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I. Abstract  
 

The dentate gyrus of the hippocampus: roles of transforming growth factor beta1 (TGFb1) and adult 

neurogenesis in the expression of spatial memory.  

Alonso Martinez-Canabal,  

Doctor of Philosophy, 

Institute of Medical Science,  

University of Toronto, 2013.  

 

The dentate gyrus is a region that hosts most of the hippocampal cells in mammals. 

Nevertheless, its role in spatial memory remains poorly understood, especially in light of the 

recently-studied phenomenon of adult hippocampal neurogenesis and its possible role in aging and 

chronic brain disease. We found that chronic over-expression of transforming growth factor ɓ1 

(TGFɓ1), a cytokine involved in neurodegenerative disease, results in several modifications of 

brain structure, including volumetric changes and persistent astrogliosis. Furthermore, TGFɓ1 

over-expression affects the generation of new neurons, leading to an increased number of neurons 

in the dentate gyrus and deficits in spatial memory acquisition and storage in aged mice. 

Nonetheless, reducing neurogenesis via pharmacological treatment impairs spatial memory in 

juvenile mice but not in adult or aged mice. This suggests that the addition of new cells to 

hippocampal circuitry, and not the increased plasticity of these cells, is the most relevant role of 

neurogenesis in spatial memory. We tested this idea by modifying proliferation in the dentate gyrus 

at several ages using multiple techniques and evaluating the incorporation of newborn neurons into 

hippocampal circuitry. We found that all granule neurons, recently generated or not, have the same 

probability of being incorporated. Therefore, the number of new neurons participating in memory 

circuits is proportional to their availability. Our conclusion is that adult-generated cells have the 

same functional relevance as those generated during development. Together, our data show that 

the dentate gyrus is important for memory processing and that adult neurogenesis may be relevant 

to its functionality by optimizing the number of neurons for memory processing. The equilibrium 

between neurogenesis and optimal dentate gyrus size is disrupted when TGFɓ1 is chronically 

increased, which occurs in neurodegenerative pathologies, leading to cognitive impairment in aged 

animals.  
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VII. Preface  
 

 

 

 In this thesis, the relationship between hippocampal neurogenesis and memory was 

approached experimentally by manipulating aging, running, and presence of transforming growth 

factor ɓ1 (TGFɓ1), a cytokine that is expressed in the brain in response to acute or chronic injury.  

TGFɓ1 was chosen for study because it is up-regulated in humans during Alzheimer ôs disease and 

reported to be a strong inhibitor of cell proliferation in the adult hippocampus. No report to date 

has linked this cytokine with behavioural processes in non-human mammals.   

 Two parts of the literature review are dedicated to explaining the biology and medical 

implications of TGFɓ1 (sections 1.4 and 1.5) and of adult neurogenesis in the hippocampus 

(sections 1.6 and 1.7). Three independent, but interrelated, studies are presented. The first explores 

the incorporation of newly-born neurons in the adult hippocampus, when rates of neurogenesis are 

down- or up-regulated (section 3). The second explores the anatomical and behavioural 

consequences of TGFɓ1 over-expression during brain aging (section 4). The second study, 

published in the journal Hippocampus, explores the effects of neurogenesis blocking on learning 

and memory at different ages (section 4). Lastly, the third study explores the anatomical and 

behavioural consequences of TGFɓ1 over-expression in the brain during aging (section 5). 

 We decided to add two appendixes that correspond to a work (Currently under review in 

the journal Science) completed after this thesis and beyond its original scope. Nevertheless, we 

found useful to make available this work to draw some of our conclusions and future directions.  
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1.1  Role of the hippocampus in memory acquisition and storage.  

1.1.1 The historical emergence of the hippocampus as a key structure in memory 

acquisition and storage. 

 

1.1.1.1. H.M. and the medial temporal lobe 

 

The first strong suggestion that  the medial temporal lobe (MTL) is a key region in the acquisition 

and storage of declarative memories came from the case of H.M., a patient studied by Scoville and Milner 

(1957). H.M. suffered intractable epilepsy and underwent radical experimental surgery to remove his 

entire medial temporal lobe bilaterally in an effort to remove his epileptic foci. Following the surgery, 

H.M.ôs motor and cognitive abilities, including declarative memories formed prior to the surgery, were 

intact. His IQ remained above average, and his short-term memory was also intact. However, he suffered 

complete anterograde amnesia and was unable to form any new episodic memories. In contrast, H.M.ôs 

motor memory remained intact, as he was able to learn and show improvements in motor tasks, although 

he did not recall performing them (Milner, 1968). Before the observations of H.M. were reported, it was 

believed that all major cognitive processing in mammals resided in the neocortex. H.M.ôs surgery was 

performed cautiously, and no damage to the neocortex was reported. Instead, the main MTL structures 

removed from H.M.ôs brain included the hippocampus, the entorhinal cortex, and the amygdala, which 

was confirmed using magnetic resonance imaging (Corkin et al., 1997).  

1.1.1.2. Amnesia animal models 

 

After the studies of H.M., the field of memory research focused on reproducing the same patterns 

of amnesia in animal models. This was carried out by determining the precise effect of lesion size and 

anatomical location within the MTL under controlled conditions (Eichenbaum, 2002). These 

investigations revealed a set of conditions required to model MTL amnesia. The animals should have (1) 

intact sensory, motor, motivational, and general cognitive processes, (2) fully functional short-term 
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memory, (3) abnormally fast decay of memory after acquisition, and (4) considerable retrograde memory 

impairment. This means that memories acquired after or recently before the lesion would be lost, but 

memories formed long before the lesion should remain (Eichenbaum, 2002).  

In 1978, twenty years after the observations of H.M., the hippocampus was proposed to function 

as a cognitive map (O'Keefe and Nadel) in the way that was originally envisioned by Tolman in 1948 

(reviewed in Lew, 2011). This proposition came after an extensive review of studies aiming to replicate 

H.M.ôs pattern of amnesia in animal models. Considering broad anatomical, physiological, and 

behavioural evidence, the authors suggested that the hippocampus is used in the creation and storage of 

cognitive maps, in which places are represented in terms of relationships among the individual elements 

of a spatial environment, enabling animals to navigate to locations beyond their immediate field of view. 

The authors also distinguished between spatial and non-spatial learning, proposing that acquisition of 

cognitive maps requires a different type of cognitive processing than common habit learning.  

With the creation of the 8-arm maze by David Olton in 1976 (1976) and the water maze task by 

Richard Morris in 1981 (1981), it became clear that animals could learn to navigate to locations using 

only distal spatial cues. Evidence for the existence of spatial cognitive maps came from observations that 

rats were able to find the target area after being released from different locations during training; therefore, 

the same references are equally valid from different points of view, similar to a cartographic map. Morris 

showed that this behaviour is hippocampal-dependent by lesioning the hippocampus or neocortex of rats 

and showing that only hippocampal lesions resulted in significant spatial learning impairments (Morris et 

al., 1982).  

 

1.1.1.3. Alternative proposals 
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Not all memory researchers agreed with OôKeefe and Nadelôs point of view. In 1979, Olton 

proposed an alternative theory to the cognitive map. Olton considered that the hippocampus is critical 

when the solution of a problem requires memory for a particular recent experience (Olton, 1979). Olton 

and colleagues called this type of memory ñworking memoryò,  defined as the capacity to actively 

remember information obtained in a single trial and then use that information again at a later time point. 

In contrast, they used the term ñreference memoryò to refer to information remembered across trials (Meck 

et al., 1984), which would be characterized as memory for information that is constant across training 

(such as the distal cues in the water maze), even though subtle information (like the release point in the 

water maze) may differ from trial to trial. The two types of memory described by Olton and colleagues 

were consistent with the theory put forth by Tulving in 1972, which made a distinction between ñepisodic 

memoryò, which is memory for events that belong to specific times and places, and ñsemantic memoryò, 

which is memory for knowledge that is time- and event-independent (Tulving et al., 1972). In conclusion, 

Olton considered that hippocampus-dependent memory is memory for unique episodes.  

The evidence supporting Oltonôs proposal came from the use of a novel test that he and his 

colleagues invented called the radial arm maze (Walker and Olton, 1979). In this task, rats were trained 

to find food in the distal portions of each of the eight arms of the maze. Rats quickly learned which arms 

they had already visited and thus did not tend to visit the same arm twice. This task was shown to be 

hippocampus-dependent, as performance was severely impaired if the fornix was transected, leaving the 

hippocampus unable to communicate with a number of other brain structures (Walker and Olton, 1979). 

The response of OôKeefe and Nadel to this finding was that orientation within the maze, such as making 

right or left turns, is not hippocampus-dependent, whereas navigating directly to the place of the reward 

is dependent on the hippocampus, explaining why fornix transection leads to memory impairment in some 

but not other versions of the task. 
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1.1.1.4. Medial temporal lobes in memory processing 

 

However, it was still necessary to show functional evidence of a role for the MTL in humans 

without surgical blocking. When the technology of functional magnetic resonance imaging (fMRI) and 

positron emission tomography (PET) became available in the early 1990s, several researchers scanned the 

brains of human subjects while they were performing memory tasks. Nevertheless these early studies 

failed to provide definitive evidence of MTL activity during memory tasks, as they could not distinguish 

between baseline MTL activity and activity specifically induced by the memory task (Martin, 1999).  

To overcome this problem, Martin and colleagues measured baseline MTL activity by showing 

subjects a series of images with no meaning. This allowed them to show a consistent difference between 

baseline activity and activity specifically induced by a semantic memory task. Their main conclusion was 

that within the MTL, the hippocampus showed stronger activation than the amygdala or parahippocampal 

cortices during the  recall of a semantic memory (Martin et al., 1997). In another study, strong activation 

of MTL structures was observed during a memory recollection exercise. The main finding of this study 

was that different groups of brain structures were activated during recall of episodic versus semantic 

memories (Maguire and Mummery, 1999).  

Furthermore, functional evidence of the presence of spatial cognitive maps in humans came from 

a study showing activation of the hippocampus during the recall of driving routes by London taxi drivers 

(Maguire et al., 1997). Follow-up studies also revealed that compared to control subjects, taxi drivers had 

increased hippocampal volume, presumably due to their extensive construction and use of cognitive maps 

(Maguire et al., 2000, 2003, 2006). A study in mice found parallel results after extensive water maze 

training (Lerch et al., 2011b), further demonstrating that only tasks that required the formation of a 

cognitive map resulted in an increase in hippocampus size.  

1.1.1.5. Cellular engagement in hippocampal memory 
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The body of evidence from amnesic patients, lesion work in animal models, live observation of 

hippocampal activation, and long-term structural changes supports a very clear engagement of the 

hippocampus in contextual, episodic, and non-episodic memory. However, these studies rarely shed light 

on the cellular processing of memory in the hippocampus. A major landmark in the investigation of 

cellular processing of memory came from the discovery of place cells in the CA1 and CA3 regions of the 

hippocampus. In an initial series of experiments, OôKeefe and Dovstrosky showed that certain cells in 

CA1 fire when a rat faces a specific direction, demonstrating that particular sets of cells are active during 

spatial navigation tasks (O'Keefe and Dostrovsky, 1971). This subpopulation is now known as head 

direction cells. In later experiments, OôKeefe and colleagues defended the idea that cognitive maps were 

created at the circuit level by showing the existence of place cells. By recording from electrodes implanted 

in the hippocampi of freely-moving rats, it was shown that different cells were activated in different places 

of a radial arm maze. The authors concluded that spatial environments are accurately represented by place 

fields within the pyramidal layer of the CA1 (O'Keefe, 1976) and, to a lesser extent, the pyramidal layer 

of CA3 (McNaughton et al., 1983).  

