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ABSTRACT 

 

Mertikas, Georgios 2010. Protein levels of Brain-derived Neurotrophic Factor in the hippo-

campus of Low/High aerobic capacity rats. Department of Biology of Physical Activity, 

University of Jyväskylä. Master’s Thesis in Exercise Physiology. 75 pp. 

 

Hippocrates and Plato have first documented the connection between a healthy mind and 

body, during a period which launched analytical thinking and philosophy in Ancient Greece. 

Modern research has also indicated the contribution of an active lifestyle to enhanced brain 

performance and decreased incidence of neurodegenerative diseases and mood disorders 

such as Alzheimer’s disease and depression respectively. This has been hypothesized to 

emerge through mechanisms which are enhanced by exercise and contribute on brain plas-

ticity and health.  

 

The Neurotrophins hypothesis implicates several molecules in brain plasticity and healthy 

aging. Among them, Brain-derived Neurotrophic Factor (BDNF) has been shown to in-

crease its expression levels in the most plastic regions of the brain in an activity-dependent 

manner both in development and adulthood, proposing its significance throughout lifespan.  

 

We used Immunohistochemistry (IHC) to investigate the expression of BDNF protein le-

vels in the hippocampi of Low/High aerobic capacity rats which have proposed a model of 

sedentary and active lifestyle. Rats were also subjected to Rotarod motor learning test were 

the high capacity group showed increased baseline performance and faster learning than the 

low capacity one. IHC in the hippocampi of the animals didn’t detect any significant differ-

ences of BDNF protein levels in CA1 and CA3 areas. The failure to detect differences is 

believed to emerge due to the sedentary lifestyle in both groups, suggesting that genetic 

background may not determine the levels of the protein in sedentary conditions.  

 

Keywords: BDNF, hippocampus, synaptic plasticity, muscle activation, aerobic capacity, 

metabolic syndrome, neurodegenerative disorders, depression 
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1 INTRODUCTION 

 

Documentation of the beneficial effects of exercise on brain health has been available since 

5
th
 Century BC, when Plato and Hippocrates stated the importance of a physically active 

lifestyle on “mind” performance and health. 

 

In modern medicine the “mind” concept has been replaced from a set of processes carried 

out from the most complicated biological organ, the brain. Still far from revealing the exact 

mechanisms underlying brain functions, science has discovered and described numerous 

mechanisms related to them. The exponential advancing is characterized by the contribu-

tion of different sectors of science which develop methods enabling researchers to go dee-

per in the mysteries of life. 

 

Methods in molecular Biology have rapidly increased the quantity and quality of the expe-

rimental setups available in Exercise Physiology and other health-related sectors of science. 

Investigation of the relationship between physical activity and brain health, which is the 

main purpose of the present work, can be more effective than any time before given the 

advances in Neuroscience and the already available literature which suggests a huge contri-

bution of physical activity (PA) in brain plasticity and health.  

 

From the exercise physiology point of view, acute and long term exercise evokes adapta-

tions in several systems in both animals and human. The beneficial adaptations emerge 

through changes in mechanisms responsible for maintaining homeostasis and increase the 

possibilities of survival in a constantly changing environment. Exercise serves as a set of 

environmental stimuli which can potentially alter whole-body physiological properties.  

 

Additionally, the hunting-based life of our ancestors has maybe contributed to mechanisms 

bridging physical activation and brain performance due to the involvement of both systems 

in acquiring and utilizing of food, a vital process to ensure survival. Natural selection and 
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evolution have the potential of imprinting favorable genetic changes originating from adap-

tations evoked by environmental factors. 

   

Molecules and processes proposed to mediate the effects of physical activity on cognition 

and brain health will be discussed below with emphasis given on Brain-derived Neuro-

trophic Factor (BDNF), hippocampus functioning and skeletal muscle contraction.  

 

A model of high/low aerobic capacity rats, which resulted from selective breeding (for this 

trait) of animals originating from the same strain, has been used in the present study to in-

vestigate the learning differences in relationship with aerobic capacity. Previous studies on 

this model have shown the contribution of the genetic component in aerobic capacity as a 

complex but inherited trait, so the present study aims in investigating molecules that have 

been implicated to learning and memory and seem to be up regulated by exercise. 
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2 NEUROTROPHINS 

 

Neurotrophins (NTs) have emerged as candidate signaling molecules, mediating synaptic 

plasticity, supporting neuronal connectivity and protecting neurons from cell death (Lewin 

and Barde, 1996) . Their roles in Central Nervous System (CNS) and Peripheral Nervous 

System (PNS) have been well described compared to other trophic factors (Chao et al., 

2006) . The family consists of 5 structurally related proteins: Nerve Growth Factor (NGF), 

Brain-derived Neurotrophic Factor (BDNF), Neurotrophin-3 (NT-3) and Neurotrophin-4/5 

(NT-4/5), which share 50 % similar amino acid sequence. NTs exert their functions through 

2 classes of receptors. All NTs bind with low affinity (Kd≈10
-9

 M)
10

 to p75 receptor which 

belongs to the Tumor Necrosis Factor (TNF) super family of receptors and signals cell 

apoptosis (Lewin and Barde, 1996; McAllister et al., 1999). The beneficial effects of NTs 

binding occur due to their selective docking to the tyrosine kinase receptors (Trk) with high 

affinity (Kd≈10
-11

 M)
6
 . Even though they are selective (NGF for TrkA, BDNF and NT-4/5 

for TrkB and NT-3 for TrkC) they are not specific as for example NT-3 can bind to TrkA 

(but with lower affinity than to TrkC). (Pattarawarapan and Burgess, 2003) The phylogeny 

of NTs and Trk receptors suggest a parallel evolution of their sequence and is illustrated in 

figure 1.    
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FIGURE 1. Phylogenetic relationship of NTs and their receptors from jawless fish to vertebrates, 

(adapted from Hallböök, 1999) 

 

NTs are implicated to many biological functions in health and disease (Chao et al., 2006). 

Considering the 2 opposite pathways they can activate and the different tissues where they 

are expressed at, one can easily understand the complexity and possible combinations of 

functions that occur. 
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This dissertation focuses on the mRNA expression, protein level and localization of BDNF 

in the hippocampus and soleus muscle of rats. Therefore, other NTs will be briefly de-

scribed. Contrarily, they will be further discussed when interactions and/or relationships 

with BDNF are cited.  

 

2.1 Nerve Growth Factor 

 

The neurotrophic properties of NGF were first described by Rita-Levi Montalcini (Levi-

Montalcini and Hamburger, 1951) who was awarded with the Nobel Prize in Physiology or 

Medicine in 1986. Her group’s experiments in chick embryos were crucial for the continua-

tion and expanding of this sector of research, especially after the observations and further 

validation of the trophic effects of NGF in PNS. It was shown that NGF inhibits nerve ter-

minals’ death evoked pharmacologically in sympathetic ganglia of rodents treated with 6-

hydroxydopamine, a substance known to destroy nerve terminals. Similarly, blocking of 

axonal transport, which leads to death the large majority of sympathetic nerve cells during 

the most active phase of differentiation and growth, by vinblastine had no effect in rodents 

which were treated with NGF. Further experiments supported the notion that NGF pro-

motes the outgrowth and differentiation of sensory and sympathetic neurons leading to the 

expansion of the NT’s field of research. (Levi-Montalcini, 1987). 

 

After its discovery, NGF has been well studied for decades, and further evidence has oc-

curred about its beneficial effects in PNS as well as in CNS. NGF and its receptors are ex-

pressed in different neural and non-neural tissues during all phases of life (development, 

adulthood, aging), striking the importance of the molecule on health and disease (Huang 

and Reichardt, 2001; Sofroniew et al., 2001; Salehi et al., 2004). 
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2.2 Brain-derived Neurotrophic Factor 

 

BDNF followed the discovery of NGF and was purified from pig brain (Barde et al., 1982). 

The same group discovered that it promotes the survival of, and fibre outgrowth from, cul-

tured embryonic chick sensory neurons. As mentioned above, BDNF shares ~50% homolo-

gy with the other NTs. In this chapter, its structure will be further described as well as the 

molecular interactions with its high affinity receptor, TrkB. 

 

2.2.1 Molecular Structure 

 

As the rest of NTs, BDNF is first synthesized as precursor protein and then cleaved intra-

cellularly to yield the mature, biologically active form of the protein which consists of 118-

120 amino acids. The molecular weight of the mature form of BDNF is ~26 kDa, when the 

pre-protein’s weight ~30-35 kDa (McDonald et al., 1991; Lewin and Barde, 1996; Chao et 

al., 2006). As a pro-protein BDNF contains a signal peptide, sites for glycosylation and 

pairs of basic amino acids which are recognized by processing enzymes (Seidah et al., 

1996). Similarly to other NTs the pro region is implicated to folding, secreting and p75 

receptor binding, therefore having significant biological value (Lee et al., 2001; Lu, 2003; 

Teng et al., 2005; Bergami et al., 2008; Silhol et al., 2008; Nagappan et al., 2009; Yang et 

al., 2009). BDNF structure is presented in figure 2. 
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FIGURE 2. BDNF molecular structure. A. Protein domains and critical sites, B. Cleavage steps to 

mature protein (adapted from Leßmann and Brigadski, 2009) 

 

It is noteworthy that the pro region of all NTs has been conserved through vertebrates’ evo-

lution, proposing important biological functions of that domain. The higher identity be-

tween the pro region in zebrafish and human BDNF compared to the mature protein pro-

vides evidence supporting that evolutionary conservation (Chao and Bothwell, 2002). 

 

2.2.2 Pro region of BDNF 

 

The pro region of NTs has been implicated in many functions, including non-specific bind-

ing to p75 receptor as well as folding and secretion of the mature form of biologically ac-

tive BDNF (reviewed by Lu, 2003). Low frequency stimulation (LFS) has been shown to 

predominantly facilitate proBDNF secretion, while high frequency stimulation (HFS) facili-
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tated extracellular secretion of mature BDNF (mBDNF) (Nagappan et al., 2009). Other 

studies have indicated activation of apoptosis through activation of p75 receptor after 

proBDNF low affinity binding, which evoked retraction of developing neuromuscular syn-

apses (Yang et al., 2009) and activation of the same apoptotic pathway from mutant, clea-

vage-resistant proBDNF in cultured sympathetic neurons (Teng et al., 2005) . The differen-

tial binding of BDNF and proBDNF is illustrated in figure 3. 

 

 

FIGURE 3. ProBDNF vs mBDNF binding (Lu, 2003). 

 

 

 

Furthermore, there is evidence of variation in the expression of p75 receptor in different 

tissues, periods (development, adulthood and aging), and under pathological conditions 

(reviewed by Chen et al., 2009). Experimental designs are aiming in understanding the dif-

ferential expression of the receptor in relation to NTs binding to it. 
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2.2.3 BDNF-trkB molecular interactions 

 

NTs exert their beneficial for the cell cycle effects via activation of trK family receptors 

(McAllister et al., 1999; Huang and Reichardt, 2001; Hennigan et al., 2007; Jia et al., 2008; 

Leßmann and Brigadski, 2009) . Even though NTs’ binding with high affinity is selective it 

is not specific (Pattarawarapan and Burgess, 2003) . A schematic representation is given 

below (figure 4). 

 

 

 

FIGURE 4. Selectivity but non-specificity of NTs (adapted from Pattarawarapan and Burgess, 2003) 

 

The molecular pathway activated after BDNF-trkB binding has been well characterized 

from numerous studies. Below there is a description of the molecular events following trkB 

phosphorylation.  

