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l. Abstract

The dentate gyrus of the hippocampus: roles of transforming growth factor betabXJr&tel 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
recentlystudied phenomenon of adult hippocampal neurogenesis and its podsiloheaging and
chronic brain disease. We found that chronic @sgrression of transforming growth facfuit
(TGFbl), a cytokine involved in neurodegenerative disease, results in several modifications of
brain structure, including volumetric changesl grersistent astrogliosis. Furthermore, TGF
overexpression 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, reducingearogenesis 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 relévant ro
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 granuleirens, 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 ageiterated cells have the
same fundbnal 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 praugsshe equilibrium
between neurogenesis and optimal dentate gyrus size is disrupted whbh iEGHronically
increased, which occurs in neurodegenerative pathologies, leading to cognitive impairment in aged

animals.
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VIl. Preface

In this thesis,the relationship between hippocampal neurogenesis and memory was
approache@xperimentally by manipulatingging, runningandpresence afransforming growth
factorb AT G F § d cytokinethat isexpressed in the brain in response to acute or chirgary.

T G F fwds chosen for study becaussupr egul ated i n humans adiring .
reported to be a strong inhibitor aélcproliferation in the adult hippocampuso report to date
has linked this ytokine with behavioural processin northumanmammals.

Two partsof the literature revieware dedicated to explaing the biology and medical
i mpl i cat i o (sectiom 1.4 ahdcESprd of adult neurogenesis in the hippocampus
(sectiongl.6 and 1.7)Three independeniputinterrelated studiesare presented.hE firstexplores
the incorporation of newhporn neurons in thadulthippocampuswhenrates ofneurogenesiare
downt or upregulated (section 3). The secomdplores the anatomical and behavioural
consequences -exdressionGdufindrairoagiegr(section 4) The secondstudy,
published in the journadflippocampusexplores the effects of neurogendsiscking on learning
and memory atlifferent agegsection 4) Lastly, the third studyexplores the anatomical and
behaviour al ¢ ons e-gxpressiandilsebrairi durihgdgibgsection/sg r

We decided to add two appendixes that correspondmaria (Currently under review in
the journalSciencg 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.

XV
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Alonso MarfnezCanabal 2013

1.1 Role of the hippocampus in memory acquisition and storage.

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

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 lobeilaterallyin an effort to remove his epileptic foci. Following the surgery,

H. M. 6s motor and cognitive abilities, including
intact. His IQ remained above average, and his ¢bort memory was also intact. Hoves, he suffered
compl ete anterograde amnesia and was wunable to
motor memory remained intact, as he was able to learn and show improvements in motor tasks, although
he did not recall performing the(lilner, 196). Before the observations of H.M. were reported, it was
believed that al/l maj or cognitive processing ir
performed cautiously, and no damage to the neocortex was reported. Instead, the main Miresstruc
removed from H. M. 6s brain included the hippocan

was confirmed using magnetic resonance imaf@agkin et al., 199y

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 lesiandsi
anatomical location within the MTL under controlled conditiofiSichenbaum, 2002 These
investigations revealed a set of conditions required to model MTL amnesia. The animals should have (1)

intact sesory, motor, motivational, and general cognitive processes, (2) fully functionaltehmort
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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 tgdafore the lesion would be lost, but
memories formed long before the lesion should rergiaichenbaum, 2002

In 1978, twenty years after the observations of H.M., the hippocampus was proposed to function
as a cognitive mafO'Keefe and Nadgin 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. 6s pattern of amnesia in ani mal model s. (
behavioural evidere, 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 locatieyond their immediate field of view.
The authors also distinguished between spatial anespatial learning, proposing that acquisition of
cognitive maps requires a different type of cognitive processing than common habit learning.

With the creation bthe 8-arm maze by David Olton in 1976976 and thewater naze task by
Richard Morris in 19811981), it became clear that animadsuld 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 traiefayethe
the same references are equally valid from different points of view, similar to a cartographic map. Morris
showed that this behaviour is hippocamgependent by lesioning the hippocampus or neocortex of rats
and showing that only hippocampal lessaesulted in significant spatial learning impairménterris et

al., 1982.

1.1.1.3. Alternative proposals
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Not all memory researcheesgr eed with O6Keefe and Nadel 6s
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 expdfdtare 1979. Olton
and coll eagues <called this type of memory HAwor
remember information obtained in a single trial and then use that information again at a later time point.
Incontrastt hey used the term Areference memor YMeckt o r e
et al., 1984, which would be characterized as memory fopiinfation 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 trialThe two types of memory described by Olton and colleagues
wer e consistent with the theory put forth by Tul
memoryo, which is memory for events that belong
which is memory for knowledge that is tirend evetiindependenfTulving et al., 1972 In conclusion,

Olton considered that hippocampdspendent memory is memory for unique episodes.

The evidence supporting OIltonods stphatdhe and hid ca
colleagues invented called the radial arm m@¥alker and Olton, 19791n this task, rats @re 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
hippocampusiependent, as performr@awas severely impaired if the fornix was transected, leaving the
hippocampus unable to communicate with a number of other brain strugiatt®er and Olton, 1979
The response of O6Keefe and Nadel to this findi
right or left turns, is not hippocampdependent, whereas navigating directly to the place akikard
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 ofeafor the MTL in humans
without surgicalblocking 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 W they were performing memory taskdeverthelesshiese early studies
failed to provide definitive evidence of MTL activity during memory tasks, as they could not distinguish
between baseline MTL activity and activity speaflg induced by the memorask(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 sernanémory 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 men{dfartin etal., 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 Londdriviers
(Maguire et al., 1997 Followup studies also revealed that compared to conitiests, taxi drivers had
increased hippocampal volume, presumably due to their extensive construction and use of cognitive maps
(Maguire et al., 20002003 2006. A study in mice found parallel results after extensive water maze
training (Lerch et al., 2011 further demonsttang 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
hippacampal activation, and loAgrm structural changes supports a very clear engagement of the
hippocampus in contextual, episodic, and-episodic memory. However, these studies rarely shed light
on the cellular processing of memory in the hippocampus. @rnt@ndmark in the investigation of
cellular processing of memory came from the discovery of place cells in the CA1 and CA3 regions of the
hi ppocampus. I n an initial series of experi ment
CA1 fire whena rat faces a specific direction, demonstrating that particular sets of cells are active during
spatial navigation task@'Keefe and Dostrovsky, 19¥.1This subpopulation is nhow known as head
direction cell s. I n | ater experiments, Oobdfeceefe
created at the circuit level by showing the existence of place cells. By recording from electrodes implanted
in the hippocampi of freelynoving rats, it was shown that different cells were activated in different places
of a radial arm maze. The authomcluded that spatial environments are accurately represented by place
fields within the pyramidal layer of the CAD'Keefe, 197pand, to a lesser extent, the pyramidal layer

of CA3 (McNaughton et al., 1983

1.1.2 Currently -used rodent tasks to assesearning and cognition

Some of the most useful tools to evaluate memory acquisition aradjstin the hippocampus are
animal cognitive tasks. Two cognitive tasks are discussed here: the spatial vetbi@Mofris water
maze and contextual fear conditioning. These tasks reveal unique but complementary information about

the role of the hippampus 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 th@ad=z al.,

2009. Thus, the general principle is that animals should learn the location that provides them with safety,

6
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food, or water. Howver, what is measured is a complex behaviour that not only involvesafebtong

term memory but is also regulated by anxiety and sensorimotor akiBiés et al., 2001 Therefore,

several groups have used nfai mazes to evaluate reference memory, working memory, or stress
responseéBuresova et al., 19838guilar-Valles et al, 20095. Despite the considerable diversity of mazes
developed to evaluate spatial memory, those more commonly used are the Morris wai@donazet

al., 1983, the Olton radial arm maz&Valker and Olton, 1979and the Barnes circular ma@arnes,

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 theater 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 location@vorris, 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 waterrendering it invisible to animals performing the task. The original protocol projelesds,

1981, Morris et al., 198included 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 todtecthe platform by using a seft stable distal visual

cues, which presumably allowise animato form a cognitive map of the surrounding spatial environment
(Morris, 198).