1.1.2 Currently -used rodent tasks to assess learning and cognition 

 

Some of the most useful tools to evaluate memory acquisition and storage in the hippocampus are 

animal cognitive tasks. Two cognitive tasks are discussed here: the spatial version of the Morris water 

maze and contextual fear conditioning. These tasks reveal unique but complementary information about 

the role of the hippocampus in learning and memory.  

1.1.1.6. Water maze 

 

Mazes are experimental devices typically employed for evaluation of complex spatial memory in 

rodents. Often, food or water are used as reinforcers to motivate rats to complete the maze  (Paul et al., 

2009). Thus, the general principle is that animals should learn the location that provides them with safety, 
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food, or water. However, what is measured is a complex behaviour that not only involves short- and long-

term memory but is also regulated by anxiety and sensorimotor abilities (Bats et al., 2001). Therefore, 

several groups have used modified mazes to evaluate reference memory, working memory, or stress 

responses (Buresova et al., 1985, Aguilar-Valles et al., 2005). Despite the considerable diversity of mazes 

developed to evaluate spatial memory, those more commonly used are the Morris water maze (Morris et 

al., 1982), the Olton radial arm maze (Walker and Olton, 1979), and the Barnes circular maze (Barnes, 

1979). In this thesis, the water maze was used extensively to evaluate spatial memory, using different 

protocols to meet the demands of different experimental objectives.  

Richard Morris devised the water maze in 1981 as an alternative to the radial arm maze. It was 

developed to evaluate the ability of rats to use specific visual cues as proximal and distal references for 

particular spatial locations (Morris, 1981, Paul et al., 2009). The maze is composed of a circular pool 

filled with opaque water. Inside the pool there is an escape platform slightly submerged below the surface 

of the water, rendering it invisible to animals performing the task. The original protocol proposed (Morris, 

1981, Morris et al., 1982) included the division of the pool into four quadrants with the hidden platform 

located in the center of one of the quadrants. An animal is given several training trials during which it is 

released at different locations along the perimeter of the pool and allowed to search for the platform. If 

unable to find the escape platform, the animal is then guided to the platform after swimming for a set 

period of time. The animal gradually learns to locate the platform by using a set of stable distal visual 

cues, which presumably allows the animal to form a cognitive map of the surrounding spatial environment 

(Morris, 1981).  

The primary way of assessing the animalôs memory for the spatial location of the platform is by 

conducting a probe test. After the training is completed (or between training trials to evaluate acquisition), 

the platform is removed from the pool. Typically, the percentage of time that the animal spends swimming 
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in the correct quadrant is used as an index of spatial memory. In addition, the number of times that the 

animal crosses the location of the platform or the time spent swimming in a circular zone centered on the 

platform location (Teixeira et al., 2006, Maei et al., 2009) are also used as indices of spatial memory 

(Blokland et al., 2004, Maei et al., 2009).  

Multiple methodological variables that affect water maze performance need to be considered when 

using this task. One variable is the size of the pool. Different pool dimensions are suggested for rats and 

mice, and pool size can influence performance even among different strains of mice (van der Staay, 2000, 

Van Dam et al., 2006). Another variable is the habituation of animals to the sensorimotor demands of the 

task, which entails brief and controlled swimming trials that do not involve learning of specific spatial 

locations. Some research groups consider this habituation to be important in preventing unnecessary stress 

(Morris, 1981) and stimulating search behaviour. Nevertheless, most groups do not use this procedure 

(D'Hooge and De Deyn, 2001).  

Some factors are critical to water maze experimental design. The number of trials and length of 

inter-trial interval are relevant for the final outcome of the task. For instance, whereas some studies show 

that 4 to 6 trials per day for 5 days is sufficient to allow animals to reach asymptotic performance, other 

studies show that up to 10 days of training may be necessary (Bolding and Rudy, 2006). Other important 

variables include the quantity and quality of visual cues. The optimal shape and number of visual cues 

remains unclear; some studies suggest that using fewer numbers of cues with more basic shapes improves 

spatial learning (Lamberty and Gower, 1991). In contrast with the belief that distal cues are necessary for 

the construction of spatial maps, some researchers posit that navigation in the water maze does not require 

real spatial mapping but rather simpler strategies, such as navigation based on familiar scenes rather than 

specific visual cues (Sutherland R. J et al., 1987). Supporting this view, rats were still able to find the 
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platform after the relative position of the cues was changed with respect to the pool (Hamilton et al., 

2007).  

Other factors that may influence water maze performance are body weight, physical condition, 

and age, which may all affect swimming velocity (D'Hooge and De Deyn, 2001). Also, some studies 

propose that males perform better than females, likely due to physical strength but not to greater spatial 

navigation abilities (Sherry and Hampson, 1997). Earlier studies showed that differences between males 

and females vanish with age, as rats older than 6 months do not show sex differences. The authors 

conclude that this is due to differential maturation rates between sexes (Bucci et al., 1995).  

Although the water maze is considered an essential spatial memory task for a variety of animal models, 

important differences have been found between species and strains. Thigmotaxis, which is the tendency 

to swim around the perimeter of the pool, is more common in mice than in rats, and it is a factor that is 

important to consider in the analysis of performance, as it can be related to motivation, motor skills, or 

the ability to form spatial maps. The tendency for rats to perform better than mice in the water maze is 

likely related to their better swimming skills, because performance is similar between species in dry tests 

of spatial navigation (Whishaw and Tomie, 1996). 
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Figure 1. Water maze. 

The spatial version of the water maze is a widely used task to evaluate spatial learning and map 

formation abilities of experimental rodents. (A) The animals can escape from the pool by finding a 

submerged platform invisible to them as the water is opaque with the addition of paint. The sequence of 

pictures shows a mouse swimming in different locations of the pool until it finds the platform. (B) The 

formation of a memory for the spatial location of the platform is contingent on the presence of distal 

visual cues. The diagram shown here depicts the position of the spatial cues used in our facility. The 

large circle represents the pool divided in four quadrants, and the location of the platform is shown as a 

small circle in the center of the southeast quadrant.  

 

1.1.1.7. Contextual fear conditioning 

 

The contextual fear conditioning task has become a commonly used assay for hippocampus-

dependent learning (Fanselow, 2000). In a typical conditioning session, a rodent is placed in a chamber, 

where it naturally explores its new environment. After some minutes, a footshock is delivered (typically 

in the range of 0.3 to 1.5 mA) lasting between 0.5 and 2 s. The animal initially displays vigorous locomotor 

activity in response to the shock but subsequently becomes immobile, which is referred to as freezing. 

Freezing involves the cessation of all movement except for cardiorespiratory movements (Fanselow, 
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1982). Contextual fear conditioning is considered to be a form of Pavlovian conditioning. Here, the shock 

is the unconditional stimulus (US)ðanalogous to the meat powder used in Pavlovôs studiesðthat evokes 

the unconditioned response (UCR), which is freezing. The conditioned stimuli (CS) are the cues that make 

up the novel chamber, or the context, where the shock is received, which functions like the bell in Pavlovôs 

classic studies (Douglas, 1972, Fanselow, 2000). In this manner, the spatial context is the CS that comes 

to elicit the conditioned response (CR) of freezing. When the animal is returned to the chamber, the 

amount of freezing is used as an index of memory for the context-shock association.  

This task has been found to be particularly useful for evaluating hippocampus-dependent context 

memory. As stated by Sutherland (1989), hippocampus-dependent context memory involves the 

integration of available elements of a context into a single configural representation. This hypothesis 

alludes to gestalt theory, in which the entire context can be recognized after sampling a few of its features.  

Contextual information is considered hippocampus-dependent. Thus when the context is used as 

a CS, the associative fear memory should rely on the hippocampus (O'Keefe and Nadel, 1978). 

Accordingly, rodents with hippocampal lesions should not be able to associate the US and CS when the 

CS is a context, but they should be able to associate the US and a non-contextual CS. Indeed, rodents with 

hippocampal lesions show freezing in response to a tone (CS) after the tone was paired with a shock (US) 

because this memory relies on amygdalar instead of hippocampal circuits (Phillips and LeDoux, 1992). 

In contrast, when the CS is a context, hippocampal-lesioned rodents show amnesia when tested after 

surgery (Kim and Fanselow, 1992). Furthermore, when the lesion is made long after training (i.e., one 

month), no degradation of previously-formed memories is observed, suggesting that the hippocampus is 

more engaged in the acquisition and organization of contextual memories rather than their long-term 

storage (Kim and Fanselow, 1992, Anagnostaras et al., 1999). 
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1.2 Structural, histological, and cytological organization of the hippocampus  

 

 

1.2.1 Types of cells in the hippocampus    

 

 The rodent hippocampus is composed of a vast and intricate network of connections that occupies 

a considerable portion of the brain. The principal cells of the hippocampus are glutamatergic excitatory 

cells, which include the pyramidal neurons of the cornu ammonis (CA1, CA2, and CA3 regions) and the 

granule cells of the granular cell layer of the fascia dentata (dentate gyrus, DG). These different 

subpopulations of excitatory cells form the trisynaptic circuit, which is considered to be one of the basic 

memory circuits in the brain. 

1.2.1.3  Pyramidal cells 

 

 Pyramidal cells were first described by Santiago Ramón y Cajal (1894b). He characterized these 

cells in mice as having triangular-shaped somas with basal ramified dendrites and large protoplasmic 

prolongations called apical dendrites, pyramidal neurons are rich in dendritic spines (Bannister and 

Larkman, 1995). Pyramidal cells are abundant in all cognitive areas of the forebrain, including the 

neocortex, amygdala, CA regions of the hippocampus, and the subiculum.  

 A pyramidal neuron receives synaptic inputs on its dendrites, soma, and axon. The soma and 

axon receive mostly  inhibitory GABAergic inputs, whereas the dendrites receive mostly excitatory 

glutamatergic inputs (Somogyi et al., 1985). Generally, proximal dendrites are innervated by local 

sources of excitatory input, such as surrounding excitatory cells. Conversely, the distal dendrites receive 

excitatory inputs from remote areas, such as cortical regions or the thalamus (Cauller and Connors, 

1994). The very distinct morphologies of basal and apical dendrites suggest that inputs to these domains 

might be differentially integrated. One possibility is that distal dendrites are more responsive to 
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coincidental inputs than are proximal dendrites; another possibility is that distal dendrites control the 

responsiveness of more proximal dendrites (Larkum et al., 2004).  

    

Figure 2. Pyramidal cell.  

Pyramidal cells are the principal cell type of CA1, CA2, and CA3 regions of the hippocampus. They 

contain a triangular-shaped soma and a noticeable cytoplasmic elongation generating the apical 

dendrites. They also contain a number of independent basal dendrites originating in the lower part of 

the soma. The axon has its origin at the base of the soma.  

