

midbrain and hindbrain for cell proliferation, we found that the ventricular walls of 

these areas are quiescent and no detectable neurogenesis occurs in these brain areas. 

Using the nucleotide analogue BrdU to spatially trace the progeny of proliferating 

cells, we find that a subpopulation of BrdU+ cells migrate rostrally to the olfactory 

bulb, others migrate radially away from the ventricles into the pallium. Interestingly, 

we found that some of the BrdU+ are positive for the pan-neuronal marker NeuN, 

indicating that they have differentiated into neurons, both in the olfactory bulb and in 

the pallium.  

Next we intended to study how midbrain RGLs respond to 6-OHDA lesion.  

To examine this, we used both BrdU pulse chase experiments and an in vivo 

electroporation technique in which a construct coding for yellow fluorescent protein 

(YFP) was transfected into the ventricular cells by in vivo electroporation. We observed 

that while some ventricular cells became activated upon sham lesion, the majority of 

these cells remain proximal to the ventricle. After 6-OHDA lesion, we found a 

significant increase in the number of ventricular derived cells that have migrated away 

from the ventricle and differentiated into neurons. These result show that 6-OHDA-

induced ablation of DA neurons stimulates activation, migration and differentiation of 

the otherwise quiescent ventricular progenitor cells. 

To address whether GFAP+ RGLs give rise to TH+ neurons after lesion, we 

electroporated the midbrain ventricular wall with a construct encoding GFP under the 

control of the GFAP promoter. Four days after electroporation, animals were lesioned 
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with 6-OHDA. After 2 weeks, GFP/TH double positive cells were observed in the 

regenerating newt midbrain following 6-OHDA lesion, while no such cells were 

observed in sham lesioned control animals. These results show that the GFAP+ RGLs 

are progenitor cells in the newt brain, and these cells give rise to neurons after injury. 

Next we performed a gene expression analysis during regeneration with the aim to 

identify possible factors involved in controlling neurogenesis. For this, ventricular cells 

were laser micro-dissected from lesioned and sham lesioned newt brains and RNA was 

isolated from these cells. The RNA was subsequently applied to oligonucleotide 

microarrays derived from salamander expressed sequence tag and complementary 

DNA databases. We found that 739 genes were upregulated during regeneration, while 

324 were downregulated. Of these genes 14 genes were then validated by quantitative 

real-time polymerase chain reactions. 

One of the genes identified to be upregulated in the microarray was sonic 

hedgehog (Shh), a morphogen that is important in the patterning of the developing 

neural tube (Dessaud et al., 2008). Our finding was verified by in situ hybridization, in 

which Shh expression was found to be increased after lesion in the ventral part of the 

third ventricle. To examine the role of Shh during regeneration, Shh signalling was 

inhibited by the administration of cyclopamine, a potent Shh signal inhibitor. When 

cyclopamine was administered after injury, regeneration of TH+ neurons was inhibited, 

showing that Shh is an important molecule in the regeneration process of the newt 

brain.   

 

4.2.2 Future experiments and discussion 

 
Though adult neurogenesis in the newt forebrain was observed, the identity of the 

nerurons generated in the newt brain remains to be determined. This could be done by 

performing previously mentioned BrdU pulse-chase experiments, in combination with 

immunohistochemistry using specific markers against neural subtypes. These 

experiments would also reveal if the type of neurons generated in different brain areas, 

glutamatergic neurons in the hippocampus and GABAergic neurons in the olfactory 

bulb, are conserved between amphibians and mammals. 

Using oligonucleotide microarrays we identified Shh and many other possible 

candidates that could be important in the regeneration process. We found that 

interfering with hedgehog signalling inhibits regeneration, but does not reduce 

proliferation of the ventricular progenitor cells. It is thus possible that Shh is involved 
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in either the differentiation process or survival of newborn neurons. Future experiments 

should test this by assessing cell death in cyclopamine treated animals compared to 

controls and examine the identity of the cells generated when hedgehog signalling is 

blocked.  

To study the role of the other candidates, expression changes firstly need to be 

verified by immunohistochemistry or in situ hybridization. Secondly the functionality 

of these molecules needs to be manipulated during regeneration, which requires the 

development of genetic manipulation techniques in newts. Since there are no transgenic 

red spotted newts available and the process of making transgenic newts must be very 

cumbersome considering that the animals become sexually mature at 1-2 years of age, 

other methods need to be adopted. Possible methods include silencing transcription 

through the use of either small interfering RNA (siRNA) or morpholinos.  Currently, 

these techniques have not been optimized fore the use in newt brains, and energy needs 

to be placed on developing techniques to manipulate gene expression in the newt. 