The primary way of assessing the animal 6s me
conducting a probe test. After the triaig 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



Alonso MarfnezCanabal 2013

in the correct quadrant is used as an index of spatial memory. In additioyntiher 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., 2008Vaei et al., 200Pare also used as indices of spatial memory
(Blokland et al., 2004AVas et al., 2009.

Multiple methodological variables thaffect 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 ¢fanider 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 swmmg trials that do not involve learning of specific spatial
locations. Some research groups consider this habituation to be important in preventing unnecessary stress
(Morris, 1982 and stimulating search behaviour. Nevertheless, most groups do not use this procedure
(D'Hooge and De Deyn, 20p1

Some factorare critical to water maze experimental design. The number of trials and length of
inter-trial interval are relevant for the final outcome of the t&sk.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 nece@alding 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 raioflmeres with more basic shapes improves
spatial learningLamberty and Gower, 1991In 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 simpétrategies, such as navigation based on familiar scenes rather than

specific visual cuegSutherland R. J et al., 198 Bupporting this view, ratsvere still able to find the
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platform after therelative position of the cuesas changed with respect to the pdélamilton et al.,
2007).

Other factors thatay influence water maze performance are body weight, physical condition,
and age, which may all affect swimming velociiyHooge and De Deyn, 20D1Also, some studies
propose that males perform better than females, likely due to physical strength but not to greater spatial
navigation abilitiefSherry and Hampson, 199 Earlier studieshowedthat differences between males
and females vanish with age, as rats older than 6 months do not show sex differencGaghditse
conclude that this is due to differential maturation rates between (@x@s et al., 199b

Although the water maze is considered an essential spatial memoaigrtasfariety 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 cosider 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, becausegrenmfince is similar between species in dry tests

of spatial navigatiofwWhishaw 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. (K)e animals can escaffi®m the pooby finding a
submerged platfornmvisible to them as the water is opaque with the addition of paimg 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 platforeoistingent 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 hippecampus
dependent learnin@Fanselow, 2000 In a typical conditioning session, a rodenplaced 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 respose to the shock but subsequently becomes immobile, which is referred to as freezing.

Freezing involves the cessation of all movement except for cardiorespiratory movéRzergsiow,

10



Alonso MarfnezCanabal 2013

1982. Contextual fear conditioning is considered to be a form of Pavlovian conditioningtitesbock

is the unconditional stimulus (U&)analogous to the meabpvd er used i m tHRteewkes v 0 s
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
classic studiegDouglas, 1972Fanselow, 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 cesitexk association.

This task las been found to be particularly useful for evaluating hippocaiukpsndent context
memory. As stated by Sutherland989, hippocampuslependent context memory involves the
integration of available elements of a context into a single configural represenfdtisrhypothesis
alludes to gestalt theory, in which the entire context can be recognized after sampling a few of its features.

Contextual information is corderedhippocampugiependat. Thus when the context is used as
a CS, the associative fear memasifyould rely on the hippocampu®'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 andamextual CS. Indeed, rodents with
hippocampalesions 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 diRhiltgps and LeDoux, 1992
In contrast, when the CS is a context, hippgealtesioned rodents show amnesia when tested after
surgery(Kim and Fanselow, 1992Furthermore, when the lesion is made long after training (i.e., one
month), no degradation of previoudlyrmed memories is observed, suggesting that the hippocampus is
more engaged in the acquisition and organization ofestumal memories rather than their letggm

storagg(Kim and Fanselow, 1992nagnostaras et al., 1999

11
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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 hippocampusasmposed 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 AhdeGions) 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 Ramon y (&ja#hl. He characterized these
cells in mice as having triangutahaped somas with basal ramified dendrites and large protoplasmic
prolongations called apical dendritgs/ramidal neurons are rich ohendritic spinegBannister and
Larkman, 1995 Pyramidal cells are abundamt 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 GABAgIC inputs, whereas the dendrites receive mostly excitatory
glutamatergic input§Somogyi et al., 1985 Generally, proximal dendrites are innervated by local
sources of excitatory inpuguch as surrounding excitatory cellmnversely, the distal dendritesceive
excitatory inputs from remote areas, such as cortical regions or the thgl@euker and Connors,
1994). The very distinct morphologies of basal and apical dendsitggest that inputs to these domains

might be differentially integrated. One possibility is that distal dendrites are more responsive to

12
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coincidental inputs than are proximal dendrites; another possibility is that distal dendrites control the

responsivengs of more proximal dendritg¢sarkum et al., 2004

/’\/" )

Apical dendrites

Figure 2. Pyramidal cell.

Pyramidal cells are the principal cell type of CA1, CA2, and CA3 regions of the hippocampus. They
contain a triangularshaped soma and a noticeable cytoplasmic elongation generating the apical
dendrites. They also contain a number of independent basali@snatiginating 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®uokt et al., 1993
cerebellumMarr, 1969, and the DG. In the DG, they constéuhe most abundant type of cells and the
main excitatory population of neurofidosseiniSharifabad and Nyengaard, 200& granule cell has

a roundshaped soma from which normally one or two dendrites extend. Thefdst, 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 sevemttuer or above. All orde of dendrites normally have many
dendritic spines. In rodents, granule cells do not hagalldendrites, but they have largprs that can
bifurcate abundantlgFrotscher et al., 2000

Granule cells in the hippocampus have lgrggynaptic boutons containing sevepabtsynaptic
terminals and cytoplasmic protuberances called filop@le@abjerg and Zimmer, 20D.Filopodia form
excitatory inputs onto target inhibitory cells. the hippocampusfilopodia are mostly known for
forming connections with CAassociated inhibitory cells in tis¢ratum lucidumstratum radiatunand

stratum lacunare moleculaf@&rotscher, 1989
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Figure 3. Granule cell

Granule cells, the most abundant neurons in the DG, are composed of smaish@apsti somas from
which one or more extensivealgmified apical dendrites elongate. An axon protrudes from the basal
part of the soma, forming the mossy fibers. The termiridleese 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 andngita cell layersand represent a very large
population of neurons in the hippocamgBsizsaki, 198% Subpopulations of inhibitory cells vary in
terms & morphology and neurochemistry. The majority of these cells are positivgutamic acid
decarboxylase 67 (GAD6@nd paralbumin 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 celicBain and Fisahn, 2001Some of the cells found in the DG
and thestratum launareare called basket cells because of their unique S{&gress, 197qLacaille
and Schwartzkroin, 1988The main function of these cells is tointain excitatory activity within a
homeostatic balance and to isolate and tune specific inforrraiewant inputs from unspecific noise.
Furthermore, inhibitory cells play a strong role in certain forms of synaptic plasticity, such dsriong

depressin (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 integratarsurrounding neurons. The hippocampus is rich in astrocytes;
they are dispersed across all subareas, particularly the molecular layer of the DG and the pyramidal anc
molecular layers of the CA regions, although their presence is limited within thdegcatiuayer of
the DG. Each astrocyte has a defined territory, with no crossétgebn astrocytic processes,
lamelipodia (laminar cytoskeleton prolongations), and filopodia (finljje cytoskeletal projections).