 

 

All Trk receptors are homologous in sequence in accordance with that NTs are structurally 

50% similar as well. Their 3 dimensional structures are not exactly known but there are 

studies revealing the 5 sub domains which are localized outside the cell membrane. The 

intracellular domain encodes a tyrosine kinase active site. Activation of Trk results in the 

phosphorylation of the intracellular tyrosine residues that trigger downstream signaling 
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pathways that mediate neuron outgrowth, neuronal differentiation or survival. (Pattarawa-

rapan and Burgess, 2003)  

 

Factors that govern these specific cellular responses are not yet well understood. Neverthe-

less it has been shown that small-molecule ligands can selectively inhibit or promote one of 

these pathways (Pattarawarapan and Burgess, 2003) . Binding to TrkB results in dimeriza-

tion and autophosphorylation of the receptor and this leads to the activation of its tyrosine 

kinases. This creates docking sites for different adaptor proteins and signaling enzymes, 

setting in motion various parallel signal transduction cascades, with distinct functions. 

Phosphorylation of two tyrosine residues located outside the kinase activation domain of 

the Trk receptors mediates the interaction with Shc (Src homology 2-containing protein) 

and phospholipase C γ (PLCγ). Shc recruitment to the active Trk receptors is followed by 

phosphorylation of the adaptor protein, leading to the activation of the Ras/extracellular 

signal-regulated kinase (ERK) signaling pathway through recruitment of Grb2 and SOS. 

The Shc docking site on active Trk receptors may also allow binding of the adaptor protein 

fibroblast growth factor receptor substrate 2, which becomes phosphorylated on tyrosine 

residues, thus creating binding sites for the adaptor proteins Grb2 and Crk, the phosphatase 

SH-PTP2, the tyrosine kinase Src and the cyclin-dependent kinase substrate p13 suc 1. Crk 

binds and activates the exchange factor C3G, which in turn stimulates a small G protein, 

Rap-1, thereby activating the downstream kinase B-raf and the MEK/ERK signaling cas-

cade. Alternatively, CrkL can recruited to te activated Trk receptor through binding to the 

tyrosine-phosphorylated  ankyrin-rich membrane spanning domain (ARMS)/Kidins220, 

resulting in the activation of Rap1 through C3G. Activation of ERK influences transcrip-

tion events, such as the activation of cAMP-response element binding (CREB) transcription 

factor. Binding of Shc to the Trk receptor also activates the phosphatidylisnositol 3.kinase 

(PI3K) pathway, either by direct interaction of Ras with PI3K or through recruitment of the 

adaptor protei Cab1. Activation of PI3K changes the composition of inositol phospholipids 

in te inner leaflet of the plasma membrane, resulting in the translocation of PKB (also 

known as Akt) to the plasma membrane, where it is activated through phosphorylation by 

upstream kinases, including posphoinositide-dependent protein kinases 1 and 2 (possibly 

the rector-mTOR complex. Akt may change transcription activity, but may also induce rap-
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id and local changes in the proteome by regulating the translation machinery. This signaling 

pathway requires TrkB translocation to lipid rafts, possibly through a Fyn-depended me-

chanism. PLCγ hydrolyses phosphatidylinositol 4,5-bisphosphate, giving rise to diacylgly-

cerol, which activates protein kinase C (PKC), and inositol 1,4,5-trtriphosphate 

(Ins(1,4,5)P3, which releases Ca
2+ 

from intracellular stores. In cultures cerebellar granule 

cells, the BDNF-induced mobilization of intracellular Ca
2+ 

stores  acts together with diacyl-

glycerol generated by PLCγ in the activation of plasma membrane transient receptor poten-

tial canonical subfamily 3/6 (TRPC3/6) channels. The influx of Ca
+2 

through these channels 

contributes to ERK and CREB activation, increasing cell survival. Activation of this path-

way also plays a key role in synaptic plasticity. (Yamada and Nabeshima, 2003; Carvalho 

et al., 2008) 

 

2.2.4 Distinct signal transduction and intracellular pathways 

 

Following the identification of NTs and their high affinity receptors (trks), the intracellular 

pathways activated gained much experimental attention from several research groups. The 

use of PC12 cells (derived from a rat pheochromocytoma) as a model, boosted the identifi-

cation of distinct intracellular pathways promoted from extracellular binding of NTs. Below 

is some evidence of the differential intracellular signaling followed by trk receptors in both 

PC12 and primary neurons. (Reviewed by Klesse and Parada, 1999) 

  

While differentiation of PC12 cells occur as a result of NGF-trkA receptor binding and 

Ras/Raf cascade, constitutively expression of one of these has been shown to evoke diffe-

rentiation in the absence of NGF. On the other hand, expression of dominant interfering 

forms of these blocks neurite outgrowth which is associated with NGF-induced differentia-

tion. The above mentioned observations have pointed out the Ras/Raf mediated action of 

NGF. Different results were reported when the inhibition of Ras/Raf cascade using adeno-

viruses didn’t inhibit the action of NGF in terms of survival, proposing a different and dis-

tinct intracellular mechanism promoting survival than differentiation (Klesse et al., 1999). 

A schematic summarizing the mechanism mentioned above is presents in figure 4. 
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FIGURE 4. A distinct mechanism of differentiation and survival in PC12 cells (adapted from 

Klesse and Parada, 1999) 

 

The same group reviews evidence of survival promotion by microinjection of activated PI 3 

or its downstream effectors (Akt) in sympathetic neurons in the absence of NGF, while 

microinjections of dominant interfering forms of PI 3 and Akt inhibit survival in the pres-

ence of NGF. Taken together these data show the role of PI 3 activation in neuronal surviv-

al through activation of trk receptors for NTs. The main difference between PC12 and pri-

mary neurons seems to be that contrary to PC12 cells, neurons require the activation of both 

Ras/Raf and PI 3 cascade to survive. This notion is schematically represented in figure 5. 
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FIGURE 5. Schematic representation of the intracellular pathways activated after trk receptor’s 

phosphorylation. (Adapted from Klesse and Parada, 1999) 

 

2.3 Neurotrophin 3 (NT-3) 

 

The sequence homology between the 2 first characterized NTs, NGF and BDNF, was used 

to identify the 3
rd

 member of the family which was named NT-3. Its mRNA is present in 

different neuronal tissues and its biological functions distinguish it from the other NTs. 

(Maisonpierre et al., 1990). NT-3 activates TrkC receptor with high affinity but is also able 

to bind to TrkA, TrkB and p75 with lower affinity (Huang et al., 1999; McAllister et al., 

1999; Pattarawarapan and Burgess, 2003). Early studies on NT-3 have proposed its impli-

cation in neuromuscular synapse formation and its acute application at the developing Xe-

nopus neuromuscular synapses in culture has been shown to increase the frequency of exci-

tatory postsynaptic potentials (EPSPs) (Lohof et al., 1993). Besides the structural similarity 
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with BDNF, observations have proposed similar expression patterns of NT-3 in respect to 

developmental periods of life with peak expression of the protein and its receptors in early 

postnatal age (reviewed by McAllister et al., 1999)).   

 

2.4 Neurotrophin 4/5 (NT-4/5) 

 

The last identified member of the family has been shown to be expressed in the brain and 

peripheral tissues with skeletal muscle included (Barde, 1989; McAllister et al., 1999). It 

binds with high affinity to TrkB receptor and with low affinity to p75 (Patapoutian and 

Reichardt, 2001; Pattarawarapan and Burgess, 2003) Its mRNA expression doesn’t reach 

the levels of the other members of the family and is considers as the most divergent and 

least understood (Hallbook et al., 1991). Knock-out studies on NTs and their receptors have 

shown that in contrast with the rest members of the family, NT-4/5 is not crucial for the 

survival of the organism and mutations of its genes have resulted only in minor cellular 

deficits (Snider, 1994; Ibanez, 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 

 

3 LEARNING AND MEMORY 

 

BDNF has been characterized as a molecule implicated to learning and memory because of 

its expression in the adult brain (Bramham and Messaoudi, 2005; Chao et al., 2006; Bekin-

schtein et al., 2008; Gomez-Palacio-Schjetnan and Escobar, 2008; Kuipers and Bramham, 

2006), and its relation with Long Term Potentiation (LTP) (Lessmann et al., 2003; Morris 

et al., 2003; Lu and Martinowich, 2008; Lu et al., 2008a; Hennigan et al., 2009). Addition-

ally, BDNF has been shown to play critical roles in synaptic plasticity by regulating 

NMDA receptors and being expressed in glutamatergic neurons (Leßmann, 1998; Kerr et 

al., 1999; Hartmann et al., 2001; Yamada and Nabeshima, 2003; Lipsky and Marini, 2007;  

Carvalho et al., 2008; Crozier et al., 2008; Kuczewski et al., 2008; Madara and Levine, 

2008; Mattson, 2008; Bustos et al., 2009). 

 

3.1 BDNF role in Long Term Potentiation (LTP) 

 

The activity dependent secretion of BDNF has led many research groups to hypothesize its 

relation with long term memory. Verification of the hypothesis would require the involve-

ment of the BDNF in LTP, as a necessary process of long memory formation. 

 In vivo experiments have shown that local application of BDNF triggers LTP (BDNF-LTP) 

at medial perforant path-granule synapses, the induction of which requires MEK-ERK acti-

vation (Ying et al., 2002). Correlations of deficits in LTP with decreased BDNF expression 

and its receptor in the dentate gyrus suggest also the relation of the protein with LTP (Hen-

nigan et al., 2009). Besides the induction of LTP BDNF has been described as a regulatory 

molecule for the late phase of LTP (L-LTP), which is an essential process for formation of 

long term memory (LTM) and requires local protein synthesis (reviewed by Pang and Lu, 

2004). An illustration of BDNF activity in LTP is presented in figure 6. 
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FIGURE 6. Activity dependent secretion of BDNF from presynaptic site (red in a and c) and in the 

postsynaptic site (green in b and c) is believed to be necessary for induction and maintenance of 

LTP (adapted from Lu et al., 2008b) 

 

A recent review summarizes the most characteristic features of BDNF, which are relevant 

to memory processing and storage. Activity dependent secretion, the expression of the pro-

tein in the most plastic areas of the brain such as hippocampus, cerebellum and cerebral 

cortex, the beneficial (related to synaptic effects) molecular pathways activated by its bind-

ing to trkB receptor, the facilitation of glutamate release by BDNF administration, the in-

creased phosphorylation of NR1 and NR2B subunits of the NMDA-receptor complex, the 

BDNF evoked up-regulation of GluR1 AMPA receptor and expression and phosphorylation, 

increased expression of its receptor in the plasma membrane and regulation of its insertion 

after exposure of hippocampal neurons to BDNF, and the BDNF related modulation of pro-

tein synthesis by transcriptional and translational mechanisms. (Bekinschtein et al., 2008) . 
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3.2 Synaptic transmission and plasticity 

 

In line with the observations of the involvement of BDNF in late phase of LTP, indepen-

dent groups have given evidence of enhancement of synaptic transmission and plasticity 

which results in the formation of neuronal circuits (reviewed by Lu and Chow, 1999). 

Treatment with BDNF in slices of the ferret developing visual cortex has shown to increase 

the number, length and branching of basal dendrites more than other NTs (McAllister et al., 

1995) . The same group has shown strongly enhanced dendritic growth of layer 4 pyramidal 

neurons of ferrets after application of BDNF in cortical slices. Furthermore, BDNF treat-

ment increased the extent and complexity of both apical and basal dendrites, roughly doubl-

ing dendritic length and branching. BDNF also doubled the number of primary basal den-

drites, resulting in a “halo” of short dendrites and protospines protruding from the cell body. 

The slices were also treated with activity inhibitors (APV) in order to assess the 

growth/branching effect of BDNF in relation to electric activity. (McAllister et al., 1996). 

A reconstruction of the images of the 4 groups (untreated, inhibited, BDNF-treated and 

BDNF + inhibited are shown in figure 7. The results suggest the requirement of electric-

al/neuronal activity for BDNF-related neuronal growth. 