1.2.1.2 Granule cells 

 

 Granule cells are found in several brain areas, including the olfactory bulb (Scott et al., 1993), 

cerebellum (Marr, 1969), and the DG. In the DG, they constitute the most abundant type of cells and the 

main excitatory population of neurons (Hosseini-Sharifabad and Nyengaard, 2007). A granule cell has 

a round-shaped soma from which normally one or two dendrites extend. The first-order, thick dendrites 
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divide shortly after originating from the soma, and then subdivide several times into higher orders of 

dendrites, normally reaching seventh-order or above. All orders of dendrites normally have many 

dendritic spines. In rodents, granule cells do not have basal dendrites, but they have long axons that can 

bifurcate abundantly (Frotscher et al., 2000).  

 Granule cells in the hippocampus have large presynaptic boutons containing several postsynaptic 

terminals and cytoplasmic protuberances called filopodia (Blaabjerg and Zimmer, 2007). Filopodia form 

excitatory inputs onto target inhibitory cells. In the hippocampus, filopodia are mostly known for 

forming connections with CA3-associated inhibitory cells in the stratum lucidum, stratum radiatum and 

stratum lacunare moleculare (Frotscher, 1989).  
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Figure 3. Granule cell  

Granule cells, the most abundant neurons in the DG, are composed of small round-shaped somas from 

which one or more extensively-ramified apical dendrites elongate. An axon protrudes from the basal 

part of the soma, forming the mossy fibers. The terminals of these axons contain large boutons called 

large mossy terminals, which connect directly with target cells or by small cytoplasmic extensions 

called filopodia.  
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1.2.1.4 Inhibitory neurons 

 

 The inhibitory cells of the hippocampus are highly numerous and extensive, projecting to all 

subareas. This inhibition provided by these cells is critical for tuning and regulating hippocampal 

activity. Inhibitory cells reside in the main pyramidal and granule cell layers and represent a very large 

population of neurons in the hippocampus (Buzsaki, 1984). Subpopulations of inhibitory cells vary in 

terms of morphology and neurochemistry. The majority of these cells are positive for glutamic acid 

decarboxylase 67 (GAD67) and parvalbumin in the soma and dendrites. Normally, they have a short 

dendritic arbour without a main dendrite and a very complex and ramified axon that contacts with nearby 

excitatory cells or other inhibitory cells (McBain and Fisahn, 2001). Some of the cells found in the DG 

and the stratum lacunare are called basket cells because of their unique shape (Seress, 1978) (Lacaille 

and Schwartzkroin, 1988). The main function of these cells is to maintain excitatory activity within a 

homeostatic balance and to isolate and tune specific information-relevant inputs from unspecific noise. 

Furthermore, inhibitory cells play a strong role in certain forms of synaptic plasticity, such as long-term 

depression (LTD) (Maffei, 2011).  

1.2.1.5 Astrocytes 

 

 Astrocytes were once thought to be merely the glue of the brain, but recent advances have 

revealed that astrocytes are critical for vasculature control, immune response, neurotransmitter 

homeostasis, and synaptic integration of surrounding neurons. The hippocampus is rich in astrocytes; 

they are dispersed across all subareas, particularly the molecular layer of the DG and the pyramidal and 

molecular layers of the CA regions, although their presence is limited within the granule cell layer of 

the DG. Each astrocyte has a defined territory, with no crossing between astrocytic processes, 

lamellipodia (laminar cytoskeleton prolongations), and filopodia (finger-like cytoskeletal projections). 

Thus, each astrocyte appears to exert a dynamic influence on a specific area (Colombo et al., 2004, 
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Hirrlinger et al., 2004). Each astrocyte normally covers every blood vessel crossing its territory, thereby 

forming a tight blood-brain barrier. Astrocytes also cover several thousands of synapses, thereby 

regulating glutamate metabolism (Bushong et al., 2002, Bushong et al., 2004).  

 The heterogeneity of astrocytes inspired great debate, which has now been properly addressed 

due to the availability of reporter genes. Some cells are considered ógerminal astrocytesô, which are 

GFAP-positive precursors residing in neurogenic areas (Garcia et al., 2004). Recent work with mRNA 

microarrays has indicated that very few genes are ubiquitously expressed in all astrocytes, whereas many 

genes are differentially expressed in astrocytes within specific brain regions (Bachoo et al., 2004). 

Functional studies of the hippocampus have led to the distinction of separate populations of astrocytes 

with different voltage-dependent current patterns and different responses to glutamate (Steinhauser et 

al., 1992).  

 Studies with transgenic mice that express enhanced green fluorescent protein (EGFP) driven by 

the GFAP promoter have confirmed that the astrocyte population in the hippocampus is heterogeneous 

(Nolte et al., 2001, Matthias et al., 2003). About half of the astrocytes are rich in GFAP and are 

characterized by irregular somas with branched processes, low input resistance, very negative resting 

membrane potential, voltage- and time-independent K+ currents, strong glutamate uptake, and gap-

junction coupling. In contrast, other astrocytes are characterized by low GFAP expression, higher input 

resistance, less negative membrane potential, voltage-dependent K+ and Na+ currents, AMPA receptors, 

and low glutamate uptake. This latter population is not coupled through gap junctions (Wallraff et al., 

2004).    

 GFAP-poor astrocytes are positive for S100 calcium-binding protein, which is considered to be 

another astrocyte marker. Some astrocytes are also positive for proteoglycan NG2 (Matthias et al., 2003), 

a marker believed to be specific to a class of oligodendrocyte progenitor cells. The role of NG2-positive 
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cells remains elusive; these cells might be transitory cells or they might represent a previously 

unidentified class of glial cells distinct from oligodendrocytes, microglia, and classically-recognized 

astrocytes. Localized in both the white and grey matter (Butt et al., 2002), NG2-positive cells receive 

direct synaptic inputs from neuronal fibers (Bergles et al., 2000). The functional significance of these 

cells is unknown (Bergles et al., 2000).  

 As observed in vitro, synaptic transmission in the hippocampus is modulated by dynamic 

changes in the astrocytic coverage of synapses via a highly dynamic partnership between astrocytes and 

neurons (Hirrlinger et al., 2004, Benediktsson et al., 2005). Astrocytic processes show morphological 

changes from minute to minute. This structural plasticity is important to brain signalling, as perisynaptic 

astrocytic processes have surface molecules that influence synaptic transmission. Such molecules 

include the excitatory amino acid transporters 1 and 2 (EAAT1/2), which transport glutamate and 

regulate its extracellular concentration (Danbolt, 2001). Furthermore, an outstanding discovery is that 

astrocytes have communication capabilities. Astrocytes are now considered excitable cells in the sense 

that, when activated by internal or external signals, they deliver specific messages to neighbouring cells, 

a type of activity called gliotransmission (Bezzi and Volterra, 2001).  

 Astrocytes cannot generate action potentials. Their excitation, which is chemically encoded, 

cannot be demonstrated by regular electrophysiological methods but rather by Ca2+ currents. Two forms 

of astrocyte excitation are well known: one that is generated by chemical signals in neuronal circuits 

(neuron-dependent excitation) and one that occurs independently of neuronal input (spontaneous 

excitation). Neuron-dependent excitation of astrocytes is widespread in the hippocampus (for references 

see (Bezzi and Volterra, 2001, Haydon, 2001, Volterra and Meldolesi, 2005), occurring after fiber 

stimulation and the release of various transmitters and factors such as glutamate, GABA, acetylcholine, 
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noradrenaline, dopamine, ATP, nitric oxide, and brain derived neurotrophic factor (BDNF) (Araque et 

al., 2002, Rose et al., 2003, Zhang et al., 2003, Fellin et al., 2004).  

 Hippocampal astrocytes discriminate among neuronal inputs of different origins and can 

integrate concomitant inputs (Perea and Araque, 2005). Hippocampal astrocytes of the stratum oriens, 

which express both glutamatergic and cholinergic inositol 1,4,5-trisphosphate (Ins(1,4,5)P3)-generating 

receptors, respond to stimulation of Schaffer collaterals (which are glutamatergic) or nerve fibres in the 

stratum oriens/alveus (which are cholinergic and glutamatergic) with Ca2+ influx. This response is 

mediated only by acetylcholine receptors; glutamate is taken up without activating receptors. When 

released from stimulated Schaffer collaterals, however, glutamate induces mGluR-dependent [Ca2+]i 

elevation. When Schaffer collaterals and stratum oriens/alveus fibres are stimulated simultaneously, the 

responses do not correspond to the sum of the Ca2+i signals elicited by separate stimulations; instead, 

they are either larger or smaller depending on the frequency of the stimulation (positive or negative, 

respectively) (Parri et al., 2001).  

 Spontaneous excitation of astrocytes can result in the excitation of neighbouring neurons, a 

finding that overturns the common idea that information is generated only by neurons, traveling through 

neuronal circuits before reaching glial cells. Nevertheless, [Ca2+]i monitoring of large cell populations 

in brain slices and the intact brain shows that both neurons and astrocytes are sources of excitation and 

might operate in coordinated networks (Aguado et al., 2002, Hirase et al., 2004). In the particular case 

of the DG, it has been determined that astrocytes can effectively regulate neurotransmission between 

perforant pathway terminals and granule cell dendritic spines. It has been shown that NMDA receptors 

positioned outside the synaptic cleft are receptive to glutamate released by astrocytes, thereby causing 

synaptic facilitation (Jourdain et al., 2007). The astrocytes in the molecular layer of the DG are receptive 

to action potentials in the perforant pathway. Strong Ca2+ influx is observed after perforant pathway 
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stimulation, leading to the release of synaptic-like vesicles from filopodia close to synaptic clefts. This 

process is considered to be dependent on TNFŬ (Jourdain et al., 2007, Santello et al., 2011).  

1.2.2 Organization and connectivity of the cornu ammonis 

 

 The principal cells of the hippocampus are found in two large cortical zones stretching across the 

anterior-posterior axis of the rodent brain. The first zone, called cornu ammonis (CA), is composed 

entirely of pyramidal cells in 3 distinct layers: CA1, CA2 and CA3. These areas are defined by their 

morphology and their connectivity with other hippocampal areas. The second zone, called the dentate 

gyrus (DG), encompasses a very large population of glutamatergic granule cells. Although the DG is 

anatomically distinct from the CA zone and is separated by a meningeal lamina, its function and 

connectivity are closely related to the rest of the hippocampus and therefore considered to be a part of 

it.  

1.2.2.1 CA1 

 

 The CA1 in rodents has three main afferents. The first is the Schaffer collaterals that originate in 

ipsilateral CA3 pyramidal cells. The second is the commissural fibers that originate in contralateral CA3 

pyramidal cells. The third is the perforant pathway that originates mostly from the pyramidal cells of the 

medial entorhinal cortex (EC) layer V (Amaral and Witter, 1989). In these pathways, most 

neurotransmission occurs via glutamatergic excitatory synapses. Yet, it is very important to also consider 

the effect of inhibitory neurotransmission in the circuitry organization of CA1 (Knowles and 

Schwartzkroin, 1981, Lacaille, 1991, Li et al., 1992, Bernard and Wheal, 1994).  

 The major destinations of efferent pathways from the CA1 layer are the subiculum and EC, and 

also the septal nucleus, amygdala, other hippocampal structures, and the olfactory bulb. The connections 

to the subiculum and EC provide indirect information to numerous sensory, temporal, and associational 
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neocortical modules, as well as to the thalamus and mammillary bodies (Björklund et al., 1987, Saunders 

et al., 1988, van Groen and Wyss, 1990, Traub and Miles, 1991). 