Thus, each astrocyte appears to exady@amic influence on a specific ar@aolombo et al., 2004
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Hirrlinger et al., 2004 Each astrocyte normally covers every blood vessel crossing its terttiengby
forming a tight blooebrain barrier. Astrocytes also coveeveral thousands of synapses, thereby
regulating glutamate metaboligiBushong et al., 200Bushong et al., 2004

The heterogeneity of astrocytes inspired great debate, which has now been properly addressec
due to the availability of reporter genes. So
GFAP-positive precursors residing in neurogenic af&ercia et al., 2004 Recent work with mRNA
microarrays has indicated that very few genes are ubiquitously expressed in all astrocytes, whereas man
genes are differentially expressed in astrocytes within specific brain re@@ackoo et al., 2004
Functional studies of the hippocampus have letth¢odistinction of separate populations of astrocytes
with different voltagedependent current patterns and different responses to gluté®teitehauser et
al., 1993.

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., 200,LMatthias 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 potentialoltage and timeindependent 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, vettagendent K+ and Nazurrents, AMPA receptors,
and low glutamate uptake. This latter population is not coupled through gap jurfetialsff et al.,

2004).

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

another astrocyte marker. Some astrocytes are also positive for proteoglyc@vidtbias et al., 2003

a marker believed to be specific to a class of oligodendrocyte progenitor cells. The role-pb$ita2
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cells remains elusive; these cells might be transitory cells or thgkit mepresent a previously
unidentified class of glial cells distinct from oligodendrocytes, microglia, and classieatignized
astrocytes. Localized in both the white and grey méBatt et al., 2002 NG2-positive cellsreceive
direct synaptic inputs from neuronal fibéBergles et al., 2000 The functional significance of these
cells is unknowr({Bergles et al.2000.

As observedin vitro, synaptic transmission in the hippocampus is modulated by dynamic
changes in the astrocytic coverage of synapses via a highly dynamic partnership between astrocytes an
neurons(Hirrlinger et al., 2004Benediktsson et al., P8). 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 concentratiidanbolt, 200 Furthermorean 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 spmeifisages to neighbouring cells,

a type of activity called gliotransmissi¢Bezzi and Volterra, 2001

Astrocytes cannot generate action potentials. Their excitation, which is chemically encoded,
cannot be demonstrated by regular electrophysiological methods but rathéf byr@ats. Two forms
of astrocyte extation are well known: one that is generated by chemical signals in neuronal circuits
(neurondependent excitation) and one that occurs independently of neuronal input (spontaneous
excitation). Neurordependent excitation of astrocytes is widespreadeihigippocampus (for references
see(Bezzi and Volterra, 2001Haydon, 2001 Volterra andMeldolesi, 200% occurringafter 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 fBEibiH) (Araque et
al., 2002 Rose et al.2003 Zhang et al., 20Q3-ellin et al., 200%

Hippocampal astrocytes discriminate among neuronal inputs of different origins and can
integrate concomitant inpu{Perea and Araque, 200%ippocampal astrocytes tfe stratum oriens
which express both glutamatergic and cholinergic inositol 4risphosphate (Ins(1,4,5)R8Enerating
receptors, respond to stimulation of Schaffer collaterals (which are glutamatergic) or nerve fibres in the
stratum oriens/alveugwhich are cholinergic and glutamatergic) wifte®* influx. This response is
mediated only by acetylcholine receptors; glutamate is takewithput activating receptordVhen
released from stimulated Schaffer collaterals, however, glutamate inch@esR-dependent [C4]i
elevation. When Schaffer collaterals atichtum oriens/alveuibres are stimulated simultaneously, the
responses do not correspond to the sum o#§& signals elicited by separate stimulations; instead,
they are either lagy or smaller depending on the frequency of the stimulation (positive or negative,
respectivelyParri et al., 2001

Spontaneous excitation of astrocytesn 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. Neverthelesg;iGaonitoring of large cell ppulations
in brain slices and the intact brain shows that both neurons and astrocytes are sources of excitation an
might operate in coordinated networ¥sguado et al., 20QHirase et al., 2004 In the particular case
of the DG, it has been determined that astrocytes can effectively regulate neurotransmission betweer
perforant pathway terminals and granule cell dendritic spines. It has been shown that NMDA receptors
positioned outsidéhe synaptic cleft are receptive to glutamate released by astrocytes, thereby causing
synaptic facilitationJourdain et al., 2007The astrocytes in the molecular layer of the DG are receptive

to action potentials in the perforant pathway. Strond" @dlux is observed after perforant pathway
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stimulation, leading to the release of synafilie vesicles from filopodia close to synaptic clefts. This

process is considered to be dependent onUM&urdain et al., 20QBantello et al., 201

1.2.2 Organization and connectivity of thecornu ammonis

The principal cells of the hippocampus are found in two large cortical zones stretching across the
anteriorposterior axis of the rodent brain. The first zone, catlechu ammonigCA), is composed
entirely of pyramidal cells in 3 distinct layers: CAl, 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 lapgppulation 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 considerepda lo¢ a

it.

1.2.21 CAl

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 padiywhat originates mostly from the pyramidal cells of the
medial entorhinal cortex (EC) layer YAmaral and Witter, 1989 In these pathways, most
neurotransmission occurgvglutamatergic excitatory synaps¥st, it is very important to also consider
the effect of inhibitory neurotransmission in the circuitry organization of GKdowles and
Schwartzkroin, 281, Lacaille, 1991 Li et al., 1992Bernard and Wheal, 1994

The major destinati@of efferent pathways from the QAayerare the subiculum and EC, and
also the septal nucleus, amygdala, other hippocampal structures, and the olfactory bulb. The connection:

to the subiculum and EC provide indirect information to numerous sensory, temporal, and associational
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neocorticamodules, as well as to the thalamus aranmillary bodie¢Bjorklund et al., 198/Saunders

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

1.2.2.2 CA2

The CA2 region is small in rodents and thereforeldess poorly investigated. Mastsearchers
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 sharestila¢um lucidunthat 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
CAZ2 is resistant to temporal epilepé$loviter, 1983 and also has a possible role in the onset of
schizophrenigBenes et al., 1998Possiblythe most interesting characteristic of the CA2 region is that
although its pyramidal cells sustain similar basal leve&cbvity as their CA1 homolages, they do not
show elicited longerm potentiation (LTP). This is due to a large difference betv@ehand the rest
of the CA areas in CGametabolism, rendering elicitation of LTP in the CA2 impossible. Such unique
characteristics of the CA2 suggest a functional role in memory processing thainist iist that of

CAl and CA3(Zhao et al., 2007

1.22.3 CA3
Pyramidal cells of the CA3 receive their main afferents from DG mossy fibers, which provide
90% of excitatory inpufAmaral 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 largeumber of interneurons. The main efferents of the CA3 are the Schaffer collaterals,
which are excitatory inputs that target nearby CA3 pyramidal cells and CA1 pyramiddBeeisson
et al., 1978 In addition to the Schaffer collateral projections, the CA3 also sends both excitatory and

inhibitory projections to the lateral septal nuclékisowles, 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 sortedipptheampus. 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 neens 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., 1984.i 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 exgitgtoapses onto DG
granule cells. The rodent EC receives inputs from several structures, including the olfactory bulb,
anterior olfactory nucleus, and piriform cort@maral, 1993 Witter, 1993. Another major soure of
excitatory input comes from the perirhinal cortex, with content from auditory, visual, polysensory,
autonomic, and limbic association cortiq®$itter et al., 1989 The perforant pathway arises mostly
from layer Il of the E with alld or almost ab layer Il cells contributing. These cells vary
morphologically and include pyramidal cells, stellate cells, and multipolar(8eksvartz and Coleman,
1981 Ruth et al., 19821988. More sparse projections can be found from layers IV and VI of the EC
to the ater two thirds of the molecular layg€ohler, 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 establishrections with granule cell dendritgavazos et al.,