As previously mentioned, neurogenesis in the olfactory bulb and hippocampus (or 

corresponding brain area) is a phenomenon conserved in many vertebrate species. A 

finding of Paper I is that neurons are also added to the adult newt olfactory bulb and 

the hippocampal progenitor, the pallium. Future experiments could also examine the 

functional role of neurogenesis in these areas in the newt. Is the role of neurogenesis in 

the newt olfactory bulb linked to olfaction? This could be tested by altering odorant 

stimulus for the animals and examine the rate of neurogenesis in this brain area. 

Experiments that have previously shown to alter hippocampal proliferation in rodents 

could be repeated in newts to examine possible regulatory similarities or differences in 

the mechanism controlling neurogenesis. One way to test this would be to expose the 

animal to social isolation or vary the environment that the newts live in. These 

experiments would reveal if mechanisms controlling neurogenesis in the vertebrate 

brain are conserved between amphibians and mammals.  
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4.3 PAPER II 
4.3.1 Results 

 
As described in section 3 in this thesis, neurotransmitters have been shown to 

control various aspects of stem cell behaviour, including proliferation, fate choice and 

differentiation. In Paper II we wanted to examine if the neurotransmitter dopamine 

controls the niche of neural progenitor cells and hence influences regeneration of DA 

neurons in the adult newt brain.  

To increase the concentration of dopamine in the newt brain we treated the 

regenerating animals with the dopamine precursor L-dopa. We found the L-dopa 

treatment reduced the number of TH+ and Nurr1+ neurons in the newt midbrain and 

inhibited behavioural recovery. To examine if this phenomenon was specific for DA 

regeneration we developed a technique to kill cholinergic neurons in the newt brain. 

When the neurotoxin ethylcholine aziridinium (AF64A) was injected into the midbrain, 

this killed about 50% of the cells expressing cholinergic neuron marker. Regeneration 

of these cells was gradual and after 45 days the lesioned animals had almost completely 

restored the numbers of cholinergic neurons in their brain. Interestingly, administration 

of L-dopa did not affect regeneration of cholinergic neurons, suggesting that the effect 

of L-dopa is specific for DA regeneration.  

Co-staining for PCNA and GFAP showed that L-dopa treatment reduced the 

number of proliferating RGLs in the midbrain of 6-OHDA lesioned animals, while L-

dopa treatment did not affect progenitor proliferation in AF64A lesioned animals. 

Further, addition of dopamine to primary cultures of newt neuronal progenitor cells led 

to reduced incorporation of BrdU in GFAP+ cells, indicating that dopamine itself has an 

inhibitory effect on RGL proliferation.  

Using immunohistochemistry, we found that the RGLs express D2 dopamine 

receptors. To examine if the effect of L-dopa is mediated through dopamine receptor 

signalling, we co-administered animals with L-dopa and the potent dopamine receptor 

antagonist haloperidol. Haloperidol treatment rescued the inhibitory effect of L-dopa on 

regeneration and RGLs proliferation. These results suggest that dopamine acts on 

dopamine receptors on the RGLs.  

To test whether antagonizing dopamine receptors is sufficient to induce a 

proliferative response in newt midbrain, we treated uninjured animals with haloperidol. 

This treatment led to increased proliferation of the RGLs and resulted in an increased 

number of TH+ neurons. To examine the origin of the neurons, we expressed YFP in 



 

  53 

the ventricular RGLs through electroporation. 24 hours after electroporation YFP 

expression was restricted to ventricular RGLs. After haloperidol treatment, TH+ YFP+ 

cells were observed in the uninjured newt midbrain, while no such cells were observed 

in vehicle treated controls. These results show that antagonising dopamine signalling is 

sufficient to activate quiescent RGLs, and progeny of these cell subsequently 

differentiate into TH+ neurons in the newt midbrain.  

 

4.3.2 Future experiments and discussion 

 
It remains to be seen if the neurons generated after haloperidol treatment integrate 

in the existing networks. It is also not clear whether these neurons or the neurons 

generated after 6-OHDA lesion, project to the striatum. To test this, retrograde tracing 

of axons in the striatum using fluorogold could be combined with previously mentioned 

electroporation paradigms. If YFP, fluorogold and TH triple positive cells are observed 

after haloperidol treatment or 6-OHDA lesion, this would show that cells originating 

from the ventricular wall have differentiated into neurons and project to the striatum. 

It has also not been conclusively shown that dopamine acts on the RGLs 

themselves. It is possible that the dopamine signals on neighbouring neurons, that in 

turn signal on the RGLs. To examine this, different dopamine receptors would need to 

be specifically silenced in RGLs by siRNA or morpholinos. As previously described, 

these techniques have not yet been developed for the newt. 

As discussed in section 3.2.5, there are numerous hypotheses concerning 

dopamine control of progenitor cell proliferation including EGF signalling and 

signalling through CNTF. Because of the lack of efficient in vitro techniques and 

genomic information, the newt may not be the ideal model for the identification of 

downstream mechanisms for dopamine control of progenitor proliferation, and these 

experiments would be more feasible to do in other model systems. However it is 

possible that the mechanisms are not the same in different species, so any signalling 

pathway identified needs to be verified in the newt.  