1.2.2.2 CA2 

 

 The CA2 region is small in rodents and therefore has been poorly investigated. Most researchers 

who study hippocampal circuitry consider CA2 to be part of the CA3. Although these two areas share 

the same type of pyramidal cells, they do not share the stratum lucidum that is characteristic of CA3, 

indicating that the main source of input to CA2 is not the DG. In recent years, the CA2 region has 

garnered more attention, and details of its special characteristics have been discovered. For example, 

CA2 is resistant to temporal epilepsy (Sloviter, 1983) and also has a possible role in the onset of 

schizophrenia (Benes et al., 1998). Possibly the most interesting characteristic of the CA2 region is that 

although its pyramidal cells sustain similar basal levels of activity as their CA1 homologues, they do not 

show elicited long-term potentiation (LTP). This is due to a large difference between CA2 and the rest 

of the CA areas in Ca2+ metabolism, rendering elicitation of LTP in the CA2 impossible. Such unique 

characteristics of the CA2 suggest a functional role in memory processing that is distinct from that of 

CA1 and CA3 (Zhao et al., 2007). 

1.2.2.3 CA3  

 

 Pyramidal cells of the CA3 receive their main afferents from DG mossy fibers, which provide 

90% of excitatory input (Amaral and Witter, 1989), and the perforant pathway directly from the EC.  

Both types of afferent axons establish connections with both basal and apical dendrites of CA3 pyramidal 

cells and a large number of interneurons. The main efferents of the CA3 are the Schaffer collaterals, 

which are excitatory inputs that target nearby CA3 pyramidal cells and CA1 pyramidal cells (Swanson 

et al., 1978). In addition to the Schaffer collateral projections, the CA3 also sends both excitatory and 

inhibitory projections to the lateral septal nucleus (Knowles, 1992). 
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1.2.2.4 Organization and connectivity of the DG 

 

 The DG contains the largest population of excitatory cells in the hippocampus, and it is the entry 

gate for most of the information pathways that are processed and sorted in the hippocampus. Physical 

and cellular barriers prevent the flow of significant amounts of information from the DG to areas outside 

the hippocampus. However, the circuitry of the DG is complex, involving inhibitory neurons of different 

types and excitatory neurons other than granule cells.  

 The rodent DG granule cell layer receives inputs from many sources. CA3 cells proximal to the 

DG project to the inner third of the molecular layer and establish connections with granule cell dendrites 

(Claiborne et al., 1986, Li et al., 1994). This strongly suggests the existence of a feedback loop between 

the DG and the CA3. The perforant pathway from the EC is responsible for the majority of the excitatory 

input to the outer two thirds of the molecular cell layer, forming extensive excitatory synapses onto DG 

granule cells. The rodent EC receives inputs from several structures, including the olfactory bulb, 

anterior olfactory nucleus, and piriform cortex (Amaral, 1993, Witter, 1993). Another major source of 

excitatory input comes from the perirhinal cortex, with content from auditory, visual, polysensory, 

autonomic, and limbic association cortices (Witter et al., 1989). The perforant pathway arises mostly 

from layer II of the EC with allðor almost allðlayer II cells contributing. These cells vary 

morphologically and include pyramidal cells, stellate cells, and multipolar cells (Schwartz and Coleman, 

1981, Ruth et al., 1982, 1988). More sparse projections can be found from layers  IV and VI of the EC 

to the outer two thirds of the molecular layer (Kohler, 1985).  

 The mossy fiber axons of granule cells project to CA3. They also have a system of collaterals in 

the hilus. Most of these collaterals are confined to the hilus, but a subpopulation also projects to the 

molecular layer of the DG, where they establish connections with granule cell dendrites (Cavazos et al., 

1992). The large presynaptic terminals of granule cells in CA3 are easily recognizable and have been 
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reported to contact a variety of cell types that include all types of inhibitory interneurons and principal 

cells. Electrophysiological studies have shown that DG granule cells can activate the entire range of 

mossy excitatory and inhibitory cells in the hilar area as well as all CA3 components (Patton and 

McNaughton, 1995).  

 The granule cell layer of the DG is the only forebrain structure which continuously adds new 

principal cells during adulthood (Altman and Das, 1965, Altman and Bayer, 1990). The cells that 

continuously divide and ultimately generate neurons that mature and integrate into the circuitry are found 

in the basal part of the granule cell layer, and the region that contains a mix of progenitor cells and 

immature neurons is called the sub-granular zone (Kuhn et al., 1996). The entire process of proliferation 

of new cells, migration through the granule cell layer, maturation, and circuit integration during 

adulthood is called adult hippocampal neurogenesis. To abbreviate, it will be referred to as 

ñneurogenesisò throughout the remainder of this thesis. 

 

 

Figure 4. Hippocampal connectivity 

The main source of input to the hippocampus comes from the perforant pathway from the medial EC. 

The perforant pathway connects with dendrites on granule cells in the DG and pyramidal cells in the 

CA3. Granule cells almost exclusively project to targets in CA3 by way of the mossy fibers, and CA3 

pyramidal cells project to other CA3 cells and CA1 cells by way of the Schaffer collaterals.  
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Figure 5. Hippocampal layers 

The hippocampus is formed by several layers containing different cell populations. The principal cells 

are organized in the CA1, CA2, and CA3 regions and the granule cell layer (GCL) of the DG. Outside 

the CA areas, hosting their basal projections ,is the stratum oriens. Inside the CA areas, hosting their 

apical projections, is the stratum radiate. Hosting the mossy terminals around CA3 is the stratum 

lucidum, and hosting the dendrites of the DG is the molecular layer of the DG. The stratum lacunosum 

molecular is between the DG and CA3 and contains independent populations of inhibitory cells.  
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1.3   Role of the dentate gyrus in spatial navigation and other types of memory 

 

 The dentate gyrus (DG) is a structure exclusively found in the hippocampal formation of 

mammals, containing approximately half of the total number of hippocampal cells (Hosseini-

Sharifabad and Nyengaard, 2007). In recent years, evidence has suggested that the DG is critical 

for memory formation and storage. The DG receives inputs from the entorhinal cortex and projects 

predominately to the CA3. Current computational models suggest that the DG sparsely encodes 

inputs to the CA3, thereby reducing overlapping  information and increasing the resolution of the 

content (Kesner, 2007). Thus, the DG helps properly organize memories in time and space. 

Consequently, the DG has been recognized as a structure that makes important contributions to 

spatial memory encoding and retrieval (Aimone et al., 2011).   

 

1.3.1 Role of the dentate gyrus in pattern separation 

 

 The DG receives multiple inputs that include olfactory, visual, auditory, and 

somatosensory information from the perirhinal and lateral entorhinal cortices. The DG also 

receives inputs from topographically-organized grid cells that are found in the medial entorhinal 

cortex (Hafting et al., 2005). In an experiment testing ratsô ability to detect the spatial locations of 

novel objects, blocking sensory input to the DG resulted in impairments in both novelty detection 

and spatial location memory, whereas blocking topographic inputs affected only spatial location 

memory. Therefore, the authors suggest that the DG uses conjunctive encoding of visual objects 

and spatial information to provide conspicuous spatial representations (Hunsaker et al., 2007). 

According to this hypothesis, one of the main memory processing roles of the hippocampus is to 

differentiate similar spatial events from each other. This process is referred to as pattern separation 
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of episodic information, whereby similar spatial events are disambiguated and possible 

interference is reduced (Kesner, 2007).   

The model proposed by Rolls states that pattern separation should be facilitated by sparse 

connectivity between DG granule cells and CA3 pyramidal cells via the mossy fibers. This sparse 

connectivity results in a low probability of any two CA3 neurons receiving synaptic input from 

the same subset of DG granule cells. The mossy fibers are essential during learning and influence 

the firing of CA3 neurons according to their distribution (Rolls, 1996). The granule cells in the 

DG are thought to act as a competitive learning network with reduced redundancy and sparse 

orthogonal outputs to the CA3 (O'Reilly and McClelland, 1994). Some particular characteristics 

of mossy fiber terminals may promote pattern separation. For instance, mossy fiber synapses are 

very large and located close to the soma of pyramidal CA3 neurons, making it likely that these 

terminals are very efficient in triggering activation of CA3 cells. On the other hand, projections 

from layer II of the entorhinal cortex establish contacts with the apical dendrites of the CA3 

pyramidal cells within the stratum lacunosum. This area is located far from the soma, and therefore 

these connections are less likely to efficiently trigger action potentials (Rolls, 1996).  

Another important characteristic of the DG that likely promotes pattern separation is that 

the frequency of granule cell firing is very low, thereby limiting the number of synapses onto any 

CA3 pyramidal cell that are active at any given time. This sparse firing should result in  less noise 

and hence more accurate representations of spatial or contextual memories (Jung and 

McNaughton, 1993). Consider two discrete populations of DG granule cells. If a context activates 

one of these populations, the downstream activation will be restricted to a small number of CA3 

pyramidal cells. If a different context activates the other population, the chances of overlapping  

activation of CA3 pyramidal cells will be low, therefore similar, but different contexts can be 
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discriminated. Considering all of these characteristics, disruption of DG function should lead to 

spatial deficits due to increased information overlap or similarities in representations. Thus, 

remembering a specific location in a radial arm maze or water maze, or remembering a particular 

context where shock was received, should be severely impaired (Kesner, 2007).  

1.3.2 Dentate gyrus lesions impair episodic memory 

 

Lesions specifically targeting the DG produce disruptions in spatial memory similar to those 

observed following complete hippocampal blocking. Lesions produced by colchicine,  an anti-

microtubule polymerization drug that induces semi-specific DG lesions (specifically kills granule 

neurons, but also toxic for CA1 and CA3 causing some levels of cell death), have deleterious 

effects on memory in the radial arm maze and the passive avoidance task (Walsh et al., 1986, 

Tilson et al., 1987). In the case of the water maze, the semi-specific deletion of the DG with 

colchicine produced a dramatic performance deficit in the water maze (Sutherland et al., 1983) 

and in a spatial reference memory task (Nanry et al., 1989, Xavier et al., 1999).  

Jeltsch and colleagues (2001) also report memory disruption after DG lesions. In a version of 

the radial arm maze without a spatial component, the colchicine-induced disruption in  

performance was dose-dependent and attributed to collateral damage of CA1 pyramidal neurons 

and mossy cells. However, in a version of the maze with a spatial component, the colchicine-

induced disruption in performance was complete and attributed to the large lesion in the DG. A 

similar effect was found for contextual fear conditioning; when rats received DG or CA1 lesions, 

they showed considerable deficits in memory retention, but when they received a CA3 lesion, they 

showed no disruption (Lee and Kesner, 2004a).  

After these findings two questions remained: (1) Is pattern separation dependent only on the 

DG or it is dependent on both the DG and CA3? (2) Is pattern separation dependent on differences 
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in topological distributions or metric differences? To answer the latter question, Poucet (1989) 

developed the chess board maze to test the ability of rats to recognize the movement of a specific 

object or a change in the spatial distribution of several objects following lesions to different 

hippocampal areas. Consistent with the studies of Lee and Kesner (2004a, b), rats with DG lesions 

showed difficulty detecting metric differences in the arrangement of objects, whereas rats with 

CA1 lesions showed difficulty detecting topological changes in the arrangement of the objects 

(Goodrich-Hunsaker et al., 2005). These studies suggest that there is a subregional division of 

functionality within the hippocampus. Specifically, the CA1 encodes information on object 

location, whereas the DG encodes information on the precise distance between objects.  