In another set of experiment the same group showed opposed effects of BDNF and NT-3 in 

layers 4 and 6 of developing visual cortex of ferrets. The effects of BDNF were in line with 

their previous observations. The complexity of dendritic branching was assessed in terms of 

Dendritic Modification Index (DMI) and is presented in figure 8.  
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FIGURE 7. Reconstruction of images of layer 4 neurons from untreated (a), APV-treated (b), 

BDNF-treated (c), and BDNF+APV-treated cortical slices (adapted from McAllister et al., 1996) 
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FIGURE 8. DMI after administration of exogenous of BDNF and NT-3. (Adapted from McAllister 

et al., 1997) 

 

Exogenous administration of BDNF almost doubled DMI while NT-3 had almost no effect 

Controversially, NT-3 enhanced branching and increased DMI in layer 6 Basal Dendrites 

while BDNF inhibited it.  

                                                   

The above mentioned observations suggest a differential role for neurotrophins in different 

cell population under different circumstances. BDNF and NT-3 evoked opposing results 

which were in layer 4 and 6. Possible explanation could be the competition of these 2 NTs 

for binding to TrkB receptor given in combination with the lower affinity binding of NT-3 

to the receptor, which could lead to opposing effects on dendritic branching due to reduced 

promotion of the plasticity-related pathway which is activated after BDNF-TrkB binding 

(McAllister et al., 1997). 
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4 ENVIRONMENTAL FACTORS AND BDNF 

 

The relationship between BDNF and environmental factors will be discussed in this chapter. 

Evidence on the up regulation of the protein due to Physical Activity (PA) and experiences 

in an Enriched Environment (EE) will be further discussed. 

 

4.1 BDNF and Physical Activity (PA) 

 

Many research groups have turned their research activities towards the investigation of the 

contribution of exercise and diet to brain health and plasticity. This “trend” seems reasona-

ble if someone considers the importance of energy availability and optimization in every 

cell. Given the inability of the neurons to store glucose, their main energy source, the im-

portance of its efficient delivery becomes evident for brain health and plasticity promotion. 

Literature on up regulation of plasticity-related molecules by exercise as well as energy 

metabolism promotion by an active lifestyle will be presented in this chapter. 

 

PA has been show to enhance learning in both animals and human studies (Fordyce and 

Wehner, 1993; Kramer et al., 1999; Mattson, 2000; Laurin et al., 2001; Mattson et al., 

2002). Additionally regular PA prevents age related cognition impairment and dementias in 

humans (Larson et al., 2006; Komulainen et al., 2008; Richter and Ruderman, 2009). 

Attention has been paid on the effects of exercise on molecular subsystems serving brain 

health and plasticity. Evidence of up regulation of specific neuroprotective and plasticity-

related molecules is provided below. 

 

4.1.1 Up regulation of BDNF through exercise 

 

Classic studies on the effects of Voluntary Exercise (VE) on the expression of BDNF have 

shown up regulation of the molecule and other plasticity-related proteins in hippocampus 

(Farmer et al., 2004; Kim et al., 2005; Ding et al., 2006b; Radom-Aizik et al., 2007; Go-
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mez-Pinilla et al., 2008) . VE has also been shown to enhance neurogenesis in the Dentate 

Gyrus (DG) of rats (Farmer et al., 2004; Pereira et al., 2007).  

 

4.1.2 Exercise and metabolic proteins in the hippocampus 

 

Energy management has a key role in the function of cell cycle as well as in the organism 

as a whole. Recent experiments have shown an up regulation of metabolic proteins in re-

sponse to increased energy expenditure. The molecules under investigation are described 

briefly below. 

 

1. AMP-activated kinase (AMPK) is activated in response to increased intracellular 

AMP/ATP ratio and therefore is use as an estimator of cellular energy availability 

(Fryer et al., 2002) 

2. ubiquitous Mitochondrial Creatine Kinase (uMtCK) synthesizes Phosphocreatine 

(PCr) from ATP in the intermembranous space of mitochondria and plays a pivotal 

role in supplying energy to neurons during the highly demanding processes of high-

er brain functions (Boero et al., 2003) 

3. Uncoupling Protein 2 (UCP-2) has been shown to modulate events related to energy 

supply and consumption which influence the substrates of neuroplasticity in the 

brain (Vaynman et al., 2006) 

4. Ghrelin is a hormone secreted from the stomach as a result of energy depletion re-

lated to reduced food intake and has been shown to enhance memory retention in 

rats after local injections in the hippocampus (Carlini et al., 2002; Carlini et al., 

2004)  

5. Insulin-like Growth Factor has been associated with energy metabolism and cogni-

tive function under homeostatic and challenging conditions. Additionally, insulin-

like growth factor (IGF-I) shares downstream pathways with BDNF after binding to 

its receptor and its expression is abundant in the hippocampus (Yamada et al., 1997; 

Roudabush et al., 2000).  
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One week of VE, which elevated performance in learning and memory tests, also induced 

the mRNA up regulation of BDNF and all above described proteins in the hippocampus of 

rats suggesting the contribution of exercise through energy management to learning and 

memory. Following the up regulation of the mRNA expression, the group blocked the ac-

tion of BDNF using a specific immunoadhesin chimera (TrkB-IgG) in order to determine 

how BDNF regulated these key factors during the exercise period. The up regulation of the 

molecules under investigation abolished after BDNF blockage, as well as the association 

between learning speed and the level of AMPK, uMtCK, IGF-I and ghrelin. (Gomez-Pinilla 

et al., 2008). 

Other proteomic studies have evaluated the effect of acute exercise on the expression pat-

tern and post-translational modification of multiple protein classes in the rat hippocampus. 

Increases of fructose-bisphosphate aldolase C, phosphoglycerate kinase 1, mitochondrial 

ATP synthase, uMtCK and glutamate dehydrogenase 1 was observed (Ding et al., 2006c) . 

 

4.2 BDNF and nutrition 

 

Nutrition has been implicated in proper neuronal excitability and therefore proper functio-

nality. Evidence has occurred in the contribution of a balanced diet in terms of quality and 

quantity. Data on the relationship between food intake and synaptic efficacy have become 

available (Gomez-Pinilla, 2008). In the following lines, subsystems related to this theory 

will be presented. Additionally, a FIGURE illustrating the theory on the effects of diet and 

exercise on cognition through energy metabolism and is presented in figure 9.  
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FIGURE 9. Schematic representation of the relationship between diet, exercise, and cognition 

through energy metabolism (adapted from Gomez-Pinilla, 2008) 

 

4.2.1 Gut hormones associated with cognition 

 

Several proteins have been associated with favorable effects in cognition. Leptin has been 

shown to convert Short-term potentiation to LTP through facilitation of NMDA receptor 

function because it rapidly enhances NMDA-induced increases in intracellular Ca
+2 

levels 

and facilitates NMDA receptor-mediated synaptic transmission. Impairment of this process 

may contribute to the cognitive deficits associated with diabetes mellitus. (Shanley et al., 

2001). Orexin and leptin have also been shown to enhance LTP in the DG of rats in vivo 

(Wayner et al., 2004). In a study on leptin receptor-deficient mice, impaired LTP and spa-

tial learning in Morris Water Maze test (MWM) (Li et al., 2002). Ghrelin is a peptide pre-

dominantly produced by stomach and stimulating apetite. Ghrelin has been implicated in 

many different functions which are summarized in figure 10. (Reviewed by van der Lely et 

al., 2004) 
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FIGURE 10. Direct and indirect actions of ghrelin (adapted from van der Lely et al., 2004). 

 

4.2.2 Omega-3 fatty acids 

 

Nervous system is the organ which comes second in fat concentration after adipose tissue 

(Bourre et al., 1989). In neural tissue, unlike adipose or muscle, fat has structural signific-

ance as it is the main constituent of the excitable membrane. A short description of the sig-

nificance of docosahexaenoic acid (DHA), which humans obtain from  dietary fish and 

consists more than 30 % of the phospholipid composition of the plasma membranes in the 

brain, is given below (Gomez-Pinilla, 2008).  

 

As a structural element of the plasmatic membrane, DHA maintains its fluidity and integri-

ty at synaptic regions of the neurons. These properties ensure the proper function of ion 

channels and membrane receptors, which in turn ensures survival and signaling of the cell 

(reviewed by Gomez-Pinilla, 2008). Figure 11 describes the functional relationship between 

DHA availability and cognition promotion by involvement of plasticity promoting mole-

cules such as BDNF and IGF-I. 
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FIGURE 11. DHA can affect synaptic plasticity and cognition by supporting the structural integrity 

and functionality of the plasma membrane. (Adapted from Gomez-Pinilla, 2008) 
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5 BDNF AND THE “MIND-BODY CROSS TALK” 

 

The concept “Healthy mind in a healthy body” (Hippocrates, 4th century BC) is of great 

significance nowadays, as the frequency of incidence of neurodegenerative and metabolic 

disorders increases. Mental exercise might not be enough to ensure brain health and plastic-

ity, which is a hypothesis in line with the Hippocratic hypothesis. The evolved methods in 

molecular biology make possible the investigation of molecules which could be involved. 

 

BDNF expression is widespread in mammals and abundantly expressed in the very plastic 

areas of the brain such as hippocampus, hypothalamus, cerebral cortex, and cerebellum 

( McAllister et al., 1999; Binder and Scharfman, 2004). In this chapter new evidence on 

BDNF expression in the skeletal muscle is being introduced. The relevance and believed 

mediation of BDNF effects on the brain through IGF-I are being discussed. 

 

5.1 BDNF expression in skeletal muscle 

 

BDNF has been described as a molecule that promotes survival of motor neurons through-

out their lifespan and potentiation of neuromuscular transmission (Oppenheim et al., 1992; 

Sendtner et al., 1992; Lohof et al., 1993). Recent experiments have shown BDNF expres-

sion in muscle satellite cells, myoblasts and myotubes suggesting more functional roles 

(Mousavi and Jasmin, 2006). Another group has shown increased BDNF mRNA and pro-

tein expression in human skeletal muscle without release of protein into the circulation. 

Similar increment was observed after electrical stimulation of muscle cells. Additionally, 

BDNF increased phosphorylation of AMPK and Acetyl coenzyme A carboxylase β (ACC-

beta) and enhanced Fat Acid Oxidation (FAO) both in vitro and ex vivo. When AMPK was 

infected using an AMPK dominant negative adenovirus or treated with compound C, an 

inhibitor of AMPK, the increase of FAO was abrogated, proposing an AMPK dependent 

role of BDNF in FAO. (Matthews et al., 2009). 
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The above mentioned observations propose a metabolic role of BDNF in the skeletal mus-

cle connected with fat metabolism in an AMPK-dependent manner. A summary of the re-

sults is given in figure 12. 

 

 

 

FIGURE 12. BDNF is increased in contracting skeletal muscle in vivo. BDNF mRNA levels (a) and 

protein production in muscle tissue measured by western blot (b, c) and Immunohistochemistry (d) 

at time points ranging from 0 to 72h after 2h of ergometer bicycle exercise of the volunteers at 60% 

of VO2max . (Matthews et al., 2009) 

 

5.2 Insulin-like Growth Factor I (IGF-I) and BDNF 

 

Much research has been conducted on the relationship between molecules related to brain 

health and synaptic plasticity. IGF-I has been described as a molecule that is implicated in 

healthy ageing and longevity. Interestingly it has been described as a mediator of the bene-

ficial effects of BDNF in the brain. Some evidence will be presented and discussed below. 



36 

 

 

5.2.1 IGF-I signaling and longevity 

 

IGF-I has been correlated with extended lifespan in species ranging from yeasts to mam-

mals. The mechanism by which this occurs is described as preserved through evolution.  

(Reviewed by Kenyon, 2001; Katic and Kahn, 2005) 

A schematic representation of the common characteristics of IGF-I signaling pathway is 

presented in figure 13. 

 

 

FIGURE 13. Comparison of IGF-I pathway in C.Elegans, Drosophila Melanogaster and mammals 

(adapted from Berryman et al., 2008). 