Finally, it would be very interesting to examine if dopamine has the same 

inhibitory effect on progenitor cell proliferation in the developing mammalian 

midbrain. Some simple experiments could be done to answer this. Firstly, the 

expression pattern of the different dopamine receptors needs to be analysed in the 

developing mammalian midbrain. If receptors are detected, signalling of these receptors 

could be pharmacologically manipulated by treatment of various dopamine receptor 
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agonists and antagonists during different stages of development. Since knockout mice 

of various dopamine receptors exist, embryos of these animals at different stages of 

development could be analysed to identify potential changes in progenitor cell 

proliferation (Drago et al., 1994; Parish et al., 2001).  

Finally, the results from this project raise the tantalizing possibility that stem cells 

can be activated in the brain by administration of a drug. It would be interesting to 

examine if antagonising dopamine signalling induces neurogenesis in the adult 

mammalian midbrain. This would have implication for regenerative therapies against 

neurodegenerative disorders, and could possibly explain the etiology of some 

neurological disorders such as tardive dyskinesia, which are caused by long-term use of 

antipsychotic drugs.  
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4.4  PAPER III 
4.4.1 Results 

 
It has been proposed that the capacity of some animals to regenerate brain tissue 

is linked to continuous neurogenesis in these brain areas. In paper I we demonstrate 

that the newt is able to regenerate brain areas, which under normal circumstances are 

devoid of proliferating cells, showing that there is no link between regeneration and 

continuous neurogenesis in the newt brain.  

So how come some animals have retained the capacity to regenerate brain tissue 

while others cannot? As explained on section 2.4.3, if the trait of regenerating a specific 

organ has been directly selected for, this organ must have been subjected to damage 

relatively frequently. It is known that the newt limb is susceptible to damage from 

predators and other newts, and it has been shown that the newt lens is prone to damage 

from a parasite infection (Marion and Hay, 2011; Okada, 2004). But possible causes of 

injury to the brain of the newt or other models of brain regeneration have not been 

identified. In paper III we test the hypothesis that the newts’ ability to regenerate brain 

tissue is connected with the ability to survive conditions of low oxygen supply, referred 

to as hypoxia, for extended periods of time.  

A common feature among animals that can regenerate brain tissue is that they are 

also able to survive variation in oxygen levels. The crucian carp (Carassius carassius) 

for instance, which has been shown to regenerate whole lobes of the optic tectum, can 

survive for months in hypoxic water and is subjected to these conditions in its natural 

habitat (Kirsche and Kirsche, 1961; Nilsson and Renshaw, 2004). Zebrafish, which can 

also regenerate their brain, are able survive for days in a hypoxic environment (Cao et 

al., 2008; Kroehne et al., 2011).  

Amongst reptiles, the turtle is the most studied hypoxia-tolerant animal. The 

Western painted turtle (Chrysemys picta), can survive for up to four months without 

oxygen during winter dormancy. There are also studies suggesting that turtles can 

regenerate their brain, but this has not yet been extensively studied (Kesaraju and 

Milton, 2009; Ultsch, 1985).  

To create a hypoxic environment for the newt we made use of a system that has 

previously been used to study the effect of hypoxia on zebrafish (Cao et al., 2010). In 

this protocol, nitrogen is perfused into the aquarium in a controlled manner and the 

oxygen tension can be regulated with a high degree of precision.  
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When the oxygen tension was directly lowered to 20% of control levels, animals 

did not remain conscious, but if the oxygen tension was gradually lowered to 20% over 

2 days, at least 66% of the animals were able to survive 5 days of hypoxia. Since not all 

animals survived, it is probable that this treatment caused tissue damage to organs 

highly dependent oxygen, such as the brain. To examine if there was an increase in cell 

death after the hypoxia treatment, TUNEL staining was performed on brain sections 

and a 6-fold increase in TUNEL+ cells was observed compared to control animals, thus 

showing that although these animals are able to survive hypoxia, this treatment causes 

damage to the brain. 

To test if hypoxia or reoxygenation affects proliferation of progenitor cells, 

immunohistochemistry was performed using antibodies against the proliferation marker 

PCNA and the PCNA+ ventricular progenitor cells quantified. Interestingly, 5 days of 

hypoxia did not alter proliferation rate and neither did placing animals at 200% of 

oxygen tension. But when animals were reoxygenated either in normoxia or at 200% 

oxygen tension, this increased proliferation of the progenitor cells, suggesting that the 

rise in oxygen tension activates the progenitor cells. 