1.3.3 Relationship of the dentate gyrus with the CA3 

  

 The primary axonal target of the DG is the CA3. Therefore is important to determine if the 

connectivity between the two areas plays a role in memory. If the CA3 is where the actual 

representations of separated patterns are allocated, then orthogonally-separated ensembles of CA3 

cells should be activated in response to similar spatial patterns. Tanila (1999) showed that the CA3 

layer displayed orthogonal ensembles of activated cells in response to similar stimuli, and that the 

experience of two different but similarly designed spaces created perfectly orthogonal 

representations in the CA3 of rats. A similar study showed that the CA3 differentiates between 

two environments with distinct firing rates, whereas CA1 place cells maintain comparable 

responses to the two environments (Leutgeb et al., 2004). Visualizing the immediate early gene 

arc as a marker of neural activation with compartmentalized fluorescent in situ hybridization 

(catFISH), the response of CA1 place cells to similar environments overlapped, but there was 

almost no overlap in the CA3 (Guzowski et al., 2001). Computationally, each different 

environment could be represented as a different chart, and if those charts are sufficiently 
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orthogonal, they could operate independently (Stringer et al., 2004). This system has been found 

to be optimal; other mathematical analyses showed that the sparseness of the pattern separation 

carried out by the DG and the orthogonal representations in CA3 could easily explain the strong 

dynamism and flexibility of the system (Cerasti and Treves, 2010).   

1.3.4 Encoding, retention, or retrieval? 

 

A controversial question is whether the pattern separation process involving the DG and CA3 

works preferentially for encoding or also for retention and retrieval. In a study using the Hebb-

Williams maze, DG lesions impaired memory encoding within training days but not between 

training days, suggesting that the lesions did not affect memory retrieval (Lee and Kesner, 2004b). 

Further data obtained from the same group corroborated this conclusion, adding that ipsilateral 

lesions of both the DG and CA3 affected neither spatial encoding nor retrieval, but when each 

structure was lesioned in a different hemisphere, there was a deficit in encoding but not retrieval. 

These findings show that the connectivity between the two structures is key for memory 

acquisition but not for retrieval (Jerman et al., 2006).  

Similarly, in the water maze, transection of the mossy fibers resulted in impairments in 

encoding but not retrieval (Lassalle et al., 2000). It is important to clarify that there are memory 

tasks in which the DG and CA3 have dissociated functionalities. Animals with lesions of the DG 

were able to learn a place-preference task and an odour place task, but animals with lesions of the 

CA3 failed to perform either task, indicating that the CA3 but not the DG is critically involved in 

associative learning (Gilbert and Kesner, 2003). However, as previously mentioned, DG lesions 

effectively disrupt water maze learning (Sutherland et al., 1983, Nanry et al., 1989, Lassalle et al., 

2000).  
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1.3.5 Electrophysiological evidence of dentate gyrus participation in spatial 

navigation.  

 

 Since its discovery in the 1970ôs, long-term potentiation (LTP), or long term enhancement 

of evoked excitatory postsynaptic potentials (Lomo, 1971b, a), has been regarded as an ideal 

candidate for the physiological substrate of hippocampal memory formation. The finding of LTP 

in the DG after stimulation of the perforant pathway in anesthetised rabbits strongly suggested that 

LTP is a phenomenon that occurs in vivo in the DG (Bliss and Lomo, 1973). As LTP is impaired 

after perforant pathway disruption, this form of synaptic plasticity is consistent with a classic 

Hebbian mechanism, and a few years after its discovery, LTP was suggested to be the 

physiological phenomenon responsible for creating associative memories (Levy and Steward, 

1979). However, there are many technical difficulties associated with determining whether LTP is 

involved in memory formation (Skelton et al., 1985). Indeed, the link between LTP and 

behavioural changes remains elusive, and in the case of the DG, only correlative evidence exists.  

Some studies support a relationship between LTP dysfunction in the DG and spatial 

memory deficits. Knockout mice that lack the tyrosine kinase receptor "Fyn" showed disruptions 

in LTP formation without alterations in synaptic transmission or short-term synaptic facilitation 

(Grant et al., 1992). These mice also showed a deficit in ability to form spatial memories. 

Furthermore, induction of LTP can block the subsequent formation of spatial memories by means 

of charge overdrive. In support of this proposition, a considerable impairment in water maze 

performance was observed in mice following induction of LTP by high frequency stimulation of 

the perforant pathway, although a recovery in spatial learning was observed after some weeks, and 

memories formed previously to LTP induction were not altered (Grant et al., 1992). However, 

Morris and colleagues failed to replicate these results, finding no correlation between LTP 
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induction and spatial learning deficits but rather a small positive correlation between LTP and 

memory retrieval (Jeffery and Morris, 1993).  

During the aging process, a decline in memory could be related to impairments in 

hippocampal function, as some aged rats perform as poorly in memory tasks as do young rats with 

hippocampus lesions. Aged animals with impaired memory also show rapid decay of LTP and 

structurally defective axo-dendritic connections in the third layer of the molecular DG, suggesting 

defective connectivity between the perforant pathway and the DG (deToledo-Morrell et al., 1988). 

Other evidence suggesting a relationship between LTP in the DG and spatial learning is the 

observation that after water maze learning, there is a transient increase in glutamate release around 

perforant pathway-DG synapses, similar to that observed after LTP induction in anesthetised rats 

and hippocampal slices (Richter-Levin et al., 1995).  

1.3.6 Immediate early gene expression in the dentate gyrus  

 

A major advance in the study of memory is the observation that long-term memory storage 

requires the synthesis of new proteins, particularly proteins that work as transcription factors and 

can regulate the expression of structural or synaptic proteins. Some of these proteins are expressed 

only after neuron activation. These so-called immediate early genes (IEGs) are transcribed after a 

period of activity, and their expression is likely related to memory formation or retrieval.  

Seizures result in massive release of glutamate and, as a consequence, general activation of the 

DG. The IEG c-Fos is expressed in a large percentage of DG cells during seizures (Dragunow and 

Robertson, 1987a, b, Morgan et al., 1987, Kee et al., 2007a). In another experiment, the mRNA of 

Fos as well as other IEGs like Zif-268 and Jun was observed in DG cells after high-frequency 

stimulation aimed to elicit  LTP (Cole et al., 1989). Contrarily, other evidence suggests that the 

activation of IEGs is not correlated with long-term enhancement of excitatory postsynaptic 
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potentials, and therefore this gene expression could be either not necessary or even opposed to this 

enhancement (Schreiber et al., 1991).  

In awake rats, LTP induction enhanced the expression of Jun and c-Fos in the DG; 

conversely, blockade of LTP by NMDA receptor antagonists impaired the expression of these 

IEGs. Consistent with these results, other groups report that different types of stimulation have 

different effects on IEG expression, with fast expression of Zif-268 and slower but consistent 

expression of Fos and Jun (Demmer et al., 1993, Worley et al., 1993, Steward et al., 2007). An 

interesting finding is that IEGs expressed in response to LTP induction in the DG do not decline 

due to aging, suggesting that the memory decline normally associated with aging is not due to the 

lack of responsiveness of these transcription factors (Lanahan et al., 1997). In contrast, if mice 

show amyloid deposition and severe cognitive decline, a strong deficit is also observed in the 

expression of IEGs in the DG following an object recognition task (Steward et al., 2007).  

Some questions about the specificity of IEGs remain. Hippocampal neurons can fire during 

memory processing but also in response to specific spatial locations, as has been specifically 

observed in CA1. To determine whether the expression of IEGs corresponds to learning or just 

ñplacingò, the septum of mice was removed, thus interfering with learning and LTP formation but 

not with location-firing. In this situation, no Arc expression was observed in the CA1, therefore 

the authors concluded that Arc expression corresponds only to spatial learning (Miyashita et al., 

2009). 

1.3.7  Summary  

 

 Behavioural evidence suggests that DG lesions impair specific aspects of spatial memory 

in rodents, such as encoding of episodic memories, metric localization, and pattern separation. 

Anatomically, there is a strong basis for these specific roles of the DG, including both strong DG-
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CA3 connectivity and a sparseness and separation of inputs from the DG to the CA3. The relevance 

of this DG-CA3 relationship has also been shown experimentally, as disruption of communication 

between the DG and CA3 leads to spatial memory impairment. Several studies also present 

computational models supporting this theory and, finally, strong physiological evidence of LTP 

formation and IEG expression in the DG confirms the importance of the DG in spatial memory.  
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1.4   Structure and cellular function of transforming growth factor beta1 (TGFɓ1).  

 

 

Transforming growth factor beta-1 (TGFɓ1) was first detected in hepatic tissue and named due 

to its presence in transformed fibroblasts (de Larco and Todaro, 1978). Soon after its discovery, 

the protein was observed to have at least three subtypes and a variety of tertiary alternative 

structures and to exist in homologues forms throughout the animal kingdom. TGFɓ1 is strongly 

involved in development and immune system regulation.  

1.4.1 TGFɓ1 structure, family, and evolution 

1.4.1.1  TGFȸ1 history 

 

In 1978, sarcoma virus-transformed mouse fibroblasts were found to secrete polypeptide 

growth factors. These factors were observed to stimulate the division of cells in monolayer cultures 

and also the formation of growing colonies. In spectrometric analysis, three peaks of activity were 

identified at molecular weights 7000, 12,000, and 25,000 kDa. All three molecular species 

compete for membrane epidermal growth factor (EGF) receptors but do not react to EGF 

antibodies, thus leading to the discovering of a new family of growth factors with similar biological 

activity to EGF (de Larco and Todaro, 1978). In further studies, these growth factors were named 

transforming growth factors, and two were isolated:  TGFŬ and TGFɓ. Despite their similarities, 

the two growth factors are not homologues and do not share a common origin. Only TGFŬ actually 

binds to the EGF receptor (Roberts et al., 1980, Todaro et al., 1980, Todaro et al., 1981, Roberts 

et al., 1982, Lei and Rao, 1992). 

1.4.1.2 TGFɓ1 structure 

 

TGFɓ1 proteins belong to a diverse family whose members are structurally similar and share 

a similar biosynthetic pathway. These proteins are secreted as mature peptides that form hetero- 
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or mono-dimers. The synthesis of each monomer starts with a large pre-pro-protein that, after 

cleavage of the NH2 terminal, is cleaved by a furin-type protein convertase. This generates a C-

terminal fragment that will be secreted after its bonding to another monomer, forming either a 

mono-dimer or hetero-dimer via disulphide binds between 7 to 9 cysteine residues (see references 

in (Herpin et al., 2004)). All family members of TGFɓ1 have a common conserved Ŭhelix and six 

ɓsheets that together comprise two fingers (Daopin et al., 1992, Schlunegger et al., 1992, 

Schlunegger and Grutter, 1992).  

 

Figure 1. TGFɓ1 protein.   

 Three-dimensional structure representation of TGFɓ1. Notice that in each monomer there is a 

single Ŭ helix and six ɓsheets (Taken from the free source Wikimedia commons) (Hinck et al., 

1996). 

1.4.1.3  TGFɓ1 superfamily 

 

TGFɓ1 belongs to a superfamily that includes hundreds of members in all animal species. 