 

5.2.2 IGF-I and the brain 

 

Evidence of enhancement of neural survival and synaptic transmission by IGF-I has impli-

cated this molecule as a regulator of synaptic plasticity and overall brain health throughout 

lifespan. Its uptake from neural cells and the abundant expression of its receptors in the 

brain has raised questions. Beside its trophic and growth-promoting effects in the periphery, 
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IGF-I is believed to exert favorable affects in cognitive processes such as neurogenesis in 

the brain (reviewed by Aleman and Torres-Alemán, 2009) . Figure 14 illustrates possible 

signaling mechanisms that regulate neurogenesis with IGF-I being among them. 

 

 

FIGURE 14. Signals regulating adult hippocampal neurogenesis (Lee and Son, 2009). 

 

The importance of signaling of IGF-I in the brain in also underlined from observations of 

low plasma concentrations in humans suffering for dementias (Watanabe et al., 2005)  

5.2.3 IGF-I-mediated BDNF effects on the brain 

 

Experimental setups have tried to shed light on the functional relationship between IGF-I 

and BDNF. The permeability of IGF-I from circulation to the brain through Blood-Brain 

Barrier (BBB) (Reinhardt and Bondy, 1994) in combination with observations of activity 

dependent secretion of IGF-I have suggested a mediation mechanism of the protein on 

brain health and plasticity (Schwarz et al., 1996). BDNF has been related to this mechanism 

after observations of IGF-I mediated actions of BDNF. Evidence on this relationship is 

provided in this section.  
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Ding et al used learning tests in rats to assess the involvement of IGF-I in learning and 

memory retention before and after blocking its receptor activity. Additionally, they meas-

ured plasticity related molecules in the hippocampus of the subjects. They found out a sig-

nificant decline in memory retention due to blockage of IGF-I action which was followed 

by down regulation of both mature BDNF and its precursor (pro-BDNF), suggesting a 

possible modification of the precursor to the mature protein in the presence of IGF-I. Mole-

cular analysis showed a significant, exercise-induced elevation of proteins downstream to 

BDNF function as synapsin I, and signal transduction cascades associated with memory 

processing, i.e. phosphorylated calcium/calmodulin protein kinase II (CAMKII) and phos-

phorylated mitogen-activated protein kinase II. Importantly, blockage of IGF-I receptor 

abolished these exercise-induced increases illustrating a possible mechanism by which IGF-

I interfaces with the BDNF system to mediate the effects of exercise on cognition and brain 

plasticity. (Ding et al., 2006a). 

 

Another lab has shown antidepressant-like effects of BDNF and IGF-I in rats. The animals 

were exposed to a forced swim test (FST) which is widely used to assess antidepressant 

behavior (Petit-Demouliere et al., 2005). The tests were repeated 3, 6, and 12 hours after 

administration of exogenous BDNF and IGF-I. The results indicated a reduced immobility 

(antidepressant-like response) which lasted longer compared to the acute effects of known 

antidepressant (Hoshaw et al., 2005). More evidence is coming from studies on cellular and 

molecular mechanisms of long term action of antidepressants which show activation of 

pathways downstream to BDNF and IGF-I pathways (reviewed by D'Sa and Duman, 2002; 

Racagni and Popoli, 2008). 

 

5.2.4 BDNF, IGF-I, and serotonin in the evolution context 

 

Mattson et al have proposed a very attractive model of BDNF, IGF-I, and serotonin media-

tion of environmental inputs to organism adaptation and survival. Their review summarized 

here describes common molecular effects of the above mentioned molecules which regulate 

energy metabolism, stress responses and processes that are major determinants of ageing 
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and of the risk for development of age-related diseases. A diagram of their actions is pre-

sented in figure 15. 

 

 

FIGURE 15. Overlap of actions of BDNF, IGF-I and serotonin after activation of their receptor 

(adapted from Mattson et al., 2004). 

 

The model is based on the hypothesis of genetic adaptations that mammals went through 

evolution in order to avoid hazards and compete for limited food sources. In this context, 

the complex nervous system of mammals evolved to efficiently locate, capture and con-

sume food in order to obtain the energy needed for the metabolic processes. Beside this, the 

energy had to be efficiently stored and dispensed in order to ensure survival during the pe-

riods of food unavailability (Mattson et al., 2004). Even complex cognitive function such as 

learning and memory, strategy formation and emotional states are derived from adaptations 

in energy metabolism adaptations. The importance of learning (e.g. hunting skills) and 

memory (e.g. places and periods of food availability/unavailability) in survival of multi 

cellular organisms supports the above described notion. A schematic representation of the 

model is presented in figure 16. 
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FIGURE 16. A model implicating BDNF, IGF-I and serotonin function in organism survival in the 

evolutionary context (Adapted from Mattson et al., 2004) 

 

Consideration of the inverted modern lifestyle which is characterized by abundance of food 

and lack of physical activity has to be taken under consideration when wondering about the 

increased incidence of age and metabolism-related diseases which are discussed in the next 

chapter. 
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6 BDNF AND DISEASE 

 

 

This chapter reviews literature on BDNF signaling in disease. Evidence is presented for the 

involvement of the molecule in neurological and metabolic disorders.  

 

6.1 Neurodegenerative disorders 

 

A longitude study on 1389 individuals has proposed BDNF as a biomarker for memory and 

general cognitive function in women (Komulainen et al., 2008). A similar 5-year follow-up 

study on 4615 65 years or older subjects concluded that physical activity could represent an 

important and potent protective factor for cognitive decline and dementia in elderly persons 

(Laurin et al., 2001). The above mentioned suggestions come in line with other studies on 

the relationship between BDNF, exercise and neuroprotection which are presented below. 

 

6.1.1 BDNF and Alzheimer’s disease (AD) 

 

Postmortem studies on brains of patients with AD have shown decreased hippocampal 

BDNF mRNA and protein levels compared with control subjects of similar age (Hock et al., 

2000; Lee et al., 2005; Phillips et al., 1991). The remarkable frequency of AD has led to 

epidemiological studies which focus on the identification of both genetic and environmen-

tal factors related to the pathophysiology of the disease. (Reviewed by Mayeux, 2003). 

Mattson et al have reviewed studies related to lifestyle habits such as exercise, restricted 

caloric intake and cognitive stimulation which up regulate BDNF signaling and correlate its 

expression with AD and other age-related neurodegenerative diseases (Mattson et al., 2004). 

Immunoreactivity measurements of the high affinity TrkB receptor in the temporal and 

frontal cortex have showed its decreased expression in patients with AD (Allen et al., 1999). 
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6.1.2 Parkinson’s disease (PD) 

 

PD is characterized from many pathophysiological changes in the brain characterizing the 

degeneration of neurons in substantia nigra (Gibb, 1989). Therefore many studies have tried 

to identify the role of different molecules in this process. 

BDNF has been shown to be down regulated in postmortem samples of human brain tissue 

of patients suffering PD (Howells et al., 2000; Murer et al., 2001). 

Evidence exists on the relationship between glutamate release, NMDA receptor activation 

and BDNF expression in the adult substantia nigra (Bustos et al., 2009). The abundant ex-

pression of the protein in the adult brain and its requirement for neuronal survival comes in 

line with the observations of its reduced expression in neurodegenerative disorders. 

 

Possible cellular methods of coping with ageing-related insults of the brain have been de-

scribed by Mattson et al and a representative diagram is presented in figure 17. 

 

 

FIGURE 17. Coping methods to prevent ageing-related loss of function in the brain (adapted from 

Mattson et al., 2002) 
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6.2 BDNF and depression 

 

As a disorder with complex pathophysiology, depression has been studied extensively. 

Many brain systems have been proven to be directly or indirectly affected in clinical occa-

sions. Serotonergic, cholinergic, noradrenergic, GABAergic and dopaminergic systems 

show impaired function due to different biochemical changes which affect the properties of 

synaptic transmission and plasticity. (Reviewed by Manji et al., 2001) 

 

Recent research on the actions of antidepressants in depression proposed the “Neuroplastic-

ity hypothesis which is based on the fact that the brain is able to rewire itself and change 

dramatically. The older “monoamine hypothesis” couldn’t explain the delay on the effects 

of antidepressants’ in mood increment as it was describing the symptoms of depression as 

the result of chemical imbalance. (Manji et al., 2001; Fuchs et al., 2004; Castren, 2005; 

Pitchot et al., 2008; Lanni et al., 2009). 

 

Neuroimaging, neuropathological and lesion analysis studies have revealed a relationship 

between improper Cerebral Blood Flow (CBF) and glucose metabolism in brain areas re-

lated to emotional behavior as medial prefrontal cortex (MPFC) and closely related areas in 

the medial and caudolateral orbital cortex (medial prefrontal network), amygdala, hippo-

campus and ventromedial parts of the basal ganglia in animal models of depression and 

postmortem brains of depressive patients (Drevets, 2001; Drevets et al., 2008). 

 

The “Neuroplasticity Hypothesis” strikes the importance of proper synaptic transmission 

and plasticity. As described in the current review, BDNF is believed to be crucial in both 

processes therefore its relationship with depression can be reasonably hypothesized. 

 

Recent evidence show increased BDNF mRNA levels in rats’ brains after treatment with 

antidepressants (Musazzi et al., 2009) and antidepressants-like effects of increased BDNF 

signaling in mice over expressing the full length TrkB receptor (Koponen et al., 2005). 

These data suggest a BDNF-mediated effect of antidepressants. 
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6.3 BDNF polymorphism 

 

A single nucleotide polymorphism (SNP) has been identified in human BDNF gene. A me-

thionine substitution for valine at codon 66 of the pro region of the protein impairs its func-

tionality and is correlated with impairments in higher cognitive functions. It has been 

shown that carriers of the Met allele (Val/Met) have different hippocampal morphometry, 

revealed by using MRI scans. Val/Met individuals have smaller hippocampal volume in 

comparison with the homozygous for Val allele (Val/Val). This might be related to the im-

portant role of BDNF both during development and adulthood. (Reviewed by Chen et al., 

2008). 

 

Other experimental data have shown that val66met SNP affects the activity dependent se-

cretion of BDNF and higher functions, as proposed from decreased hippocampal function 

in episodic memory tests by carriers of the Met allele. Observations on neurons transfected 

with Met-BDNF Green Fluorescence Protein (GFP) showed impaired intracellular traffick-

ing and activity-dependent secretion. (Egan et al., 2003). 

 

Impairment of cortical plasticity has been shown also using a Transcranial Magnetic Stimu-

lation TMS protocol on humans and measuring the responses to it in humans heterozygous 

for the SNP (Cheeran et al., 2008). 

 

The generation of mutant mice for the SNP showed normal expression of the protein in the 

neurons but impaired secretion. These data come in line with previous observations on se-

cretion impairment due to the dysfunctional pro region of the protein. Additionally the mice 

carrying the mutation were showing increased anxiety behavior which was not inverted 

after administration of the antidepressant fluoxetine. (Chen et al., 2006). 

 

Deficiency in NTs’ and their impaired signaling has been proposed to be involved in the 

occurrence of psychosis through pathological alterations in embryonic neurogenesis which 

is considered as the etiology of the disease (reviewed by Thome et al., 1998) . 
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The maldevelopmental hypothesis for schizophrenia and psychoses has been described as 

inappropriate synaptic activity and cytoarchitecture which leads to the formation and main-

tenance of improper neuronal networks which are in charge for behavioral deficits as hallu-

cinations, delusions and disorganized speech. Measurements on postmortem cortical and 

hippocampal samples of schizophrenic patients has shown altered expression of BDNF and 

NT-3 and strengthens the connection between NTs’ and maldevelopmental hypothesis (re-

viewed by Durany et al., 2001). 