1992. The large presynaptic termals 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 canadhigagntire range of
mossy excitatory and inhibitory cells in the hilar area as well as all CA3 compdiaiten and
McNaughton, 1996

The granule cell layer of the DG tise only forebrain structurehich continuously adds new
principal cells during adulthoo(@ltman and Das, 1965Altman and Bayer, 1990 The cells that
continuously divide and ultimatefenerate 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 sgitanular zon€Kuhn et al., 1996 The entire process of proliferation
of new cells, migration through the granule cell layer, maturation, anditcintagration during
adulthood is called adult hippocampal neurogenesis. To abbreviate, it will be referred to as

Aineurogenesi so throughout the remainder of thi

From medial entorhinal cortex
Perforant pathway

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 targetSA3 by way of the mossy fibers, and CA3
pyramidal cells project to other CA3 cells and CALl cells by way of the Schaffer collaterals.
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Stratum Lacunosum molecular

Molecularlayer DG

Figure 5. Hippocampal layers

The hippocampus is formed by several layers containing diffeefimiopulations. The principal cells

are organized in the CAl, 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 projedions, 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 popsilatimhibitory 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(Eekseini
Sharifabad and Nyengaard, 200ih 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. Currentroputational models suggest that the DG sparsely encodes
inputs to the CAS3, thereby reducing overlapping information and increasing the resolution of the
content(Kesner, 200y Thus, the DG helps properly organize memories in time and space.
Consequently, the DG has been recognized as a structure that makeantnamrtributions to

spatial memory encoding and retriegalmone 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 topographicaltyganized grid cells that are found in the mediatiorhinal
cortex(Haftingetal., 2006 I n an experi ment testing ratséo
novel objects, blocking sensory inpatthe DG resulted in impairments in both novelty detection
and spatial location memory, whereas blocking topographic inputs affected only spatial location
memory.Therefore the authorsuggesthat the DG uses conjunctive encoding of visual objects
and sptial information to provide conspicuous spatial representafidunasaker et al., ZI¥).
According to this hypothesis, one of the main memory processing roles of the hippocampus is to

differentiate similar spatial events from each other. This processiigkfe as pattern separation
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of episodic information, whereby similar spatial events are disambiguated and possible
interference is reducg&esner, 200).

The model proposed by Rolls statea 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 suget of DG granule cells. The mossy fibers are essential during learning and influence
the firing of CA3 neurons according to their distributi@olls, 199¢. The granule cells in the
DG are thought to act as a competitive learning network with reduced redundancy and sparse
orthogonal outputto 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 savh@yramidal CA3 neurons, making it likely that these
terminals are very efficient in triggering activation of CA3 cells. On the other hand, projections
from layer 1l 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 potefRalts, 1996.

Another important characteristic of the DG that likely promotes pattern separation is that
the frequency of gmule 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 meifdomes and
McNaughton, 1998 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 addites the other population, the chances of overlapping

activation of Q3 pyramidal cells will be low, thereforgimilar, but different contexts can be
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discriminated. Considering all of these characteristics, disruption of DG function should lead to
spatid 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 img&iesder, 200y

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 hippocampmbcking Lesions produced by colchicine, an anti
microtubule polymerization drug that induces ssepecific DG lesiongspecfically kills granule
neurons, but also toxic for CA1 and CA3 causing some levels of cell deathg deleterious
effects on memory in the radial arm maze and the passive avoidand®\task et al., 1986
Tilson et al., 198) In the case of the water maze, g@mispecific deletion of the DG with
colchicine produced a dramatic performance deficit in taeesvmazgSutherland et al., 1983
and in a spatial reference memory tédknry et al., 1989%avier et al., 1999

Jeltsch and colleagu€2001) also report memory disruption after DG lesions. In a versf
the radial arm maze without a spatial component, the colchictheed disruption in
performance was dos#ependent and attributed to collateral damage of CA1 pyramidal neurons
and mossy cells. However, in a version of the maze with a spatial cempahe 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 mem@tgntion, but when they received a CA3 lesion, they
showed no disruptio(Lee and Kesner, 2004a

After these findinggwo questions remained: (1) Is pattern separation dependnon the

DG or it is dependent on both the DG and CA3? (2) Is pattern separation dependent on differences

27



Alonso MarfnezCanabal 2013

in topological distributions or metric differences? To answer the latter question, PD2@9t
developed the chess board maze tottesability 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 Ke&0d@ 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 ofjebes ob
(GoodrichHunsaker et al., 2005These studies suggest that there is a subregional division of
functionality within the hippocampus. Specifically, the CA1l encodes information on object

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

1.3.3 Relationship ofthe dentate gyrus with the CA3

The primary axpal target of the DG is the CA3h&refore 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 patterasafiocated, then orthogonakheparated ensembles of CA3
cells should be activated in response to similar spatial patterns. I8 showed that the CA3
layer displayed orthogonal ensembdésctivated 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.similar study showed that the CA3 differentiates between
two envionments with distinct firing rates, whereas CA1l place cells mairdgamparable
responses to the two environme(lteutgeb et al., 2004 Visualizing the immediate early gene
arc as a marker of neural activation with compartmentalized fluorescesitu hybridization
(catFISH), the response of CA1l place cells to similar environnwm@dapped, but there was
almost no overlap in the CABGuzowski et al., 2001 Computationally, each different

environment ould be represented as a different chart, and if those charts are sufficiently
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orthogonal, they could operate independe(fiyinger 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 caillg @glain the strong

dynamism and flexibility of the syste(@erasti and Treves, 20110

1.3.4 Encoding, retention, or retrieval?

A controversial question is whether the pattern separation processimgvttie 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 ffecamemory retrievalLee 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 vas 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 retrievdlerman et al., 2006

Similarly, in the water maze, transection of the mossy fibers resulted in impairments in
encoding but not retrievdlassalle et al., 2000It is important to clarifythat there are memory
tasks in which th®G and CA3 have dissociated functionalities. Animals with lesions of the DG
were able to learn a plageeference task and an odour place task, but animals with lesions of the
CAZ3 failed to perform either task, indicating that the CA3 but not the DGrisadly involved in
associative learnin{Gilbert and Kesner, 2003However, as previously mentioned, DG lesions
effectively disrupt water maze learniffgutherland et al., 198Blanry et al., 1989 assalle et al.,

2000).
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1.35 Ele(_:trophysiological evidence of dentate gyrus participation in spatial
navigation.

Since its di s c owvtermpotemtiationt(UTR), odldhd térid enhandermemtg
of evoked excitatgr postsynaptic potentiald.omo, 1971b a), has been regarded as an ideal
candidate for the physiological substrate of hippocampal memory formation. Thegfofdi TP
in the DG after stimulation of the perforant pathway in anesthetised rabbits strongly suggested that
LTP is a phenomenon that occumsvivoin 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 suggestedtite be
physiological phenomenon responsible for creating associative menfoeies 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 dysfunctioheirDG and spatial
memory deficits. Knockout mice that lack the tyrosine kinase receptor "Fyn" showed disruptions
in LTP formation without alterations in synaptic transmission or sieonh 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 higguency 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 altéf@nt et al., 1992 However,