Forty-five TGFɓ1 related proteins have been found in humans, and most have orthologous proteins 

in all vertebrates and a number of invertebrates. TGFɓ1 proteins found in invertebrates include the 
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family located in the decapentaplegic locus in Drosophila, which shows significant homology with 

vertebrate members of the TGFɓ1 family (Padgett et al., 1987). This suggests that the TGFɓ1 

superfamily has a very early ancestor in evolution and a widespread occurrence of signalling 

factors in practically all metazoans, from poriphera  (Suga et al., 1999) and nematoda (Lin and 

Wang, 1992) to large mammals (Derynck et al., 1985).  

The growth factors that belong to the TGFɓ1 family are subdivided into four subfamilies 

that have consistent, conserved functions in development and immunoregulation in both 

invertebrates and vertebrates. The first group is the decapentaplegic-Vg1 related (DVR) family 

that includes invertebrate BMPs (bone morphogenetic proteins), which are known for their 

involvement in bone formation and enlargement (Wang et al., 1988, Wozney et al., 1988). In 

mammals, more than 15 members of this family have been described, with all of them strongly 

involved in development (Hogan, 1996). The second group is the GDFs (growth and differentiation 

factors), present in both vertebrates and invertebrates, which are key regulators of cell 

differentiation in embryogenesis and adult tissue (McPherron et al., 1997).  

The third and fourth groups are the activins and inhibins, which have important endocrine 

and paracrine roles in mammals. These two factors are mostly known for their regulation of FSH 

(follicle stimulating hormone) secretion in the anterior pituitary gland (Ying, 1987). As all other 

members of the TGFɓ1 superfamily, activin and inhibin exert strong paracrine and autocrine 

regulation over cell growth, differentiation, and death (McDowell and Gurdon, 1999). It is 

important to note that these two proteins are not encoded by different genes. Rather, they are 

encoded by the inhibinɓ gene, with different homo- or hetero-dimers resulting in different types 

of functional activins and inhibins. Homologous proteins have also been found in invertebrates 

and studied in Drosophila (Kutty et al., 1998).  
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TGFɓ1 protein subfamily members are widely-spread multifunctional factors. Some of the 

most well-known roles of TGFɓ1 are regulation of development (Kimelman and Kirschner, 1987), 

tissue repair and remodelling (Roberts et al., 1986), hematopoiesis (Ohta et al., 1987), and 

immunosuppression and anti-inflammation (Gamble and Vadas, 1988). Five isoforms of TGFɓ1 

have been characterized in vertebrates: TGFɓ1, TGFɓ2, and TGFɓ3, which are found in mammals,  

and TGFɓ4 and TGFɓ5, which are found in birds (Choi et al., 1999) and amphibians (Kondaiah et 

al., 2000). A TGFɓ1 gene was also described in fish from the Salmonidae family (Hardie et al., 

1998). All TGFɓ1 genes are homologous proteins that are believed to come from an ancestral gene 

duplication in older vertebrates (Herpin et al., 2004).      

 

1.4.2 TGFɓ1 signalling pathway 

1.4.2.1 TGFɓ1 receptors 
 

TGFɓ1 receptors are widespread serine/threonine kinase transmembrane receptors 

(Mathews and Vale, 1991). These receptors are divided into two subcategories, I and II, that are 

not related; both subcategories have activin, BMP, and TGFɓ receptors (Herpin et al., 2004). 

Another subcategory of receptors, the betaglycan type II receptors, does not have intrinsic 

signalling functions, but regulates the binding of ligands to active receptors (Cheifetz et al., 1987). 

Both subtypes of active receptors are found throughout evolution. These receptors have a high 

degree of sequence conservation from arthropods and molluscs to higher order vertebrates (ten 

Dijke et al., 1993, Arora et al., 1995, Letsou et al., 1995, Marques et al., 2002). Through their 

highly conserved intracellular domains, they phosphorylate a specific class of transduction 

proteins, the SMADs. In mammals, there is a wide distribution of ALK1 (activin-like receptor type 
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I), ALK2, BMPR1, TɓR1, and TɓRII receptors, and some invertebrates also have Daf-1 receptors 

(Georgi et al., 1990).  

1.4.2.2 Transduction effectors of the TGFɓ1 family 

 

1.4.2.2.1 SMAD transduction pathway 
 

Transduction effectors of the TGFɓ1 family are proteins known as SMADs. They were 

originally called mad in Drosophila and sma  in C. elegans  (Raftery et al., 1995, Savage et al., 

1996), before the become known as SMAD. After the discovery of this family of transductors, 8 

homologues were detected in mammals (Graff et al., 1996, Hoodless et al., 1996, Liu et al., 1996). 

SMADs are the main intracellular component of the TGFɓ1 transduction pathway. Surface 

receptors phosphorylate regulatory SMADs (R-SMADs) after nuclear translocation these proteins 

become involved in gene transcription. SMAD1, SMAD5 and SMAD8 are responsive to BMP, 

and SMAD2 and SMAD3 are responsive to TGFɓ1 receptors. Another functional type of SMAD 

is the common-partner SMAD (co-SMAD), as SMAD4. Co-SMAD dimerize with R-SMADS 

before nuclear translocation and work together as transcription factor. The last type are the 

inhibitory SMADS (I-SMADs), which are SMAD6 and 7 (Shi and Massague, 2003). I-SMADs 

dimerize with R-SMADS inhibiting the activation and nuclear translocation of these proteins. 

SMADs can be found in either the cytoplasm or the nucleus, although R-SMADS tend to be 

localized in the cytoplasm more  than co-SMADS, and I-SMADS are more homogenously 

distributed (Pierreux et al., 2000, Watanabe et al., 2000).  

Once a TGFɓ1 receptor is activated, SMAD complexes form and accumulate in the 

nucleus. This happens through an active export process that is regulated by a nucleoporin complex. 

When R-SMADS are dephosphorylated, they return to the cytoplasm where they are 

phosphorylated again if the receptor is still active. Pathway termination is mediated by I-SMADS, 
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the most studied of which is SMAD7. The I-SMADs  form dimers with R-SMADs and label them 

for polyubiquitination by the protein Arkadia, an E3-ubiquitin ligase (Koinuma et al., 2003, 

Miyazono and Koinuma, 2011) leading them to degradation. 

 

Figure 2. SMAD signalling pathway. 

SMAD proteins are a homologous group of factors whose activity enhances or represses the 

transcription of specific target genes. (1) When the ligand reaches a receptor, a heterodimer is 

formed with a different receptor type, and transphosphorylation occurs. (2) This process ends 

with the activation of an R-SMAD, which forms a heterodimer with a co-SMAD. (3) The 

activated complex is shuttled to the nucleus where it activates or represses gene expression. (4) 

The complex is eventually desphosphorylated and returns to the cytoplasm, where the cycle 

either restarts or (5) the SMAD proteins are ubiquitinated and destroyed in a reaction mediated 

by an I-SMAD.  

                          1.4.3.2.2 Other signalling pathways 
  

  

  In addition to the SMAD signalling pathway, after activation by its ligand, TɓRII and TɓRI 

receptors can activate also other signalling pathways including ERK-MAPK (Mu et al., 2012) and 

the FAS c-Jun N-terminal kinases (JNK) dependent proapoptotic protein Death-associated protein 

6 (DAXX) (Perlman et al., 2001). Binding of TGFɓ1 induces the formation of a homodimer or a 
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heterodimer with the TɓRI and TɓRII receptor. TɓRI is a tyrosine kinase receptor and TɓRII is 

mostly a threonine/serine kinase receptor. The relative abundance of these receptors in any tissue 

determines the degree to which the SMAD pathway is activated (viaTɓRI) vs. the ERK-MAPK 

pathway (via TɓRII) (Chin et al., 1999a).  TGFɓ1 activation of the ERK pathway results in the 

activation of p38MAPK as TɓRs are inhibited by SMAD7. p38MAPK coadyuvates gene 

transcription within the AP1 complex. This pathway up-regulates expression of p53, which leads 

to apoptotic cell death in epithelial or liver tissue (Zhang et al., 2006). ERK kinase is also activated 

by the TɓRII, this pathway activates PI3K and the mammalian target of rapamycin (mTOR). This 

pathway strongly affects proliferation and apoptosis (Lamouille and Derynck, 2007, 2011) and is 

known to be active in response to Aɓ deposition (An et al., 2003).  

 DAXX is a transduction protein commonly activated by the Fas receptor. After activation 

DAXX activates the JNK pathway leading to cell death (Yang et al., 1997). However, more 

recently it was discovered that TGFɓ1 can also activate DAXX. This leads to activation of the 

JNK pathway, which enhances transcription of p53 and triggers apoptosis (Perlman et al., 2001). 

This mechanism is best characterized as part of the anti-tumoral characteristic of TGFɓ1, however, 

it is also relevant for neurodegeneration in the brain. Resident microglia cells become active as 

part of the inflammatory response. However, in chronic neurodegerative disease active microglia 

can negatively impact brain structure (see 1.5.1). Recent findings in DAXX function in the brain 

suggest that this signalling molecule generates an important control over active microglia survival, 

ablating them in an apoptotic process controlled by Ste-20-like kinase 1 (MST1), an apoptotic 

transcription factor (Yun et al., 2011). This mechanism could represent an alternative way in which 

TGFɓ1 protects against neurodegeneration, but more research in this signalling pathways is 

necessary.  
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1.4.3 Basic biological effects of TGFɓ1 

 

1.4.3.1  TGFɓ1 ligands regulate cell cycle.  

 

TGFɓ1 regulate the cell cycle through actions of the SMAD proteins. The mechanism of 

these actions could be related to the regulation of the cyclin protein system (Keski-Oja and Moses, 

1987). Some cyclin-dependent kinases (CDKs) have been identified as targets of SMAD 

transcription. An example is p21Cip1, a small peptide that responds in stromal cell culture to 

addition of TGFɓ1 in the media by binding and inhibiting CDKs, thereby preventing them from 

triggering cell proliferation (Zhou et al., 2003). This inhibitory peptide has also been found to 

prevent proliferation in glial cells and has been described in glioblastoma lines as leading to the 

arrest of the cell cycle following stimulation by TGFɓ1 and transcription by SMAD proteins 

(Seoane et al., 2004). A similar peptide, cyclin-E-dependent p15Ink4B, which inhibits CDK4/6, is 

known to be responsive to SMAD transcription after TGFɓ1stimulation in lung epithelial cells. 

This transcription leads to cell cycle arrest during the G1 stage by induction of TGFɓ1 ligands. 

However, this also requires the presence of other co-adjuvants like Ink4 Cdk inhibitor and Cip/Kip 

(Reynisdottir et al., 1995). 

1.4.3.2  Involvement of TGFɓ1 family members in behaviour 

 

 Contrasting with the strong body of evidence relating TGFɓ1 to development and 

immunity, there are very few studies relating it to behaviour. Some studies suggest that TGFȸ1 

superfamily members could be involved in cognitive functions in both invertebrates and mammals. 