 

Other studies have also shown correlation between the Val66Met SNP and psychiatric dis-

orders and its age-related symptoms (Numata et al., 2006; Gratacos et al., 2007; Guillin et 

al., 2007; Lu and Martinowich, 2008). 

 

6.4 Anti-diabetic properties of BDNF 

 

Data from studies on models of diabetic animals have proposed a relationship between 

BDNF and glucose metabolism. In this section some evidence is presented on the effects 

peripheral administration of recombinant BDNF on the progression of type II diabetes 

(T2D).  

The reversal of T2D symptoms by peripheral administration of recombinant BDNF was 

observed in diabetic (db/db) mice compared to non diabetic (db/m) ones (Yamanaka et al., 

2008). The experimental setup aimed in determining the different effects on the progression 

of T2D in 4 weeks old db/db animals (prevention) and 8 weeks old db/db animals (early 

intervention). The pathophysiological markers under investigation were weight, blood glu-

cose level, plasma insulin level, and pancreatic insulin level. The results on the pre diabetic 

group showed a protective effect of BDNF against the progression of the disease and de-

layed it on the early stage group by improving glucose metabolism and weight control. Ad-

ditionally, reduced food intake was observed in the early stage diabetic BDNF-treated ani-

mals compared to vehicle-treated controls. Taken together the results propose favorable 

effects of peripheral administration of BDNF in glucose metabolism and body weight con-

trol. The mechanisms underlying these responses can be of great importance for prevention 

and treatment of the disease.  
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Previous studies have shown also regulatory effects of exogenously administrated BDNF 

on blood glucose control (Tonra et al., 1999). Of great importance is the observation that 

peripheral as well as intracerebroventricular administration of BDNF decreased food intake 

and lowered blood glucose by enhancing the action of peripherally administrated insulin in 

streptozotocin (STZ) – treated mice (Nakagawa et al., 2002). 

 

Another group showed that peripheral administration of BDNF reduced blood glucose in 

obese and hyperinsulinemic mice (ob/ob) as well as in obese db/db mice during the period 

in which they showed hyperinsulinemia. Combined with the decrease of plasma insulin 

level without any change of blood glucose in normal db/m mice the results propose an en-

hancement and/or modulation of insulin actions in the periphery (Ono et al., 1997). 

 

The above mentioned observations raise questions on the role of BDNF in the periphery 

and its possible bidirectional signaling with the brain which is discussed in the next section. 
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7 RESEARCH QUESTIONS 

 

The broader question is how physical activity affects brain plasticity and health. Hippo-

campal plasticity which is related to learning and memory has been selected as the main 

brain area under investigation. The regulation and function of IGF-I which is proposed to 

mediate the effects of muscle activation on cognition through BDNF is also under investi-

gation in the broader project on Exercise and NTs expression 

    

The present thesis aims in identifying any correlations of the molecule under investigation 

and the aerobic capacity of the Low/High Capacity Rats (LCR/HCR), an animal model de-

scribed below (Subjects section). A behavioral motor learning test is additionally performed 

to address the different motor learning capacity of the 2 groups. The literature review pro-

poses an important role of BDNF in brain health as well as in learning and memory. The 

evidence on BDNF up regulation as a result of physical activity raises questions on a me-

chanism mediating the beneficial effects of exercise in the brain. 

 

Given the increased oxygen and glucose demands of the brain, circulation properties are 

hypothesized to play critical role in the efficacy of its behavioral outputs. Additionally, 

neurons are relying in the blood for glucose since they can’t store it. Taken together, the 

above mentioned facts propose that animals with higher aerobic capacity are more capable 

of delivering glucose through circulation. 

Hypotheses   

a. Hippocampal BDNF protein levels are higher in HCR vs. LCR  

b. HCR show increased performance in motor learning compared to LCR 

  

The measurements described in the thesis are part of a broader experimental setup which 

includes IHC for BDNF protein in skeletal muscle and in situ hybridization analysis for 

BDNF mRNA expression in the hippocampus and skeletal muscle of the same subjects.  
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8 METHODS 

 

8.1 Subjects 

 

The 23
rd

 generation of 13-months old N: NIH female rats (n=10) divided in LCR (n=5) and 

HCR (n=5) were used in this study. Rats were housed in pairs, in an environmentally con-

trolled animal facility (12/12 h light-dark cycle, 22 
0
C, Animal house of University of Jy-

vaskyla) and received water and standard food ad libitum. The study has been approved by 

the National Animal Experiment Board, Finland. 

 

8.2 Animal model 

 

The model of LCR/HCR has been developed after selectively breeding rats for their 

low/high capacity aerobic capacity. Significant differences in physiological values were 

evident for aerobic capacity (figure 18 A), blood pressure (figure 18 B) and artery response 

to exercise (figure 18 C) (Koch and Britton, 2001). The results of a series of studies pro-

posed the emergence of 2 divergent strains after the 11
th
 generation (Henderson et al., 2002; 

Gonzalez et al., 2006a; Gonzalez et al., 2006b;; Howlett et al., 2009; Palpant et al., 2009). 
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FIGURE 18. Physiological values after the 11
th
 selectively bred generation of rats for A. aerobic 

capacity, B. blood pressure and C. artery response to exercise adapted from (Koch and Britton, 

2001). 

 

8.3 Immunohistochemistry (IHC) 

 

Immunohistochemistry was performed using the N-Histofine
®
 Simple Stain MAX PO 

staining method (Nichirei Biosciences Inc., Tokyo, Japan). 

 

For IHC, the rats (5 animals from each group) were anesthetized with pentobarbital (30 

mg/kg, i.p.) and perfused through the ascending aorta first with physiological saline fol-

lowed by 4% paraformaldehyde in 0.1 M phosphate buffered saline (PBS; pH 7.3) for 4-5 

min. After perfusion the brains were excised and further fixed in the same solution for 60 

min at RT. The tissues were cryoprotected with 20% sucrose in PBS. Frozen sections (6 µm) 

were cut with Micron HM560 cryostat and thaw-mounted onto Polysine glass slides (Men-

zel, Braunschweig, Germany). The sections were incubated overnight  with goat anti-

BDNF antibody (dil. 1:200/400, Abcam, Cambridge, United Kingdom) followed with ap-

propriate N-Histofine staining reagent for 30 min. ImmPACT™ (Vector Laboratories, Bur-

lingame, CA, USA) diaminobenzidine-solution was used as the chromogen. All antibodies 

were diluted in PBS containing 1% BSA and 0.3% of Triton X-100.  Controls included 

omitting the primary antibody or replacing it with non-immune sera. No staining was seen 

in the controls. 
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8.3.1 Image analysis 

 

The sections were assayed with image analysis system consisting of IBM PC, Nikon Mi-

crophot-FXA microscope, SensiCam digital camera (PCO Computer Optics GmbH, Ger-

many) and Image-Pro Plus (Media Cybernetics, USA) program. BDNF expression was 

examined in hippocampal fields. 

 

 

8.3.2 Analysis of cell expression 

 

The BDNF-immunoreactive cells were quantified in the area of 500 m in length in CA1, 

using Morphix program especially created by us for such analysis (Tugoy, Stroev, 2006). 

The intensity of staining was expressed as conventional value of optical density scale from 

0 (absolute white) to 100 (absolute black). We calculated all cells which maximal optical 

density was above the background. Then we express each individual value as a percentage 

to the average value of the first group. 

 

8.3.3 Analysis of square expression 

 

We compared the mean optical density value of the selected characteristic areas in CA1 and 

CA3 hippocampal fields in sections of both groups. 

 

8.4 Motor learning measurements 

 

Motor learning was assessed using Rotarod apparatus (Ugo Basile , Italy) consisting of a 

rotating drum with a grooved surface for gripping. The moving drum was set to accelerate 

from 4 to 40 rpm over 300 sec. The animals (n=19) had 2 familiarization trials on the rotat-

ing drum at 4 rpm for 1 min each with an interval of 10 min between them. The interval 

between the second familiarization and first test session was 30 min. Rats were subjected to 
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7 trials with 15 min interval between each trial. The time spend on Rotarod was assessed in 

each trial. 

At the point of the measurements the animals were 11-months old and their mean mass was 

312 ± 20.18 g (LCR) and 245.6 ± (HCR). 

  

8.5 Statistics 

 

Statistical analysis for BDNF results was performed using the Wilcoxon 2 samples test. 

Analysis of variance (ANOVA) for repeated measures was used to examine the effects of 

training and group on dependent variable of motor learning. Mass and running distance to 

exhaustion (aerobic capacity) were expressed as mean ±SD values of each group. Student 

T-tests were used to assess statistical differences between the 2 groups. The significance 

level was set to p=0.05 for all measurements. 
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9 RESULTS 

 

 

9.1 Aerobic capacity  

 

The aerobic capacity of the subjects was assessed using a treadmill running test until ex-

haustion. Mean distance run to exhaustion was 322,88 ± 67,16 for LCR and 1840,07 ± 144,11 

for HCR (p<0,001) (figure 19). Mean mass at the time of sacrificing was 312 ± 20,18 for 

LCR and 245,6 ± 48,03 for HCR (p=0,0013) (figure 20). 

 

 

FIGURE 19. Aerobic capacity of LCR/HCR assessed by treadmill running test until exhaustion 

(p<0.001). 
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FIGURE 20. Mean mass of LCR/HCR (p=0,0013) 

 

 

9.2 BDNF expression in CA1 and CA3 area of hippocampus 

 

The percentage of mean cell expression in HCR (n=5) related to the mean of LCR (n=5) 

was 91.7 in CA1 sections (figure 21). The differences were not statistically significant 

(p>0.05). The percentage of mean square expression HCR (n=5) related to the mean of 

LCR (n=5) was 96% in CA1 sections (figure 22). The differences between the groups were 

not significant (p>0.05). The percentage of mean square expression in HCR (n=5) related to 

the mean of LCR (n=5) was 103 % in CA3 (figure 23) and is not considered statistically 

significant (p>0.05). Representative staining images from each area/group are presented in 

figure 24. 
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FIGURE 21. Mean cell expression in CA1 sections related to LCR mean. 

 

 

 

FIGURE 22. Mean square expression in CA1 sections related to LCR mean. 
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FIGURE 23. Mean square expression in CA3 sections related to LCR mean. 
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FIGURE 24. Immunohistochemistry staining for BDNF in CA1 (A,B) and CA3 (C,D). Images A,C 

correspond to LCR and B,D to HCR. 
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9.3 Balance test  

 

The HCR animals were overall better at the Rotarod task as indicated by a significant main 

effect of group [F(1,29) = 4.66; p < 0.05; η
2

partial = 0.138]. Time stayed on the beam in-

creased as a function of trial [F(7,203) = 4.14; η
2

partial = 0.125], but there was no significant 

interaction of trial and group. In separate analyses, trial had a significant effect on perfor-

mance in HCR group [F(7,91) = 2.37; p < 0.05; η
2

partial = 0.152] and almost significant ef-

fect [F(7,112) = 3.05; p = 0.06], but significant linear contrast [F(7,112) = 6.58; p < 0.05; 

η
2

partial = 0.291] in the LCR group. Thus training had an equal effect on both groups but the 

HCR animals were overall better balanced. 

 

Both LCR and HCR showed improvement between the trials and their performance was 

improving as a result of training. HCR showed an increased baseline performance and their 

learning curve was significantly higher compared to LCR. The results are summarized in 

figure 25. 