Morris and colleagues failed to replicate these resultslirfg no correlation between LTP
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induction and spatial learning deficits but rather a small positive correlation between LTP and
memory retrieva(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 poarignmory tasks as do young rats with
hippocampus lesions. Aged animals with impaired memory also show rapid decay of LTP and
structurally defective axdendritic connections in the third layer of the molecular DG, suggesting
defective connectivity betweehd perforant pathway and the [ ToledeMorrell et al., 19838
Other evidence suggesting a relationship between LTP in the DGpatidl dearning is the
observation that after water maze learning, there is a transient increase in glutamate release around
perforant pathwaypG synapses, similar to that observed after LTP induction in anesthetised rats

and hippocampal slicgRichterLevin et al., 199h

1.3.6 Immediate early gene expression in the dentate gyrus

A major advance in the study of memory is the observation thattésnmg memory storage
requires the synthesis of new proteins, particularly proteins that work as transcription factors and
can regulate the expression of structural or synaptic proteing &faimese proteins are expressed
only after neuron activation. Thesecalled 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 massivdaase of glutamate and, as a consequence, general activation of the
DG. The IEG eFos is expressed in a large percentage of DG cells during s€iRuagsinow and
Robertson, 1987d&, Morgan et al.1987 Kee et al., 2007aln another experiment, the mRNA of
Fos as well as other IEGké Zif-268 and Jun was observed in DG cells after HfiigQuency
stimulation aimed to elicit LTRCole et al., 198P Contrarily, other evidencsuggests that the
activation of IEGs is not correlated with lotgrm enhancement of excitatory postsynaptic
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potentials, and therefore this gene expression could be either not necessary or even opposed to this
enhancemer(Schreiber et al., 1991

In awake rats, LTP induction enhanced the expression of Jun-&od n the DG;
conversely, blockade of LTP by NMDA receptor antagonists impaire@tpeession of these
IEGs. Consistent with these results, other groups report that different types of stimulation have
different effects on IEG expression, with fast expression oR&# and slower but consistent
expression of Fos and J@pemmer et al., 1993Vorley et al., 1993Steward et al., 2007An
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 fagtaagahan et al., 1997In 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 (Sséward 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 bearalgpecif
observed in CAl. To determine whether the expression of IEGs corresponds to learning or just
Apl acingodo, the septum of mice was removed, t h
not with locatiorfiring. In this situation, no Arc expressi was observed in the CAL, therefore
the authors concluded that Arc expression corresponds only to spatial lddiiaghita et al.,

2009).

1.3.7 Summary

Behavioural evidence suggests that DG lesions impair spasihiects 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 sparsenersd aeparation 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
computatioal 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 Structureandc el | ul ar function of transforming gro

Transforming growth factorbeta ( TGFb 1) was first detected ir
to its presence in transformed fibroblagte Larco and Todaro, 19¥&oon after its discovery,
the protein was observed to have at least three subtypes and a variety of tertiary alternative
strudures and to exist ihomologues or ms t hroughout the ani mal K i

involved in development and immune system regulation.

141 TGFb1l structure, family, and evolution
1.4.1.1 TGFdl history

In 1978, sarcoma virudgransformed mouse fibroblasts were found to etecpolypeptide
growth factorsThese 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 70002,000, 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, 19¥8n further studies, these growth factors were named
transforming growth factors, and two wéres ol at e d: TGFU and TGFbh. D ¢
the two gowth factors are not homologuasd do not shareacommorr i gi n. Only TGFU
bindsto the EGF receptdiRoberts et al., 1980 odaro et al., 1980rodaro et al., 1981Roberts

et al., 1982Lei and Rao, 1992

1.4.1.2 TGHL1 structure
TGFb1l proteins belong to a diverse family wt

a similarbiosyntheticpathway. These proteins are secreted as mature peptides that form hetero
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or monadimers. The synthesis of each monomer starts withrge|prepro-protein that, after

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

terminal fragment that will be secreted after its bonding to another monomer, forming either a
monadimer or leteredimer viadisulphide binddetween 7 to 9 cysteine residussd references

in (Herpinetal.,200p . Al |l f amil y hmevmeb ear sc oafmoThGRFEKMInser ved
bsheets that t oget KOmopin etaalmd992ScHrinegger @t alf, 1992 e r s

Schlunegger and Grutter, 1992

Figure 1. TGFb1l protein.

Threedi mensi onal structure representation of TG
singlend Beki hsheets (Taken fr om(Hintketalf,r ee sou
1996.

1.4.1. 3 TGFb1l superfamily
TGFb1l belongs to a s updspoffmambers iy all arinaltspecies.c | u d e
Fortyf i ve TGFb1l rel ated proteins have been found

in all vertebrates and a number of i nvertebr at
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family located in thelecapentaplegic locus Brosophila,which shows significant homology with
vertebrate member qPadgétt ettah,d93T GFlbils faung g egst s t ha
superfamily has a very early ancestor in evolution and a widespread occurrence of signalling
factors in practically all metazoans, frguoriphera (Suga et al., 199%ndnematodaLin and
Wang, 1992to large mammaléDerynck et al., 1986

The growth factors that belong to the TGFD
that have consistent, conserved functions in development and immunoregulation in both
invertebrates and vertebratdde first group is the decapentapleyigl related (DVR) family
that includes invertebrate BMPs (bone morphogenetic proteins), which are known for their
involvement in bone formation and enlargem@Mang et al., 1988Wozney et al., 1988 In
mammals, more than 15 members of this family have been described, with all of them strongly
involved in developmer{Hogan, 199k 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 tis@dePherroret 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 dl@fing, 1987. As all other
menbers of the TGFb1l superfamily, activin and
regulation over cell growth, differentiation, and deg@ihcDowell and Gurdon, 19991t is
important to note that these two proteins are not encoded by different genes. Rather, they are
encoded by the inhibingene, with diffeent home or heteredimers resulting in different types
of functional activins and inhibins. Homologous proteins have also been found in invertebrates

and studied ibrosophila(Kutty et al., 1998
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TGFb1l protein subf a-sprebdymultifienctibnel fastorsaSome oivthed e | y
mostwelk nown r ol es of TGFDb1 a(KireelnarapdKirshnerd9B7 of de
tissue repair and remodellingRoberts et al., 1986 hematopoiesigOhta et al., 1987 and
immunosuppression and amiflammation(Gamble and Vadas, 1988 Fi ve i sof or ms ¢
have been characterized in vertebrates: TGFbD1,
and TGFb4 andreTo@dimbirdfChohet at.,i1998and amphibianéKondaiah et
al., 2000 A TGFb1l gene iwfislsfromthaSalmodidgadaonilyi(Harelie et al.,

199. All TGFb1l genes are homol ogous proteins t

duplication in older vertebratéklerpin et al., 2004

142 TGFb1l signalling pathway
1421 TGFb1l receptors

TGFbl receptors are widespread serine/threonine kinase transmembrane receptors
(Mathews and Vale, 1991These receptors are divided into two subcategories, | and Il, that are
not related; both subcategories have actidariviP , a n decept@dHerpin et al., 2004
Another subcategory of receptors, the betaglycan type Il receptors, does ndhthase
signalling functionsbut regulates the binding of ligands to active recegtneifetz et al., 1987
Both subtypes of active receptors are fotimughout evolutionThese receptors have a high
degree of sequence conservation from arthropods and molluscs to higher ordeatesi(ielor
Dijke et al., 1993Arora et al., 1995Letsou et al., 1999Marques 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 (adikeérreceptor type
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), ALK2, BMP RTLH RITIb Rleceamt or s, and -$receygorsi nv er t

(Georgi et al., 1990

1422 Transduction effectors of the TGFD1

1.4.2.2.1 SMAD transduction pathway

Transduction effectors of the TGFb1l family
originally calledmadin Drosophilaandsma in C. elegans(Raftery et al., 1995Savage et al.,
1996, before the becomlenown as SMAD. After the discovery of this family of transductors, 8
homologues were detected in mamn{@saff et al., 1996Hoodless et al., 1996iu et al., 1998.
SMADs are the main intracellular C odudacen e n t 0
receptos phosphorylateegulatory SMADs (RSMADSs) after nuclear translocation these proteins
becomeinvolved in gene transcription. SMAD1, SMAD5 and SM&re responsive to BMP,
and SMAD2 anSMAD3 ar e responsive to TGFb1l receptors
is the commospartner SMAD (ceSMAD), as SMAD4. CoSMAD dimerize with RSMADS
before nuclear translocation and work together as transcription factor. The last typleeare
inhibitory SMADS (FSMADs), which are SMADG6 and {Shi and Massague, 2003-SMADs
dimerize withR-SMADS inhibiting the activatiorand nuclear translocation of these proteins
SMADs can be found in either the cytoplasm or the nucleus, althot§MADS tend 0 be
localized in the cytoplasm more than-8SMADS, and {ISMADS are more homogenously
distributed(Pierreux et al., 20Q@Watanabe et al., 20R0