The first of these studies reported that when Aplysia californica was treated with recombinant 

TGFɓ1 in the pleural-pedal ganglia, excitatory postsynaptic potentials  elicited from sensory 
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neurons increased, therefore facilitating the elicitation of the gill-withdrawal reflex. This effect 

was found to be co-dependent on serotonergic transmission (Zhang et al., 1997). Further 

examination of this effect revealed that TGFɓ1 strongly down-regulated the distribution of 

synapsin congregating in the dendritic processes of sensory neurons, apparently facilitating 

synaptic transmission (Chin et al., 2002). Another phenomenon associated with synaptic 

facilitation was the outgrowing of dendritic process after chronic TGFɓ1 treatment in Aplysia 

motor cells (Wainwright et al., 2002). Similar effects of TGFɓ1 have not been observed in 

mammals, although one study reports that the addition of TGFɓ2 to mouse hippocampal slices 

resulted in a minor increase in excitatory postsynaptic currents. This mild effect is associated with 

CREB phosphorylation (Fukushima et al., 2007). Recent data, also suggest that through p38MAPK 

activation, TGFɓ1 can lead to CREB phosphorylation and nuclear transduction. As CREB is a key 

protein in memory regulation, this data open the door to future pursuits in the direct influence of 

TGFɓs in behaviour regulation. However, this data comes from immune cells is still not known if 

the same mechanism applies in the brain (Jang et al., 2011, Huang et al., 2012). 

Compared to TGFɓ1, activin is a stronger candidate for regulating behaviour. It has been 

proposed that this endocrine factor may facilitate memory and exert other behavioural effects in 

mammals. Activin mRNA increases after LTP induction in neurons (Inokuchi et al., 1996), and 

this is followed by increases in the number of synaptic contacts and the dimensions of dendritic 

spines (Shoji-Kasai et al., 2007). This finding suggests that activin may modulate behavior by 

facilitating the maintenance of long-term memories. This hypothesis is supported by a study 

showing that activin antagonists disrupt  long-term memory (Ageta et al., 2010). 
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1.5  TGFɓ1 in the diseased brain 

 

 

 TGFɓ1 is present in the human brain as well as in the brains of all vertebrates (Lindholm et al., 

1992). Homologous proteins are also present in invertebrate animals (Burt and Law, 1994, Chin et al., 

1999b, Herpin et al., 2004). TGFɓ1 is secreted by neurons and glia and has receptors on both cell types 

(da Cunha and Vitkovic, 1992, Lefebvre et al., 1992). The signalling effectors of TGFɓ1ðTGRɓI 

receptors and the family of the cytoplasmic signalling proteins SMADsðare also found in the brain 

(Lin et al., 2005). Similar to many cytokines, TGFɓ1 is regulated in pathological situations. The role 

of TGFɓ1 in cognition or behaviour remains largely unknown. 

 

1.5.1 TGFɓ1  as an anti-inflammatory factor in the human and rodent brain 

 

 Under basal conditions, TGFɓ1 in the mouse brain is scarce, and some research groups have 

failed to detect it using in situ hybridization (Wilcox and Derynck, 1988). However, it has been cloned 

from the rat hippocampus (Nichols and Finch, 1991), where it is down-regulated by treatment with 

the anti-inflammatory agent corticosterone. It has also been reported that after a cortical lesion, there 

is significant increase in the amount of TGFɓ1 mRNA surrounding a scar, mostly produced by 

macrophages and activated microglia, although certain amounts are also produced by astrocytes 

(Lindholm et al., 1992).  

1.5.1.1 TGFɓ1 as microglial regulator.  

 

 Inflammatory responses in the central nervous system (CNS) are involved in the pathological 

development of several degenerative diseases, and TGFɓ1 plays an important role as an anti-
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inflammatory factor. The key histological component of inflammatory responses in neurodegenerative 

diseases is microglial cells. The inflammatory process is believed to play an important role in the 

pathology of several diseases, including Parkinson's disease (PD), Alzheimer's disease (AD), prion 

diseases (TSEs), multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), and Huntingtonôs 

disease (HD). The inflammatory process is mediated by active microglia, which are cells of 

hematologic origin, but residents of brain parenchyma. These cells usually respond to tissue damage 

and remove damaged or dead cells by phagocytosis. The chronic activation of microglia may be a 

major cause of neuronal damage through the release of pro-inflammatory cytokines, reactive oxygen 

species, proteinases, and complement proteins. Therefore, regulation of microglia activation is 

considered an important strategy of neurodegenerative disease therapy (Dheen et al., 2007). 

 Several authors have reported that TGFɓ1 is an important regulator of microglial activation. The 

general consensus is that TGFɓ1 acts as an inhibitor of microglial activation both in vitro and in vivo, 

as opposed to tumor necrosis factor Ŭ (TNF Ŭ) and macrophage/granulocyte colony stimulation factor 

(GM-CSF)(von Zahn et al., 1997). It is suggested that the molecular mechanism of this inactivation is 

inhibition of the transcription factor class II transactivator (CIITA), which is a key factor in the antigen 

presentation process that leads to microglial activation and phagocytic activity (Hailer et al., 1998, 

O'Keefe et al., 1999). Other work shows that TGFɓ1 also regulates the major histocompatibility 

complex I (MHC I) in microglia (Milner and Campbell, 2003).  

 The process by which TGFɓ1 inhibits microglia activation is by down-regulation of 

cyclooxygenase-2 (COX-2). COX-2 is an inducible inflammatory enzyme that is a common target of 

non-steroidal anti-inflammatory drugs (NSAIDs) (e.g., aspirin). This protein stimulates oxidatory 

burst and apoptosis by prostaglandin secretion. Some inflammatory cytokines like Interleukin-1 (Il -1) 

and interferon gamma (IFN-ɔ) activate the expression of COX-2 in microglia, leading these cells to 
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reach an active state. Although it is not clear whether TGFɓ1 inhibits COX-2 expression directly, it 

does interfere with the ability of inflammatory cytokines to promote COX-2 expression. This 

phenomenon is believed to be caused by the TGFɓ1 signalling pathway interfering with other cytokine 

expression (Basu et al., 2002, Herrera-Molina and von Bernhardi, 2005). Another process by which 

TGFɓ1 can block microglia activity is down-regulation of the expression of integrins, which are 

molecules fundamental for the signalling and adhesion required by microglia cells to become active 

and display their ameboid-like morphology (Milner and Campbell, 2003).  

 TGFɓ1 induces apoptosis of microglia cells. It is proposed that the TGFɓ1-induced apoptosis is a 

process independent of the members of the BCL-2 family. It is also proposed that a family of caspase 

inhibitors, the rat inhibitor-of-apoptosis protein-1 (RIAP-1) and RIAP-3, are inhibited by TGFɓ1 

signalling, therefore causing microglial death (Xiao et al., 1997, Jung et al., 2003). Other data confirm 

an influence of TGFɓ1 on microglia but report that TGFɓ1 exerts protection against the death of 

microglial cells in culture (Kim et al., 2004). 

 

1.5.1.2 TGFɓ1 role in astrogliosis.  

 

 Astrocytes respond to different forms of CNS insult, including increase of TGFɓ1 levels, through 

a process known as astrogliosis. During astrogliosis, glial cells grow in size, project numerous new 

processes, and become reactive to inflammatory insult. Substantial progress has been made in 

determining the functions and mechanisms of astrogliosis and identifying the roles of astrocytes in 

CNS pathology. Reactive astrogliosis is not an all-or-nothing phenomenon, but can be observed along 

a gradient of changes that occur in a context-dependent manner (Sofroniew, 2009). These changes 

vary from alterations in gene expression to cell hypertrophy and long-lasting scar formation with 

rearrangement of tissue structure (Sofroniew, 2009, Sofroniew and Vinters).  
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 A key indicator of astrocyte activation is the increase in expression and accumulation of the 

intermediate filament glial fibrillary acidic protein (GFAP) (Sofroniew and Vinters, 2010). Treatment 

of astrocytes in vitro with TGFɓ1 has been shown to produce little morphological change but 

significantly increases GFAP mRNA and protein levels (Reilly et al., 1998). Furthermore, it is 

suggested that young neurons, mostly during the embryonic period, are prompted to secrete TGFɓ1 

that induces GFAP expression in astrocytes through the signalling pathway triggered by their own 

membrane TGFɓ1-RII. TGFɓ1 secreted by an astrocyte would autoregulate the expression of GFAP. 

Neurons at different developmental stages and from different regions can exert dissimilar effects on 

the expression of GFAP in astrocytes; for example, cultures from neocortical origin are more 

susceptible to expressing GFAP in response to TGFɓ1 (de Sampaio e Spohr et al., 2002, Sousa Vde et 

al., 2004).  

 Another effect of TGFɓ1 on astrocytes is an increase in glutamatergic toxicity in co-cultures with 

neurons (Brown, 1999). It has been suggested that under the influence of TGFɓ1, astrocytes decrease 

their capability of metabolizing glutamate and therefore induce excitotoxicity in neurons. This effect 

was demonstrated by effectively blocking cell death with the use of NMDA receptor antagonists. On 

the other hand, in co-culture with the neural cell line GT1-7, astrocytes mediate neuron survival 

through a process dependent on AP-1 and c-Jun kinase (Dhandapani et al., 2003).  

 TGFɓ1 blocks neuronal cell death by a process mediated by astrocytes. A key discovery of the 

relationship between TGFɓ1 and astrocytes during the inflammation process is that TGFɓ1 is able to 

induce the serpin family member plasminogen activator inhibitor (PAI-1). PAI-1 is only secreted by 

astrocytes (Docagne et al., 1999) and can stop apoptotic cell death in the surrounding neurons through 

an inhibitory interaction with the tissue plasminogen activator (t-PA), the trigger for a proteolytic 
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cascade that precedes apoptotic cell death in the hippocampus (Wang et al., 1998). This system, known 

as the PAI-1/tPA axis, is medically relevant as it prevents the damage caused by stroke (Tsirka, 1997).  

 

1.5.2 TGFɓ1 expression and function in neurodegenerative diseases 

 

 For approximately two decades, it has been known that TGFɓ1 is differentially expressed in 

human neurodegenerative disease and animal disease models. The expression and possible relevance 

of TGFɓ1 has been described for many common neurodegenerative diseases, from acute diseases like 

stroke to chronic disease like PD, ALS, MS, HD, AD, and TSE. Even congenital diseases like Down 

syndrome (DS) involve regulation of TGFɓ1.  

1.5.2.1  TGFɓ1 in multiple sclerosis 

 

 TGFɓ1 is known to be a key regulator in multiple sclerosis (MS), although the exact nature of its 

participation is not well understood. MS is a neurodegenerative disease with an etiology entirely 

related to immune system regulation and, therefore, it is important to understand the role of TGFɓ1 in 

this brain pathology. The most commonly described roles of TGFɓ1 in mammals are those involved 

in immune system regulation, and it has been widely considered an anti-inflammatory cytokine. Its 

receptors are commonly found in most cells of the immune system, and several immune functions 

have been directly related to TGFɓ1 expression (Mirshafiey and Mohsenzadegan, 2009). TGFɓ1 

signalling is involved in the inhibition of cytolytic processes and T cell differentiation and activation; 

these cells are known for their role during the demyelination process, which is important in MS 

pathology.  

 There is no clear evidence of the precise role for TGFɓ1 during MS onset. As previously 

discussed, TGFɓ1 regulates proliferation and activation of macrophages, microglia, and T cells. 

However, these cells important for oligodendrocytesô myelination, a process dependent on growth 
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factor secretion. There is evidence that the secretion of TGFɓ1 by these immune cells may be leading 

this process (Diemel et al., 2003). Some work has been done with a mouse model of MS known as 

experimental allergic encephalitis (EAE). Treatment with an anti-TGFɓ1 antibody aggravates the 

severity of the disease in these mice, and treatment with TGFɓ1 alleviates disease symptoms (Johns 

et al., 1991, Racke et al., 1991).  