 

 

FIGURE 25. Learning curve for LCR and HCR on Rotarod balance test 
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10 DISCUSSION 

 

 

HCR showed statistically significant higher aerobic capacity along with lower mean mass 

compared to LCR. These observations come in line with the phenotypic characteristics of 

the animal model of LCR/HCR. The IHC results verified the expression of BDNF in CA1 

and CA3 areas of hippocampus which is crucial for learning and memory. Additionally, 

high capacity rats showed higher performance in the behavioral measurements which veri-

fies the initial hypothesis. In qualitative terms, LCR tended to be less willing to participate 

in behavioral experiments compared to HCR. The hypothesis on elevated hippocampal 

BDNF levels in the high capacity groups was based on the neuroprotective properties of the 

protein. The non-significant differences between the 2 groups in combination with the lite-

rature-stated activity-dependent secretion of the protein and its acute elevation after a single 

bout of exercise propose an activation-related pattern of neuroprotective effects in neuronal 

networks. Our results propose that the different genetic background of the current rat model 

doesn’t affect the protein levels of hippocampal BDNF. Possible reasons and suggestions 

for further research are discussed below. 

 

10.1 Standard housing conditions 

 

As described in the literature review of the present thesis, hippocampal expression of 

BDNF has been shown to be activity dependent. The LCR and HCR groups subjected to 

this study were caged in standard conditions without access to a running wheel or enriched 

environments. Quantification of BDNF protein levels failed to address significant differ-

ences between the two groups, a result expected if we consider the activity-dependent se-

cretion of BDNF. 

 

The hypothesis on long term effects on BDNF expression in hippocampus relied on the 

documented relationship of its effects with neuronal survival. In this context many mole-

cules might serve as mediators of the acute BDNF up regulation to the survival of neuronal 
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structure and function. Binding to TrkB receptor may evoke local and acute effects related 

to survival promotion. 

 

In behavioral terms, the animals subjected to the specific study showed different phenotyp-

ic characteristics and unpublished data from other behavioral experiments on learning and 

memory support the notion that LCR show lower performance which correlates with their 

low aerobic capacity and sedentary lifestyle. In this context, BDNF protein levels could be 

correlated with the amount of voluntary running and the behavioral scores of the animals of 

both groups. 

 

10.2 Transcript variance  and selectivity 

 

The existence of multiple BDNF mRNA transcripts produced by alternative splicing of nine 

different 5’UTP exons (in the rat) which encode the protein have proposed an activity-

dependent targeting to different cell compartments (Tongiorgi, 2008). This variance and 

selectivity is of great importance since protein targeting can fulfill the need of protein deli-

very to areas of the cell where it is required during synapse formation and/or synapse 

strengthening. Identifying the transcripts can increase our knowledge on BDNF selectivity 

during different processes and at different compartments of neurons. Additionally, it would 

be of great importance to correlate BDNF protein levels with acute neuronal events and/or 

single bouts of exercise. Processes known to require new dendritic synapses formation 

could be correlated with the presence of different mRNA transcripts. In respect to function, 

mRNA transcripts known to be trafficked to distal (compared to soma) dendrites could be 

correlated with new synapses formation in cell lines. The discovery of the presence of ribo-

somes in dendrites (Bodian, 1965) has suggested an important functional role of targeting 

different gene transcripts to dendrites which in turn participate in new synapses formation.   
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10.3 Behavioral measurements 

 

Data on appetitive conditioning and T-maze tests (unpublished data) on the same subjects 

are in line with the results on the balance tests performed for this thesis. Animals from both 

groups learn and improve their scores as the trials number increases, but HCR started from 

a higher score and they exhibit faster learning than LCR. In qualitative terms, during the 

experimental setups, HCR were obviously more willing to participate in the measurements. 

That was clear since some LCR had to be excluded from the experiments due to their un-

willingness to participate or their very poor overall performance in the tests. 

 

10.4 Study limitations 

 

Animals in both groups didn’t have access to a running wheel which simulates a sedentary 

lifestyle. Thus, quantification of BDNF protein was only correlated with their initial aerobic 

capacity. 

 

From a total number of 19 subjects only 10 were sampled for IHC due to different brain 

tissue preparation needed for the specific measurement (perfusion). Thus, 5 animals from 

each group were included in IHC measurements. 

 

The proBDNF/mBDNF ratio could also have indicated a balance between apoptotic and 

survival promoting functions in hippocampal neurons. The cleavage of the pro-protein to its 

mature form could be correlated to behavioral data given their biologically opposite effects 

on the cell cycle. It should be taken under consideration that programmed cell death vs. 

survival/plasticity promotion depends on stimulation (activity dependent secretion of 

mBDNF). 
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10.4.1 TrkB binding 

 

The biological significance of BDNF relies on its binding to TrkB receptor and the intracel-

lular pathways it promotes. Therefore it would be of great importance to quantify the 

amount of bound BDNF on the cell membranes. Additionally, phosphorylation of the re-

ceptor can be quantified to assess the degree of functionality after protein-receptor binding. 

The amount of protein levels itself can’t serve as an indicator of functionality since the 

above mentioned parameters contribute to the outcomes of BDNF binding to TrkBs.  

 

10.4.2 p75 binding 

 

Low affinity binding of NTs to p75 receptors has been shown to promote programmed cell 

death (Chao and Hempstead, 1995; Roux and Barker, 2002; Teng et al., 2005). The pro-

neurotrophins have been characterized as “the other half of Neurotrophins’ hypothesis” 

(Lee et al., 2001; Teng et al., 2005). The proteolytic cleavage of the pro-domain of 

proBDNF yields the mature form of the protein (mBDNF) which is considered as the bio-

logically active form and important for plasticity-related processes as LTP (Pang et al., 

2004). ProBDNF binding has also been shown to be essential for Long-term Depression 

(LTD) which is necessary for removal of unused synaptic connections (Lipsky and Marini, 

2007; Yang et al., 2009). Thus, proBDNF IHC could be performed to assess the different 

localization pattern as well as protein levels in both groups. 

 

10.5 Conclusions and further research 

 

10.5.1 IGF-I and BDNF 

 

The proposed mediation of BDNF action by IGF-I (Ding et al., 2006a)proposes the signi-

ficance of its quantification in the areas of the brain where BDNF action is under investiga-

tion. Cell culture experiments investigating the synaptic plasticity and survival of neurons 
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under IGF-I action blockage could verify the proposed relationship between these mole-

cules. Relatively recent research has shed light on Blood Brain Barrier (BBB) permeability 

by IGF-I and the enhanced binding of BDNF to TrkB while IGF-I is present (Reinhardt and 

Bondy, 1994; Carro et al., 2000; Niblock et al., 2000; Watanabe et al., 2005; Ding et al., 

2006a). The above mentioned properties of IGF-I combined with its exercise-induced upre-

gulation (Schwarz et al., 1996) propose the significance of further measurements on the 

model of HCR/LCR. 

 

10.5.2 BDNF mRNA expression 

 

It could be of functional importance to investigate BDNF mRNA expression in the areas 

under investigation. The quantity of mRNA present could be correlated with the amount of 

actual protein, potentially proposing differences in translation factors between the 2 groups. 

As literature on synaptic plasticity implicates BDNF, the mRNA/protein differences could 

argue different behavioral outcomes, in this case learning. 

 

10.5.3 BDNF and skeletal muscle 

 

The evidence on BDNF expression in skeletal muscle (Heinrich, 2003; Mousavi and Jasmin, 

2006; Matthews et al., 2009; Clow and Jasmin, 2010) generates more questions on the mo-

lecular circumstances under which the protein is synthesized and secreted as well for its 

roles in the periphery. Gastrocnemius and soleus muscle samples from the same animals are 

currently under investigation as part of the wider project on differential expression of 

BDNF in this animal model.  

 

10.5.4 Aerobic capacity and glucose delivery 

 

An issue that has to be addressed is the differential ability of the animals in each group to 

deliver glucose in the brain, given its increased requirement in brain metabolism. The ina-

bility of neurons to store glucose emphasizes the importance of this process and long term 



62 

 

impaired glucose metabolism can be implicated in compromised brain performance and 

cognition. 

 

10.5.5 BDNF and neuroendocrine system 

 

The literature review proposes also a role of BDNF on the feeding behavior of mice and 

rats which can be connected with the regulation of leptin and ghrelin in the brain (Gomez-

Pinilla, 2008; Saito et al., 2009). Correlations of feeding behavior and the expression of the 

above mentioned molecules might propose a relationship between physical activity and 

neuroendocrine system. Such correlations might shed light on the BDNF-mediated effects 

of physical activity on glucose metabolism and prevention of diabetes development in pre-

diabetic mice (Ono et al., 1997; Tonra et al., 1999; Nakagawa et al., 2002; Yamanaka et al., 

2008).  

 

Since multiple biological systems have been proposed to affect and be affected by BDNF 

and its receptors, further research is required to expand our knowledge and reveal the mole-

cular pathways which render exercise beneficial for brain health and plasticity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 

 

11 REFERENCES 

  

Aleman, A., and Torres-Alemán, I. (2009). Circulating insulin-like growth factor I and 

cognitive function: Neuromodulation throughout the lifespan. Prog. Neurobiol. 89, 256-265.  

Allen, S.J., Wilcock, G.K., and Dawbarn, D. (1999). Profound and Selective Loss of Cata-

lytic TrkB Immunoreactivity in Alzheimer's Disease. Biochem. Biophys. Res. Commun. 

264, 648-651.  

Barde, Y.A., Edgar, D., and Thoenen, H. (1982). Purification of a new neurotrophic factor 

from mammalian brain. EMBO J. 1, 549-553.  

Barde, Y. (1989). Trophic factors and neuronal survival. Neuron 2, 1525-1534.  

Bekinschtein, P., Cammarota, M., Izquierdo, I., and Medina, J.H. (2008). Reviews: BDNF 

and Memory Formation and Storage. Neuroscientist 14, 147-156.  

Bergami, M., Santi, S., Formaggio, E., Cagnoli, C., Verderio, C., Blum, R., Berninger, B., 

Matteoli, M., and Canossa, M. (2008). Uptake and recycling of pro-BDNF for transmitter-

induced secretion by cortical astrocytes. J. Cell Biol. 183, 213-221.  

Berryman, D.E., Christiansen, J.S., Johannsson, G., Thorner, M.O., and Kopchick, J.J. 

(2008). Role of the GH/IGF-I axis in lifespan and healthspan: Lessons from animal models. 

Growth Hormone & IGF Research 18, 455-471.  

Binder, D.K., and Scharfman, H.E. (2004). Brain-derived neurotrophic factor. Growth Fac-

tors 22, 123-131.  

BODIAN, D. (1965). A Suggestive Relationship of Nerve Cell Rna with Specific Synaptic 

Sites. Proc. Natl. Acad. Sci. U. S. A. 53, 418-425.  

Boero, J., Qin, W., Cheng, J., Woolsey, T.A., Strauss, A.W., and Khuchua, Z. (2003). Re-

stricted neuronal expression of ubiquitous mitochondrial creatine kinase: changing patterns 

in development and with increased activity. Mol. Cell. Biochem. 244, 69-76.  

Bourre, J., Francois, M., Youyou, A., Dumont, O., Piciotti, M., Pascal, G., and Durand, G. 

(1989). The Effects of Dietary {alpha}-Linolenic Acid on the Composition of Nerve Mem-

branes, Enzymatic Activity, Amplitude of Electrophysiological Parameters, Resistance to 

Poisons and Performance of Learning Tasks in Rats. J. Nutr. 119, 1880-1892.  

Bramham, C.R., and Messaoudi, E. (2005). BDNF function in adult synaptic plasticity: the 

synaptic consolidation hypothesis. Prog. Neurobiol. 76, 99-125.  



64 

 

Bustos, G., Abarca, J., Bustos, V., Riquelme, E., Noriega, V., Moya, C., and Campusano, J. 

(2009). NMDA receptors mediate an early up-regulation of brain-derived neurotrophic fac-

tor expression in substantia nigra in a rat model of presymptomatic Parkinson's disease. J. 

Neurosci. Res.  

Carlini, V.P., Monzón, M.E., Varas, M.M., Cragnolini, A.B., Schiöth, H.B., Scimonelli, 

T.N., and de Barioglio, S.R. (2002). Ghrelin increases anxiety-like behavior and memory 

retention in rats. Biochem. Biophys. Res. Commun. 299, 739-743.  