Once a TGFb1l receptor i's activated, SMAD
nucleus This happens througimactive exporprocesshat isregulated by a nucleoporin complex.
When RSMADS are dephosphorylated, they return to the cytoplasm where they are

phosphorylated again if the receptor is still active. Pathway termination is mdalydt&MADS,
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themost studied of which is SMADThe FSMADs form dimers with RSMADs and label them
for polyubiquitination by the protein Arkadia, an -EBiquitin ligase(Koinuma et al., 2003

Miyazono and Koinuma, 20} leading them to degradation

@ TGFp

Receptor

Receptor

ype2 \

)

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 ocirJ his process ends

with the activation of anSMAD, which forms a heterodimer with aSMAD. (3) The

activated complex is shuttled to the nucleus where it activates or represses gene expression. (4)
The complex is eventually desphosphorylated anane to the cytoplasm, where the cycle

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

1.4.3.2.2 Other signalling pathways

I n addition to the SMAD signalling pathway
receptors can activate also other signalling pathways including®RRK (Mu et al., 2012and
the FAS eJun Nterminal kinases (JNK) dependent proapoptotic protein Besghciated protein

6 (DAXX) (Perlmanetal, 2001 Bi ndi ng of TGFb1l induces the f
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heterodi mer with the TibRlaangdr dbiRhé¢ kiemsapeé or e

mostly a threonine/serine kinase recepidre relative abundance of these receptors in any tissue

determines the degree to which the SWAMBD pat hw

pat hway ((Chinaet all,ARY)alT)G F @mdtivation of the ERK pathway results in the

activation of p38MAPK as TbRs aoadyuvatesgdne bi t e d

transcription within the AP1 complex. This pathwayregulates expression of p53, which leads

to apoptotic cell death in epitl@l or liver tissugZhang et al., 2006 ERK kinase is also activated

by t he TathwhylactivatehRI3& and the mammalian target of rapamycin (mTOR). This

pathway strongly affects proliferation and apoptdsamouille and Deynck, 2007 2011) and is

known to be active i(Anetae,2®pnse to ADb depositi
DAXX is a transduction protein commonly activated by the Fas receptor. adti@ation

DAXX activates the JNK pathway leading to cell deéttang et al., 1997 However, more

recently it was discovered that TGFb1l can al s

JNK pathway, which enhances transcription of p53 and triggmoptosigPeriman et al., 2001

This mechanism is best characterized as partof th¢ amtmor al characteri stic

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

part of the inflammatory response. However, in chronicrogegerative 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 ampoptotic process controlled by $@-like kinase 1 (MST1), an apoptotic

transcription factofYun et al., 2011 This mechanism could represent an alternative way in which

TGFb1l protects against neurodegenerati on, b uf

necessary.
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143 Basi ¢c biological effects of TGFD1

1.4.3.1 TGFb1l | igands regul ate cell

TGFb1l regul ate the cell cycle through acti
these actions could be related to the regulation of the cyclin protein fy&skiOja and Moses,
1987. Some cyclindependat kinases (CDKs) have been identified as targets of SMAD
transcription. An example ip21Cipl, a small peptide that¢sponds in stromal cell culture to
addi ti on thé mediady bidding and inhibiting CDKSs, thereby preventing them from
triggering cell proliferationZhou et al., 2008 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 stimulati:
(Seoane et al., 20D4A similar peptide, cyclirfE-dependenp15Ink4B, whichinhibits CDK4/§ is
known to be responsive to SMAD transcription
This transcription |l eads to cell cycle arrest
However, this also requires the presence of othadjuvans likeInk4 Cdk inhibitor and Cip/Kip

(Reynisdottir et al., 1995

1432 Inol vement of TGFb1l family members ir

Contrasting with the strong body of evidence relathdgsFb1 t o devel op me
immunity, there are very few studies relating it to behaviSarme st udi es suggest
superfamily members could be involved in cognitive functions in both invertebrates and mammals.

The first of these studies reported that wiAgatysia californicawas treatedvith recombinant

TGFb1l i n -pedat gapliaexaitatary postsynaptic potentials elicited from sensory
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neurons increased, therefore facilitating the elicitation of thengfiidrawal reflex. This effect
was found to be ecdependent on serotonergic transmiss{@mang et al., 1997 Further
examination of this effect -reguatec thd disttibuttordf a t TGF
synapsin congregating in the dendritic processes of sensory neurons, apparently facilitating
synaptic transmissior{Chin et al., 2002 Another phenomenon associated with synaptic
facilitation was the outgrowing of dendritic
motor cells(Wainwright et al., 2001 Similar e fhave odt beenoobservedsik b 1
ma mmal s, although one study reports that the
resulted in a minor increase iRa#atory postsynaptic currents. This mild effecassociated with
CREB phosphorylatiofiFukushima et al., 200./Recent data, also suggest that through p38MAPK
activation, TGFbl can |l ead to CREB phosphoryl :
protein in memory regulation, this data open the door to future pursuits dirélee influence of
TGFbs in behaviour regulation. However, this
the same mechanism applies in the bfaang et al., 201 Huang et al., 2012

Compared ta' G F badtivin is a stronger candidate for regulating behaviour. It has been
proposed that this endocrinactor may facilitate memory and exert other behavioural effects in
mammals. Activin mRNA increases after LTP induction in neuémskuchi et al., 1996 and
this is followed by increases in the number of synaptic contacts and the dimensions of dendritic
spines(ShojirKasaiet al., 2007. This finding suggests that activin may modulate behavior by
facilitating the maintenance of loigrm memories. This hypothesis is supported by a study

showing that activin antagonists disrupt léegn memoryAgeta et al., 2010
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15TGFb1l in the diseased brain

TGFb1l is present in the human br(aindnolmesal.,we | |
1992. Homologous proteins are also present in invertebrate aniBwatsand Law, 1994Chin et al.,
1999h Herpinetal.,2000 TGFb1l i s secreted by neurcaltyses and ¢
(da Cunha and Vitkovic, 1992efebvre et al., 1992 The si gnal | i nogT GRfbfle ct o
receptors and the family of the cytoplasmicnsiling proteins SMAD8 are also found in the brain
(Lin et al., 200%h Similar to many cytokines, TGFb1l is r

of TGFb1 i n cogni temansalargety unknewna vi our

151 TGFb1 a-sflammatory fadtar in the human and rodent brain

Under basal conditions, TGFDb1l in the mouse
failed to detect it usingn situhybridization(Wilcox and Derynck, 1988However, it has been cloned
from the rat hippocampu®Nichols and Finch, 1991where it is dowsregulated by treatment with
the antiinflammatory agent corticosterone. It has also been reported that after a cortical lesion, there
i's significant i ncr eas & surrounding & scaa, mostiynproducetl by T G F E
macrophages and ta@ated microglia, although certaimmounts are also produced by astrocytes

(Lindholm et al., 199p

1511TGFb1l as microgl i al regul ator .