 On the other hand, it has been reported that TGFɓ1 in the CNS may be critical in promoting MS 

and EAE. TGFɓ1 and its receptors are expressed in CNS inflammatory lesions of MS patients and in 

various animal models of the disease, which suggests a role for this cytokine in the MS disease process. 

The recent identification of TGFɓ1 as a crucial factor for the differentiation of TH17, an IL-17-

producing T cell subset that is believed to be autoreactive and disease-promoting, suggests a 

pathogenic role of TGFɓ1 in EAE (Luo et al., 2007, Xiao et al., 2007).  

1.5.2.2 TGFɓ1 in amyotrophic lateral sclerosis  

 

 TGFɓ1 also is present in the development of other scleroses that attack the CNS. Amyotrophic 

lateral sclerosis (ALS) is a disease characterized by degenerating spinal cord motor neurons and their 

associated white matter and motor cortex. There seems to be a direct relationship between the 

progression of ALS and levels of TGFɓ1 in patientsô plasma(Houi et al., 2002). The measurement of 

TGFɓ1 in patients with different degrees of disease progression has revealed a direct correlation 

between the stage of the disease and TGFɓ1 titers (Katsuno et al., 2011). 

 Other groups have reported the same correlation between ALS stage and TGFɓ1 levels in 

cerebrospinal fluid (CSF) (Ilzecka et al., 2002, Hensley et al., 2003). Furthermore, high levels of 

TGFɓ1 were found in superoxide dismutase 1 (SOD1) over-expressing mice -a model of ALS-. In this 

mouse model, high levels of TGFɓ1 protein were also found in the spinal cord (Hensley et al., 2003). 

Despite this body of evidence, the role of TGFɓ1 in ALS remains elusive. During the progression of 



Alonso Martínez-Canabal 2013 

 

49 

 

the disease, severe inflammation occurs in response to the massive death of nervous tissue; therefore, 

the over-expression of TGFɓ1 could be a homeostatic response. In ALS mouse models there is 

astrogliosis, and this could also be related to an elevation of TGFɓ1 levels (Deniselle et al., 1999). 

1.5.2.3 TGFɓ1 in Parkinsonôs disease 

 

 Parkinsonôs disease (PD) is a chronic neurodegenerative pathology that is characterized by the 

massive death of dopaminergic neurons of the nigrostriatal pathway, which compromises fine 

voluntary movements. TGFɓ1 is elevated in dopaminergic striatal regions as well as the CSF of PD 

patients compared to normal individuals (Mogi et al., 1994, Mogi et al., 1995). In the case of PD, it is 

possible that TGFɓ1 exacerbates the neurodegenerative process. When added in high levels to mice 

treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), the neurodegeneration process 

increases, and the same happens when it is over-expressed with a viral vector in the midbrain of healthy 

mice, suggesting that TGFɓ1 can be a risk factor for PD development (Sanchez-Capelo et al., 2003). 

Conversely, other members of the TGFɓ1 family have been found to be protective and drug targets 

for PD treatment, such as TGFɓ2 and TGFɓ3 (Lin et al., 1993, Tomac et al., 1995).    

 

1.5.2.4 TGFɓ1 in Alzheimerôs disease.  

 

 One of the most studied roles of TGFɓ1 is in Alzheimerôs disease (AD), and while its participation 

in the disease is widely accepted, its specific role remains elusive. When compared to normal brains, 

TGFɓ1 mRNA was increased 3-fold in AD patient brains post-mortem, and levels of TGFɓ1 were 

strongly correlated with the degree of cerebral amyloid angiopathy (CAA) (Wyss-Coray et al., 1997). 

The authors of this study concluded that TGFɓ1 may be important in AD amyloidogenesis. Later, it 

was found that the CSF of AD patients contains increased levels of TGFɓ1 protein compared to normal 

individuals (114 vs. 83 pg/ml) (Zetterberg et al., 2004). This finding in humans is consistent with the 

http://en.wikipedia.org/wiki/Methyl
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observation that amyloid deposition in human amyloid precursor protein (hAPP) over-expressing mice 

induces TGFɓ1 secretion in astrocytes and neurons (Apelt and Schliebs, 2001). Also, some researchers 

have suggested a possible polymorphism in TGFɓ1 as a risk factor for the development of AD, but the 

results of these studies were either negative (Araria-Goumidi et al., 2002, Hamaguchi et al., 2005) or 

inconclusive (Luedecking et al., 2000).   

1.5.2.5 TGFɓ1 in prion disease 

 

 TSE is caused by transmissible misfolded proteins capable to self-replicate. Misfolded proteins 

result in cell death, which causes the spongiform encephalopathy. TGFɓ1 is up-regulated during prion 

disease, and some scientists consider this cytokine to be potentially responsible for the pathology of 

this disease (Stoeck et al., 2006). Prion disease became well known in the 1990s because of several 

cases of ñmad cow diseaseò, and the Creutzfeldt-Jakob version of the disease was found to attack cows 

and humans. The disease is poorly understood and shows such a slow progression that it is difficult to 

detect and track properly. A murine model of this disease has been studied, and it has  commonly been 

observed that the disease causes an atypical inflammation in the brain characterized by microgliosis 

and astrogliosis and the absence of proinflammatory cytokines IL-1ɓ and IL-6. Instead of the 

interleukins, cytokines TNF-Ŭ and TGFɓ1 are over-expressed. It is not known if these cytokines take 

the lead role in the inflammation process or have an anti-inflammatory effect (Araria-Goumidi et al., 

2002). This has led to the idea that TGFɓ1 could be at least partially responsible for the common 

symptoms of this disease. In fact, a study suggests that TGFɓ1 is responsible for the amyloid 

deposition in neurons after prion infection and replication. A common feature in all models of prion 

disease is that microglia appear to decrease the effectiveness of prions. As previously discussed, 

TGFɓ1 is a strong controller of microglia activation and survival and might prevent microglia from 

clearing the amyloid depositions (Baker et al., 1999).  
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1.5.2.6 TGFɓ1 in Huntingtonôs disease 

 

 In contrast to other neurodegenerative diseases, TGFɓ1 is down-regulated in Huntingtonôs disease 

(HD). Both in symptomatic and asymptomatic patients, the levels of TGFɓ1 in plasma are low. These 

reduced levels were also observed in mouse models of HD in both plasma and cortical neurons. When 

astrocytes were cultured and transfected with the mutated huntingtin gene (HTT), they also showed 

reduced levels of TGFɓ1 mRNA and protein. Together, these data suggest that TGFɓ1 expression is 

inhibited in this disease, likely by the same mutation that causes the disease. The most likely 

consequence of this odd TGFɓ1 behaviour is the acceleration of the neurodegenerative process 

(Battaglia et al.).   

 

Table 1. TGFɓ1 and neurodegenerative disease 

Involvement of TGFɓ1 in neurodegenerative diseases 

    Pathology                              TGFɓ1 secretion                           Proposed role of  TGFɓ1 

Multiple sclerosis 
ŷ 

Preventing microglia to destroy myelin; symptomatology 

alleviation (Johns et al., 1991, Racke et al., 1991) 

Amyotrophic lateral sclerosis ŷ 

 

Enhancement of astrogliosis (Deniselle et al., 1999) 

Parkinsonôs disease 
ŷ 

TGFɓ1 could exacerbate symptomology associated with 

MPTP onset of Parkinsonism (Sanchez-Capelo et al., 

2003). TGFɓ1 family members could cooperate in the 

prevention of nigrostriatal neurons apoptosis (Lin et al., 

1993, Tomac et al., 1995).    

 

Alzheimerôs disease 
ŷ 

Increased CAA pathology (Wyss-Coray et al., 1997) 

clearance of Aɓ deposition (Wyss-Coray et al., 2001) 

Prion disease 
ŷ 
Inactivation of microglia and prevention of Aɓ clearance 

(Baker et al., 1999).  

Huntingtonôs chorea 
Ź 

Decreased by mutant Huntingtin expression, decrease 

exacerbates symptomatology (Battaglia et al., 2010) 
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1.5.3 TGFɓ1 as an anti-neurodegenerative factor.  

 

 There is ample evidence that TGFɓ1 is regulated in the brain in response to a variety of 

pathological conditions. A common characteristic of all neurodegenerative diseases is the high number 

of dead neurons found in every case, albeit in different brain regions. In vitro studies show that TGFɓ1 

regulates microglia activity, thereby preventing death of both astrocytes and neurons. It remains to be 

determined whether this phenomenon also occurs in vivo.  

1.5.3.1 TGFɓ1 response to stroke and the proposed role of PAI-1  

1.5.3.1.1  Stroke 
 

 TGFɓ1 is secreted in the brain after acute stroke, and many studies have shown that TGFɓ1 

prevents neuronal death in a process mediated by astrocytes and the factor PAI-1 (plasminogen 

activator inhibitor-1) (Henrich-Noack et al., 1996, Buisson et al., 2003, Kim and Lee, 2006). When 

TGFɓ1 expression was analyzed in post-ischemic rats following a double vessel occlusion, it was 

found that TGFɓ1 mRNA was dramatically elevated in the hippocampus for at least 21 days after 

surgery (Lehrmann et al., 1995). When the peptide was injected directly into the ventricles or 

hippocampus in post-ischemic rats, a strong neuroprotective effect in the hippocampus was observed. 

Nonetheless, a higher dose of TGFɓ1 failed to produce the same improvement (Henrich-Noack et al., 

1996). It is also notable that the expression of TGFɓ1 following the vascular accident mostly came 

from activated microglia and macrophages, thus suggesting that the secretion could be regulating the 

immune reaction to some extent (Lehrmann et al., 1998).  

 Whether the regulation exerted by TGFɓ1 in the brain after stroke is positive or negative was 

tested by injecting a TGFɓ1 antagonist (TGFɓ1 receptor II in a soluble inactive form) directly into the 

affected area in rats. The result of these experiments was a 3.5 fold increase in the size of the damaged 

brain area after the stroke. Aiming to understand these results, and using the same antagonist, the 
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researchers discovered that the apoptosis prevented by TGFɓ1 is elicited by NMDA receptor-

associated excitotoxicity in cultured cells (Ruocco et al., 1999). In humans, certain polymorphisms of 

TGFɓ1 were found to constitute a risk factor for stroke and vascular dementia (Kim and Lee, 2006).  

 

After activation of the TGFɓ1 signalling pathway, astrocytes (left) release the antiproteolitic factor 

PAI-1, which inhibits the activity of t-PA. When not inhibited, t-PA cleaves the NR1 subunit of NMDA 

receptors, allowing a high current of calcium to enter the cell after glutamate stimulation and 

triggering cell death (Buisson et al., 2003).  

 

1.5.3.2  Role of PAI-1  

 

 TGFɓ1  directly triggers the transcription of PAI-1 in cultured cells by downstream regulation of 

TGFɓ1 signalling cascade transcription factors (Westerhausen et al., 1991). As PAI-1 is an inhibitor 

of t-PA-induced apoptosis, it is a strong candidate for regulating the protective effects of TGFɓ1. 

Actually, TGFɓ1 protects neurons in vitro from NMDA-, AMPA-, and kainite-induced apoptosis in a 

manner that is also dependent on PAI-1 but only in the presence of astrocytes. When only neurons are 

Figure 6.  Regulation of the PAI-1 axis 




























































































































































































































































































































































