Carlini, V.P., Varas, M.M., Cragnolini, A.B., Schiöth, H.B., Scimonelli, T.N., and de Ba-

rioglio, S.R. (2004). Differential role of the hippocampus, amygdala, and dorsal raphe nuc-

leus in regulating feeding, memory, and anxiety-like behavioral responses to ghrelin. Bio-

chem. Biophys. Res. Commun. 313, 635-641.  

Carro, E., Nunez, A., Busiguina, S., and Torres-Aleman, I. (2000). Circulating Insulin-Like 

Growth Factor I Mediates Effects of Exercise on the Brain. J. Neurosci. 20, 2926-2933.  

Carvalho, A.L., Caldeira, M.V., Santos, S.D., and Duarte, C.B. (2008). Role of the brain-

derived neurotrophic factor at glutamatergic synapses. Br. J. Pharmacol. 153 Suppl 1, 

S310-24.  

Castren, E. (2005). Is mood chemistry? Nat. Rev. Neurosci. 6, 241-246.  

Chao, M.V., and Hempstead, B.L. (1995). p75 and Trk: a two-receptor system. Trends 

Neurosci. 18, 321-326.  

Chao, M.V., Rajagopal, R., and Lee, F.S. (2006). Neurotrophin signalling in health and 

disease. Clin. Sci. (Lond) 110, 167-173.  

Chao, M.V., and Bothwell, M. (2002). Neurotrophins: To Cleave or Not to Cleave. Neuron 

33, 9-12.  

Cheeran, B., Talelli, P., Mori, F., Koch, G., Suppa, A., Edwards, M., Houlden, H., Bhatia, 

K., Greenwood, R., and Rothwell, J.C. (2008). A common polymorphism in the brain-

derived neurotrophic factor gene (BDNF) modulates human cortical plasticity and the re-

sponse to rTMS. J. Physiol. 586, 5717-5725.  

Chen, Y., Zeng, J., Cen, L., Chen, Y., Wang, X., Yao, G., Wang, W., Qi, W., and Kong, K. 

(2009). Multiple roles of the p75 neurotrophin receptor in the nervous system. J. Int. Med. 

Res. 37, 281-288.  

Chen, Z.Y., Bath, K., McEwen, B., Hempstead, B., and Lee, F. (2008). Impact of genetic 

variant BDNF (Val66Met) on brain structure and function. Novartis Found. Symp. 289, 

180-8; discussion 188-95.  



65 

 

Chen, Z., Jing, D., Bath, K.G., Ieraci, A., Khan, T., Siao, C., Herrera, D.G., Toth, M., Yang, 

C., McEwen, B.S., Hempstead, B.L., and Lee, F.S. (2006). Genetic Variant BDNF 

(Val66Met) Polymorphism Alters Anxiety-Related Behavior. Science 314, 140-143.  

Clow, C., and Jasmin, B.J. (2010). Skeletal Muscle-derived BDNF Regulates Satellite Cell 

Differentiation and Muscle Regeneration. Mol. Biol. Cell  

Crozier, R.A., Bi, C., Han, Y.R., and Plummer, M.R. (2008). BDNF modulation of NMDA 

receptors is activity dependent. J. Neurophysiol. 100, 3264-3274.  

Ding, Q., Vaynman, S., Akhavan, M., Ying, Z., and Gomez-Pinilla, F. (2006a). Insulin-like 

growth factor I interfaces with brain-derived neurotrophic factor-mediated synaptic plastici-

ty to modulate aspects of exercise-induced cognitive function. Neuroscience 140, 823-833.  

Ding, Q., Vaynman, S., Souda, P., Whitelegge, J.P., and Gomez-Pinilla, F. (2006b). Exer-

cise affects energy metabolism and neural plasticity-related proteins in the hippocampus as 

revealed by proteomic analysis. Eur. J. Neurosci. 24, 1265-1276.  

Ding, Q., Vaynman, S., Souda, P., Whitelegge, J.P., and Gomez-Pinilla, F. (2006c). Exer-

cise affects energy metabolism and neural plasticity-related proteins in the hippocampus as 

revealed by proteomic analysis. Eur. J. Neurosci. 24, 1265-1276.  

Drevets, W.C. (2001). Neuroimaging and neuropathological studies of depression: implica-

tions for the cognitive-emotional features of mood disorders. Curr. Opin. Neurobiol. 11, 

240-249.  

Drevets, W.C., Price, J.L., and Furey, M.L. (2008). Brain structural and functional abnor-

malities in mood disorders: implications for neurocircuitry models of depression. Brain 

Struct. Funct. 213, 93-118.  

D'Sa, C., and Duman, R.S. (2002). Antidepressants and neuroplasticity. Bipolar Disord. 4, 

183-194.  

Durany, N., Michel, T., Zöchling, R., Boissl, K.W., Cruz-Sánchez, F.F., Riederer, P., and 

Thome, J. (2001). Brain-derived neurotrophic factor and neurotrophin 3 in schizophrenic 

psychoses. Schizophr. Res. 52, 79-86.  

Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana, B.S., Bertolino, A., 

Zaitsev, E., Gold, B., Goldman, D., Dean, M., Lu, B., and Weinberger, D.R. (2003). The 

BDNF val66met Polymorphism Affects Activity-Dependent Secretion of BDNF and Hu-

man Memory and Hippocampal Function. Cell 112, 257-269.  

Farmer, J., Zhao, X., van Praag, H., Wodtke, K., Gage, F.H., and Christie, B.R. (2004). 

Effects of voluntary exercise on synaptic plasticity and gene expression in the dentate gyrus 

of adult male sprague–dawley rats in vivo. Neuroscience 124, 71-79.  



66 

 

Fordyce, D.E., and Wehner, J.M. (1993). Physical activity enhances spatial learning per-

formance with an associated alteration in hippocampal protein kinase C activity in 

C57BL/6 and DBA/2 mice. Brain Res. 619, 111-119.  

Fryer, L.G.D., Parbu-Patel, A., and Carling, D. (2002). The Anti-diabetic Drugs Rosiglita-

zone and Metformin Stimulate AMP-activated Protein Kinase through Distinct Signaling 

Pathways. Journal of Biological Chemistry 277, 25226-25232.  

Fuchs, E., Czéh, B., Kole, M.H.P., Michaelis, T., and Lucassen, P.J. (2004). Alterations of 

neuroplasticity in depression: the hippocampus and beyond. European Neuropsychophar-

macology 14, S481-S490.  

Gibb, W.R. (1989). Neuropathology in movement disorders. J. Neurol. Neurosurg. Psychia-

try. Suppl, 55-67.  

Gomez-Palacio-Schjetnan, A., and Escobar, M.L. (2008). In vivo BDNF modulation of 

adult functional and morphological synaptic plasticity at hippocampal mossy fibers. Neu-

rosci. Lett. 445, 62-67.  

Gomez-Pinilla, F. (2008). Brain foods: the effects of nutrients on brain function. Nat. Rev. 

Neurosci. 9, 568-578.  

Gomez-Pinilla, F., Vaynman, S., and Ying, Z. (2008). Brain-derived neurotrophic factor 

functions as a metabotrophin to mediate the effects of exercise on cognition. Eur. J. Neu-

rosci. 28, 2278-2287.  

Gonzalez, N.C., Howlett, R.A., Henderson, K.K., Koch, L.G., Britton, S.L., Wagner, H.E., 

Favret, F., and Wagner, P.D. (2006a). Systemic oxygen transport in rats artificially selected 

for running endurance. Respir. Physiol. Neurobiol. 151, 141-150.  

Gonzalez, N.C., Kirkton, S.D., Howlett, R.A., Britton, S.L., Koch, L.G., Wagner, H.E., and 

Wagner, P.D. (2006b). Continued divergence in VO2max of rats artificially selected for 

running endurance is mediated by greater convective blood O2 delivery. J. Appl. Physiol. 

101, 1288-1296.  

Gratacos, M., Gonzalez, J.R., Mercader, J.M., de Cid, R., Urretavizcaya, M., and Estivill, X. 

(2007). Brain-derived neurotrophic factor Val66Met and psychiatric disorders: meta-

analysis of case-control studies confirm association to substance-related disorders, eating 

disorders, and schizophrenia. Biol. Psychiatry 61, 911-922.  

Guillin, O., Demily, C., and Thibaut, F. (2007). Brain‐Derived Neurotrophic Factor in 

Schizophrenia and Its Relation With Dopamine. In International Review of Neurobiology, 

Anissa Abi‐Dargham and Olivier Guillin ed., Academic Press) pp. 377-395.  



67 

 

Hallbook, F., Ibanez, C.F., and Persson, H. (1991). Evolutionary studies of the nerve 

growth factor family reveal a novel member abundantly expressed in Xenopus ovary. Neu-

ron 6, 845-858.  

Hallböök, F. (1999). Evolution of the vertebrate neurotrophin and Trk receptor gene fami-

lies. Curr. Opin. Neurobiol. 9, 616-621.  

Hartmann, M., Heumann, R., and Lessmann, V. (2001). Synaptic secretion of BDNF after 

high-frequency stimulation of glutamatergic synapses. EMBO J. 20, 5887-5897.  

Heinrich, G. (2003). A novel BDNF gene promoter directs expression to skeletal muscle. 

BMC Neurosci. 4, 11.  

Henderson, K.K., Wagner, H., Favret, F., Britton, S.L., Koch, L.G., Wagner, P.D., and 

Gonzalez, N.C. (2002). Determinants of maximal O(2) uptake in rats selectively bred for 

endurance running capacity. J. Appl. Physiol. 93, 1265-1274.  

Hennigan, A., Callaghan, C.K., Kealy, J., Rouine, J., and Kelly, A.M. (2009). Deficits in 

LTP and recognition memory in the genetically hypertensive rat are associated with de-

creased expression of neurotrophic factors and their receptors in the dentate gyrus. Behav. 

Brain Res. 197, 371-377.  

Hennigan, A., O'Callaghan, R.M., and Kelly, A.M. (2007). Neurotrophins and their recep-

tors: roles in plasticity, neurodegeneration and neuroprotection. Biochem. Soc. Trans. 35, 

424-427.  

Hock, C., Heese, K., Hulette, C., Rosenberg, C., and Otten, U. (2000). Region-Specific 

Neurotrophin Imbalances in Alzheimer Disease: Decreased Levels of Brain-Derived Neu-

rotrophic Factor and Increased Levels of Nerve Growth Factor in Hippocampus and Cortic-

al Areas. Arch. Neurol. 57, 846-851.  

Hoshaw, B.A., Malberg, J.E., and Lucki, I. (2005). Central administration of IGF-I and 

BDNF leads to long-lasting antidepressant-like effects. Brain Res. 1037, 204-208.  

Howells, D.W., Porritt, M.J., Wong, J.Y.F., Batchelor, P.E., Kalnins, R., Hughes, A.J., and 

Donnan, G.A. (2000). Reduced BDNF mRNA Expression in the Parkinson's Disease Subs-

tantia Nigra. Exp. Neurol. 166, 127-135.  

Howlett, R.A., Kirkton, S.D., Gonzalez, N.C., Wagner, H.E., Britton, S.L., Koch, L.G., and 

Wagner, P.D. (2009). Peripheral oxygen transport and utilization in rats following contin-

ued selective breeding for endurance running capacity. J. Appl. Physiol. 106, 1819-1825.  

Huang, E.J., Wilkinson, G.A., Farinas, I., Backus, C., Zang, K., Wong, S.L., and Reichardt, 

L.F. (1999). Expression of Trk receptors in the developing mouse trigeminal ganglion: in 

vivo evidence for NT-3 activation of TrkA and TrkB in addition to TrkC. Development 126, 

2191-2203.  



68 

 

Huang, E.J., and Reichardt, L.F. (2001). NEUROTROPHINS: Roles in Neuronal Devel-

opment and Function1. Annu. Rev. Neurosci. 24, 677-736.  