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

development of several e gener ati ve di seases, and TGFb1l pl
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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 impoktaimt the
pathology of several diseases, including Parkinson's digB&geAlzheimer's diseas@AD), prion
diseaseqTSEs) multiple sclerosigMS), amyotrophic lateral scleros(®\LS), and Hunting
disease(HD). The inflammatory process isediated by active microglia, which are cells of
hematologic originbut residents of braiparenchymaThese cells usually respond to tissue damage
and remove damaged or dead cells by phagocytosis. The chronic activation of microglia may be a
major case of neuronal damage through the release einfl@mmatory cytokines, reactive oxygen
species, proteinases, and complement proteins. Therefore, regulation of microglia activation is
considered an important strategy of neurodegenerative disease ttizinapy et al., 2007

Several authorshavee port ed that TGFb1l is an i mportant
general consensus is that TGFDb1 ainvit®andisvivan i nh
as opposed to tumor necrosi s f aolanpstimuldtiof facoF U)
(GM-CSF)von Zahn et al., 19971t is suggested that the molecular mechanism of this inactivation is
inhibition of the transcription factor class Il transactivator (CIITA), which is a key factor in the antigen
presentdabn process that leads to microglial activation and phagocytic acfMailer et al., 1998
O'Keefe et al.,, 1999 Ot her wor k shows that TGFb1l also r
conplex | (MHC I) in microglia(Milner and Campbell, 2003

The process by whi ch T GF b 1s by ndbwnregulatisn ofni cr o
cyclooxygenase2 (COX-2). COX-2 is an inducible inflammatory enzyme theta common target of
nonsteroidal antinflammatory drugs (NSAIDs) (e.g., aspirin). This protein stimulates oxidatory
burst and apoptosis by prostaglandin secretion.eSoftammatory cytokines like Interleukih(ll-1)

andinterferon gammalEN-2) activate the expression of CGXin microglia, leading these cells to
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reach an active state. Al t houg h2axgressiosdirectytit c | e ¢
does interfere with the ability of inflammatory cytokines to promote €O®xpression. Tk
phenomenon is believed to be caused by the TGF|
expressiorn(Basu et al., 200ZHerreraMolina and von Bernhardi, 20D5Another process by which
TGFb1l can bl ock mi cregalagionioftheaxptession of iptegiins, which are
molecules fundamental for the signalling and adhesaguired by microglia cells to become active
and display their ameboiike morphology(Milner and Campbell, 2003

TGFb1l induces apoptosis of mi c-mduget apaptosisasial s .
processndependent of the members of the BEEamily. It is also proposed that a family of caspase
inhibitors, the rat inhibiteof-apoptosis proteil (RIAP-1) and RIAR3 , are inhibited
signalling, therefore causing microglial de@ttiao et al., 1997Jung et al., 2003Other data confirm
an influence of TGFb1l on microglia but report

microglial cells in cultur€Kim et al., 2004.

1512TGFb1l role in astrogliosis.

Astrocytes respondotdifferent forms of CNSinsylt i ncl udi ng i ncrease of
a process known as astrogliosis. During astrogliosis, glial cells grow in size, project numerous new
processes, and become reactive to inflammatory insult. Subktprigress has been made in
determining the functions and mechanisms of astrogliosis and identifying the roles of astrocytes in
CNS pathology. Reactive astrogliosis is not aroathothing phenomenon, but can be observed along
a gradient of changes thataur in a contextlependent mannésSofroniew, 2009 These changes
vary from alterations in gene expression to cell hypertragiy longlasting scar formation with

rearrangement of tissue structy8ofroniew, 2009Sofroniew and Vintels
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A key indicator of astrocyte activation is the increase in esgipea and accumulation of the
intermediate filament glial fibrillary acidic protein (GFAEofroniew and Vinters, 20)0Treatment
of astrocytesin vitrowi t h TGFb1l has been shown to produc
significanty increase GFAP mRNA and protein levelReilly et al., 1998 Furthermore|t is
suggested that youngung on s , mostly during the embryonic p
that induces GFAP expression in astrocytes through the signalling pattggerdéd by their own
membranel GFfR1 | . T GF b 1ansasrecytevouleaditorbégylatehe expressionfdGFAP.

Neurons at different developmental stages and from different regions can exert dissimilar effects on
the expession of GFAP in astrocytesorf example, cultures from neocortical origin armre
susceptible o0 expressi ng GF ARde Bampaioe Spolu et al.e2082osa Vd&ét b 1
al., 200J.

Anot her effect of TGFb1l on astr oc ydulireswiths an |
neurongBrown, 1999. It has been suggested that wunaer tF
their capability of metabolizing gtamate and therefore inducec#atoxicity in neurons. This effect
was demonstrated by effectively blocking cell death with the use of NMDA receptor antagonists. On
the other hand, in eoulture with the neural cell line G¥4, astrocytes mediate neuron survival
through a process demant on AP1 and eJun kinas¢Dhandapani et al., 20D3

TGFb1l blocks neuronal cel | deat h by yafthpr oces
relationship between TGFbl and astrocytes duri
induce the serpin family member plasminogen activator inhibitor-®APAI-1 is only secreted by
astrocytegDocagne et al., 199@nd can stop apoptotcell death in the surrounding neurons through

an inhibitory interaction with the tissue plasminogen activat®A}, the trigger for a proteolytic
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cascade that precedes apoptotic cell death in the hippocéWipog et al., 1998 This system, known

as the PAIL/tPA axis, is medically relevaas it preventthe damage caused by str¢iksirka, 1997.

152 TGFb1l expression and function in neurodeg:¢

For approximately two decades, It has been
human neurodegenerative disease and animal disease models. The expression and possible relevance
of TGFb1l has been descri bed f oes, fromacue dseasaesiiken n e
stroke to chronic disease liRD, ALS, MS, HD, AD, and TSEEven congenital diseases like Down

syndromgDS)i nvol ve regul ation of TGFb1l.

1521TGFb1 in multiple sclerosis

TGFb1l is known to be a is@p),athmyplthesekaot naturemfitanu | t
participation is not well understood. MS is a neurodegenerative disease with an etiology entirely
related to I mmune system regulation and, there
thisbranpa hol ogy. The most commonly described rol e
in immune system regulation, and it has been widely considered ainflamtimatory cytokine. Its
receptors are commonly found in most cells of the immune system, and sewatale functions
have been directl y r @MirshdfieydndtMohsemzédedad, 200k PR els si o
signalling is involved in the inhibition of cytolytic processes @nzkll differentiationand 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 ffole r T GF b MS odsetr Ais prgviously
di scussed, TGFb1l rnd gctivatiort eF snacrpphagésj rmiceoglia,tandoTncells

However, these cells importaftr ol i godendr o c vy & precéss depeaderit gnavthi o n
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factor secretion. There is evidence that the s
this procesgDiemel et al., 2008 Some work has been done with a mouse model of MS known as
experimental allergic encephalit{€§AE). Treatment with an ari GF b1 anti body agg
seerity of the disease in these mice, dJohs trea
et al., 1991Racke et al., 1991

On the other hand, it h&en reported that G FLbn theCNS may be critical in promotini1S
andEAE. T G FLfand its receptors are expresse@MS inflammatory lesions oMS patients and in
various animal models of the disease, which suggests a role for this cytokinklfd disease process.
The recent identification of G FlLbas a crucial factor for the differentiation of TH17, laR17-
producing T cell subsetthat is believed to be autoreactive and disgaeenoting, suggests a

pathogenic role of G FLbn EAE (Luo et al., 2007Xiao et al., 200Y.