An earlier study by our group has shown that there is an inflammatory response 

and activation of microglia cells, after injury to the newt midbrain (Kirkham et al., 

2011). To examine if microglia react to the damage caused by hypoxia or 

reoxygenation, we performed double staining for PCNA and the microglial marker 

ionized calcium binding adaptor molecule 1 (IBA1). After reoxygenation of the newt 

brain, there was an increase in the number of proliferating microglia cells, showing that 

reoxygenation after hypoxia induces an inflammatory response.  

Reoxygenation of tissues is known to increase levels of reactive oxygen species 

(ROS) in various organs, importantly ROS can be damaging to the tissue, but they can 

also functions as signalling molecules (D'Autreaux and Toledano, 2007; Vanden Hoek 

et al., 1998). A recent study has shown that endogenous ROS levels control 

proliferation of neural progenitor cells in the SVX of mice (Le Belle et al., 2011). To 

examine if reoxygenation results in increased ROS production, animals were injected 

with the ROS sensitive dye hydroethidine (HEt). After three hours of reoxygenation an 

increase in HEt signal was observed in both ventricular and parenchymal cells, showing 

that reoxygenation leads to an increased production of ROS. Since reoxygenation 

induces an increase in the proliferation of progenitor cells, we wanted to examine if this 

increase is related to higher levels of ROS. A major source for ROS is nicotinamide 

adenine dinucleotide phosphate-oxidase (NADPH-oxidase or NOX), which can be 
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inhibited by the drug apocynin (Muijsers et al., 2000). While apocynin treatment did 

not alter progenitor cell proliferation in control animals it induced a 46% decrease in 

animals subjected to reoxygenation, suggesting that the proliferative effect observed 

during reoxygenation is at least partially due to an increase in ROS production.  

These results show that the red spotted newt is able to survive hypoxia and that 

this treatment leads to increased cell death. Reoxygenation of the brain induces 

regenerative mechanism, such as an immune response and increased proliferation of 

neural progenitor cells. 

 

4.4.2 Future experiments and discussion 

 
Future experiments in this project should firstly investigate the identity of the 

cells that die during hypoxia and reoxygenation in the newt brain. To examine this, one 

could perform immunohistochemistry for markers for cell death such as different 

caspases, and neuron and glial specific markers. It is also necessary to test if the 

increase in proliferation observed during reoxygenation leads to an increased 

production of neurons or other supporting cells. This could be examined by treating 

animals with BrdU during reoxygenation, and examine the phenotype of the BrdU+ 

cells after a chase period. 

It would be interesting to examine if ROS signalling is involved in activation of 

progenitor cells during regeneration of DA neurons in the newt brain. To test this I 

would be possible to treat 6-OHDA lesioned animals with apocynin during 

regeneration.   

To further test the hypothesis that the ability of some vertebrates to regenerate 

brain tissue, is linked to their ability to survive hypoxia, experiments need to be 

replicated in other model organisms, for example fish. 

Finally, it would be interesting to examine if sub-lethal systemic hypoxia induces 

damage to heart tissue. Both newts and zebrafish are able to regenerate heart and ROS 

signalling has previously been shown to control cardiomyocyte behaviour (Jopling et 

al., 2010; Witman et al., 2011). If similar mechanism of regeneration are involved in 

brain and heart regeneration, this would increase our understanding of vertebrate 

regeneration, and have implications for the development of regenerative therapies for 

degenerative diseases.    
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4.5 CONCLUDING REMARKS 
 

In this thesis I have shown that the red spotted newt can regenerate its midbrain 

DA neurons following injury in a process that involves activation of quiescent RGLs. 

The regeneration of DA neurons is under the control of dopamine, and altering the 

levels of dopamine signalling in the brain effects the proliferation of the RGLs. Finally, 

I have shown that the red spotted newt is able to survive in hypoxia and that 

reoxygenation activates regenerative mechanisms in the brain.   

I hope that anyone who has read this far in my thesis agrees with me when I state 

that the red spotted newt is an amazing model system with which to study brain 

regeneration. The current drawbacks of this animal model, such as lack of genomic 

information, could be overcomed at little cost thanks to the development of high speed, 

whole genome sequencing techniques. There are also advantages to this model that 

were not touched upon in this thesis.  For example, the morphology and size of the 

brain is ideal for whole-mount imagining techniques (see Figure 3F, Paper II), which 

could be used to study the integration of new neurons into otherwise, already 

established neural networks. An effort should also be made to elucidate the 

mechanisms of axon guidance and synaptogenesis in an adult context, as this might 

reveal how we can aid regeneration of neural networks in the human brain.  

Much research is now aimed at developing cell replacement therapies for injured 

and degenerated tissues. Results presented in this thesis could help the development of 

protocols for progenitor cell differentiation in vitro, and may have implications for the 

treatment of Parkinsons disease and other neurodegenerative diseases of the brain.  
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