1522TGFb1l in amyotrophic | ateral sclerosis

TGFb1l also is present in the devel opment of
lateral sclerosis (ALS) is a disease characterized by degenespiivadcord motor neurons and their
associated white matter and motor cortex. There seems to be a direct relationship between the
progression of ALS and | dgHoeiétal, 2000 THe@Edsuremenhof p a t |
TGFb1l in patients with different degrees of d
bet ween the stage fidrs(Katbueoetlal.,28hse and TGFbH1

Ot her groups have reported the same <correl a
cerebrospinal fluid (CSHjllzecka et al., 2002Hensley et al., 2003 Furthermore, high levels of
TGFb1l were found i h(SGDl)merxprassingeniced inaehaf ALS.3nehis
mouse model , h i grdtein Werevaésd fsundarf the Spiah & boitbnsley et al., 2003

Despite this body of @bSiretnains elasive. Duhing the pydgressianfof T GF
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the disease, severe inflammation occurs in response todhlsive death of nervotissue;therefore,
the overe x pressi on of TGF b 1 regponeel ld AUS eanouae niodelmeeadss t at |

astrogliosis, and this coul d a(Denseldetal.rl@dbat ed t

1523TGFbh Parkinsonds di sease

Parkinsonbés disease (PD) I's a chronic neurod
massive death of dopaminergic neurons of the nigrostriatal pathway, which compromises fine
voluntary movement s pamhdkdictstliatal regiores hsewelbas thel CSF of PRI o
patients compared to normal individuéiidogi et al., 1994Mogi et al., 1995 In the case of PD, it is
possible that TGFbl exacerbates the neurodegen
treated with imethyt4-phenytl,2,3,6tetrahydreyridine (MPTP), the neurodegeneration process
increases, and the same happens when it issoy@essed with a viral vector in the midbrain of healthy
mi ce, suggesting that TGFb1l dSamheapelaetalj20Q8 f ac't
Conversely, other members of th&Fb1 family have been found to be protective and drug targets

for PD treat men tT,GFRHflinethal, 8993 Tan@ad-eh &., 1996 d

1524TGFbl i n Al zhei mer 6s di sease.

One of the most studied roles of TGFDb1l is in
in the disease is widely accepted, its specific role remains elusive. When compared to normal brains,
TGFb1l mMRNA wa-<old in D pateatdmids g@mor t e m, and | evel s o
strongly correlated with the degree of cerebral amyloid angiopathy (QA®gsCoray et al., 1997
Theauhor s of this study concluded that TGFDbD1 may
was found that the CSF of AD patients contains

individuals (114 vs. 83 pg/m(Zetterberg et al., 2004This finding in humans is consistent with the
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observation that amyloid deposition in human amyloid precursor protein (hAPRquessing mice

i nduces TGFb1l secr et i(ApeltandrSchhebst 200Alsy, soene researcthersn e u r
have suggested a possible polymorphism in TGFDb
resuls of these studies were either negafdearia-Goumidi et al., 2002Hamaguchi et al., 2005r

inconclusive(Luedecking et al., 2000

1525TGFb1l in prion disease

TSE is caused by transmisk misfolded proteinsapableto selfreplicate.Misfolded proteins
resultin cell death, whictcauseshe spongiform encephalopathy T G F b-reguliated duripg prion
disease, and some scientists consider this cytokine to be potentially responsible for the pathology of
this diseaséStoeck et al., 2006 Prion disease became well known in the 1990s because of several
cases of fAmad cow di-Jakebaversoan of thadmseasetwhsdour@ toattack zowe | d
and humansThe disease is poorly understood and shows such a slow progressibistdifficult 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 absenof proinflammatory cytokines HL b  a R6d Instedd of the
interleukins, cytokines TNl a nd T G F fexbressaddt ismat kenown if these cytokines take
the lead role in the inflammation process or have animffdimmatory effec{Araria-Goumidi et al.,
2002. This has |l ed to the idea that TGFb1l coul d
symptoms of this disease. In faet, studysuwggestst h a t TGFb1l is responsib
deposition in Burons 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,
TGFb1l is a strong control |l er wlitpreséncmicooglib from act i

clearing the amyloid depositioiiBaker et al., 1999
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1526TGFb1 in Huntingtonds di sease

I n contrast to other neur ordeg@wlinetread iivre HIU rsteian
(HD). Both in symptomatianda s y mpt omati ¢ patients, thd&hebeevel s
reducedevels were also observed in mouse models of HD in both plasma and cortical neurons. When
astrocytes were cultured and transfected with the mutatetingtingene(HTT), they al® showed
reduced | evels of TGFb1 mRNA and protein. Toge
inhibited in this disease, likely by the same mutation that causes the disease. The most likely
consequence of t his odd fioGéfthe nebredbgenenativas processs t |

(Battaglia et a).

Tablel. TGFb1l and neurodegenerative di sease

Involvementof TGFb1l in neurodegenerative disea
Pathology TGFDb1l secretion
Multiple sclerosis ~ | Preventing microglia to destroy myelin; symptomatolc
y alleviation(Johns et al., 199Racke et al., 1991
Amyotrophic lateral sclerosis| § | Enhancement of &®gliosis(Deniselle et al., 1999
TGFb1l <could exacerbate s
MPTP onset of ParkinsonisiifBanchezCapelo et al.
Parkinsonés dj . 2003. TGFb1l family membe.t
prevention of nigrostriatal neurons apoptdsis et al.,
1993 Tomac et al., 1995
Al zhei mer 6s d| . |Increased CAA pathologyWyssCoray et al., 1997
y cl earance o {WyssGorag e al.p2001t
Prion disease ~ |l nactivation of mi crogl i g
y (Baker et al., 1999
Hunti ngtonos 5 Decreased bymutant Hintingtin expression, decrea
exacerbates symptomatolofBattaglia et al., 2010
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153 TGFb 1l a snearadeganerative factor.

There i s ample evidence that TGFb1 is regul
pathological conditions. A common characteristic of all neurodegenerative diseases is the high number
of dead neurons found in every case, albeit in different brgiane.Invitros t udi es s how t h:
regulates microglia activity, thereby preventing death of both astrocytes and neurons. It remains to be

determined whether this phenomenon also odows/o.

1531TGFb1l response to strokd and the proposed

1.5.3.1.1 Stroke

TGFb1 is secreted in the brain after acute
prevents neuronal death in a process mediated by astrocytes and the faetofpR&minogen
activator inhibitorl) (HenrichNoack et al., 199@uisson et al., 2003¥Kim and Lee, 2006 When
TGFb1l expressi on -ischemic mta wllowing e douklenvesseloosctusion, it was
f ound t h aRNA WaS Branfaticatly 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 posschemic rats, a strong neuroprotective effect in the hippocampus was observed.
Nonetheless a hi gher dose of T GHmiprbverhea{HdneckNoacketa.r o d u c
1996. It is also notable that the expression of
from activated microglia and macrophages, thus suggesting that the secretion could be relgailating t
immune reaction to some extdhehrmann et al., 1998

Whet her the regulation exerted by TGFb1l i n t
testedbyinjecig a TGFb1l antagonist (TGFbl receptor 11
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 reanlisusing the same antagonist, the
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researchers discovered that the apoptosis pre

associated excitotoxicity in cultured celRuocco et al., 1999In humais, certain polymorphisms of

TGFb1l were found to constitute aKimandlee, 208ct or f

After activation of the TGFbl signalling pathv
PAI-1, which inhibits the activity ofRA. When not inhibited;RA cleaves the NR1 subunit of NMDA

receptors, allowinga high current of calcium to enter the cell after glutamate stimulation and
triggering cell deatiBuisson et al., 2003

1.5.3.2 Role of PAF1

TGFb1 directly tr i g3hieaulturedcklle bytdowastream regulptionob n o
TGFb1l signall i ng c a$Wegedausen etalnORIAsIPAHL is annnhibitarc t or s

ofttPAi nduced apoptosi s, It i's a strong candidat
Figure6. Regulation of the PAL axis

Actually, TGFb ihvitpfrantN&DA-,AMPAe and kamitnduced apoptosis in a

mannetrthat is also dependent on RAbut only in the presence of astrocytes. When only neurons are
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