Ibanez, C.F. (1996). Neurotrophin-4: the odd one out in the neurotrophin family. Neuro-

chem. Res. 21, 787-793.  

Jia, J.M., Chen, Q., Zhou, Y., Miao, S., Zheng, J., Zhang, C., and Xiong, Z.Q. (2008). 

Brain-derived neurotrophic factor-tropomyosin-related kinase B signaling contributes to 

activity-dependent changes in synaptic proteins. J. Biol. Chem. 283, 21242-21250.  

Katic, M., and Kahn, C.R. (2005). The role of insulin and IGF-I signaling in longevity. Cell 

Mol. Life Sci. 62, 320-343.  

Kenyon, C. (2001). A Conserved Regulatory System for Aging. Cell 105, 165-168.  

Kerr, B.J., Bradbury, E.J., Bennett, D.L., Trivedi, P.M., Dassan, P., French, J., Shelton, 

D.B., McMahon, S.B., and Thompson, S.W. (1999). Brain-derived neurotrophic factor 

modulates nociceptive sensory inputs and NMDA-evoked responses in the rat spinal cord. J. 

Neurosci. 19, 5138-5148.  

Kim, M., Bang, M., Han, T., Ko, Y., Yoon, B., Kim, J., Kang, L., Lee, K., and Kim, M. 

(2005). Exercise increased BDNF and trkB in the contralateral hemisphere of the ischemic 

rat brain. Brain Res. 1052, 16-21.  

Klesse, L.J., Meyers, K.A., Marshall, C.J., and Parada, L.F. (1999). Nerve growth factor 

induces survival and differentiation through two distinct signaling cascades in PC12 cells. 

Oncogene 18, 2055-2068.  

Klesse, L.J., and Parada, L.F. (1999). Trks: signal transduction and intracellular pathways. 

Microsc. Res. Tech. 45, 210-216.  

KOCH, L.G., and BRITTON, S.L. (2001). Artificial selection for intrinsic aerobic endur-

ance running capacity in rats. Physiol. Genomics 5, 45-52.  

Komulainen, P., Pedersen, M., Hänninen, T., Bruunsgaard, H., Lakka, T.A., Kivipelto, M., 

Hassinen, M., Rauramaa, T.H., Pedersen, B.K., and Rauramaa, R. (2008). BDNF is a novel 

marker of cognitive function in ageing women: The DR’s EXTRA Study. Neurobiol. Learn. 

Mem. 90, 596-603.  

Koponen, E., Rantamaki, T., Voikar, V., Saarelainen, T., MacDonald, E., and Castren, E. 

(2005). Enhanced BDNF signaling is associated with an antidepressant-like behavioral re-

sponse and changes in brain monoamines. Cell. Mol. Neurobiol. 25, 973-980.  

Kramer, A.F., Hahn, S., Cohen, N.J., Banich, M.T., McAuley, E., Harrison, C.R., Chason, 

J., Vakil, E., Bardell, L., Boileau, R.A., and Colcombe, A. (1999). Ageing, fitness and neu-

rocognitive function. Nature 400, 418-419.  



69 

 

Kuczewski, N., Langlois, A., Fiorentino, H., Bonnet, S., Marissal, T., Diabira, D., Ferrand, 

N., Porcher, C., and Gaiarsa, J.L. (2008). Spontaneous glutamatergic activity induces a 

BDNF-dependent potentiation of GABAergic synapses in the newborn rat hippocampus J. 

Physiol. 586, 5119-5128.  

Kuipers, S.D., and Bramham, C.R. (2006). Brain-derived neurotrophic factor mechanisms 

and function in adult synaptic plasticity: new insights and implications for therapy. Curr. 

Opin. Drug Discov. Devel. 9, 580-586.  

Lanni, C., Govoni, S., Lucchelli, A., and Boselli, C. (2009). Depression and antidepressants: 

molecular and cellular aspects. Cell Mol. Life Sci. 66, 2985-3008.  

Larson, E.B., Wang, L., Bowen, J.D., McCormick, W.C., Teri, L., Crane, P., and Kukull, 

W. (2006). Exercise is associated with reduced risk for incident dementia among persons 

65 years of age and older. Ann. Intern. Med. 144, 73-81.  

Laurin, D., Verreault, R., Lindsay, J., MacPherson, K., and Rockwood, K. (2001). Physical 

Activity and Risk of Cognitive Impairment and Dementia in Elderly Persons. Arch. Neurol. 

58, 498-504.  

Lee, E., and Son, H. (2009). Adult hippocampal neurogenesis and related neurotrophic fac-

tors. BMB Rep. 42, 239-244.  

Lee, J., Fukumoto, H., Orne, J., Klucken, J., Raju, S., Vanderburg, C.R., Irizarry, M.C., 

Hyman, B.T., and Ingelsson, M. (2005). Decreased levels of BDNF protein in Alzheimer 

temporal cortex are independent of BDNF polymorphisms. Exp. Neurol. 194, 91-96.  

Lee, R., Kermani, P., Teng, K.K., and Hempstead, B.L. (2001). Regulation of Cell Survival 

by Secreted Proneurotrophins. Science 294, 1945-1948.  

Leßmann, V. (1998). Neurotrophin-Dependent Modulation of Glutamatergic Synaptic 

Transmission in the Mammalian CNS. General Pharmacology: The Vascular System 31, 

667-674.  

Leßmann, V., and Brigadski, T. (2009). Mechanisms, locations, and kinetics of synaptic 

BDNF secretion: An update. Neurosci. Res. 65, 11-22.  

Lessmann, V., Gottmann, K., and Malcangio, M. (2003). Neurotrophin secretion: current 

facts and future prospects. Prog. Neurobiol. 69, 341-374.  

Levi-Montalcini, R. (1987). The nerve growth factor: thirty-five years later. EMBO J. 6, 

1145-1154.  

Levi-Montalcini, R., and Hamburger, V. (1951). Selective growth stimulating effects of 

mouse sarcoma on the sensory and sympathetic nervous system of the chick embryo. J. Exp. 

Zool. 116, 321-361.  



70 

 

Lewin, G.R., and Barde, Y. (1996). Physiology of the Neurotrophins. Annu. Rev. Neurosci. 

19, 289-317.  

Li, X.-., Aou, S., Oomura, Y., Hori, N., Fukunaga, K., and Hori, T. (2002). Impairment of 

long-term potentiation and spatial memory in leptin receptor-deficient rodents. Neuros-

cience 113, 607-615.  

Lipsky, R.H., and Marini, A.M. (2007). Brain-derived neurotrophic factor in neuronal sur-

vival and behavior-related plasticity. Ann. N. Y. Acad. Sci. 1122, 130-143.  

Lohof, A.M., Ip, N.Y., and Poo, M.M. (1993). Potentiation of developing neuromuscular 

synapses by the neurotrophins NT-3 and BDNF. Nature 363, 350-353.  

Lu, B., and Chow, A. (1999). Neurotrophins and hippocampal synaptic transmission and 

plasticity. J. Neurosci. Res. 58, 76-87.  

Lu, B., and Martinowich, K. (2008). Cell biology of BDNF and its relevance to schizoph-

renia. Novartis Found. Symp. 289, 119-29; discussion 129-35, 193-5.  

Lu, B. (2003). Pro-Region of Neurotrophins: Role in Synaptic Modulation. Neuron 39, 

735-738.  

Lu, Y., Christian, K., and Lu, B. (2008a). BDNF: a key regulator for protein synthesis-

dependent LTP and long-term memory? Neurobiol. Learn. Mem. 89, 312-323.  

Lu, Y., Christian, K., and Lu, B. (2008b). BDNF: A key regulator for protein synthesis-

dependent LTP and long-term memory? Neurobiol. Learn. Mem. 89, 312-323.  

Madara, J.C., and Levine, E.S. (2008). Presynaptic and postsynaptic NMDA receptors me-

diate distinct effects of brain-derived neurotrophic factor on synaptic transmission. J. Neu-

rophysiol. 100, 3175-3184.  

Maisonpierre, P., Belluscio, L., Squinto, S., Ip, N., Furth, M., Lindsay, R., and Yancopou-

los, G. (1990). Neurotrophin-3: a neurotrophic factor related to NGF and BDNF. Science 

247, 1446-1451.  

Manji, H.K., Drevets, W.C., and Charney, D.S. (2001). The cellular neurobiology of de-

pression. Nat. Med. 7, 541-547.  

Matthews, V.B., Astrom, M.B., Chan, M.H., Bruce, C.R., Krabbe, K.S., Prelovsek, O., 

Akerstrom, T., Yfanti, C., Broholm, C., Mortensen, O.H., et al. (2009). Brain-derived neu-

rotrophic factor is produced by skeletal muscle cells in response to contraction and en-

hances fat oxidation via activation of AMP-activated protein kinase. Diabetologia 52, 1409-

1418.  



71 

 

Mattson, M.P. (2008). Glutamate and neurotrophic factors in neuronal plasticity and dis-

ease Ann. N. Y. Acad. Sci. 1144, 97-112.  

Mattson, M.P. (2000). Neuroprotective signaling and the aging brain: take away my food 

and let me run. Brain Res. 886, 47-53.  

Mattson, M.P., Maudsley, S., and Martin, B. (2004). A neural signaling triumvirate that 

influences ageing and age-related disease: insulin/IGF-I, BDNF and serotonin. Ageing Res. 

Rev. 3, 445-464.  

Mattson, M.P., Chan, S.L., and Duan, W. (2002). Modification of Brain Aging and Neuro-

degenerative Disorders by Genes, Diet, and Behavior. Physiol. Rev. 82, 637-672.  

Mattson, M.P., Maudsley, S., and Martin, B. (2004). BDNF and 5-HT: a dynamic duo in 

age-related neuronal plasticity and neurodegenerative disorders. Trends Neurosci. 27, 589-

594.  

Mayeux, R. (2003). Epidemiology of neurodegeneration. Annu. Rev. Neurosci. 26, 81-104.  

McAllister, A.K., Katz, L.C., and Lo, D.C. (1999). Neurotrophins and synaptic plasticity. 

Annu. Rev. Neurosci. 22, 295-318.  

McAllister, A.K., Lo, D.C., and Katz, L.C. (1995). Neurotrophins regulate dendritic growth 

in developing visual cortex. Neuron 15, 791-803.  

McAllister, A.K., Katz, L.C., and Lo, D.C. (1997). Opposing Roles for Endogenous BDNF 

and NT-3 in Regulating Cortical Dendritic Growth. Neuron 18, 767-778.  

McAllister, A.K., Katz, L.C., and Lo, D.C. (1996). Neurotrophin Regulation of Cortical 

Dendritic Growth Requires Activity. Neuron 17, 1057-1064.  

McDonald, N.Q., Lapatto, R., Murray-Rust, J., Gunning, J., Wlodawer, A., and Blundell, 

T.L. (1991). New protein fold revealed by a 2.3-A resolution crystal structure of nerve 

growth factor. Nature 354, 411-414.  

Morris, R.G., Moser, E.I., Riedel, G., Martin, S.J., Sandin, J., Day, M., and O'Carroll, C. 

(2003). Elements of a neurobiological theory of the hippocampus: the role of activity-

dependent synaptic plasticity in memory. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 358, 

773-786.  

Mousavi, K., and Jasmin, B.J. (2006). BDNF Is Expressed in Skeletal Muscle Satellite 

Cells and Inhibits Myogenic Differentiation. J. Neurosci. 26, 5739-5749.  

Murer, M.G., Yan, Q., and Raisman-Vozari, R. (2001). Brain-derived neurotrophic factor 

in the control human brain, and in Alzheimer’s disease and Parkinson’s disease. Prog. Neu-

robiol. 63, 71-124.  



72 

 

Musazzi, L., Cattaneo, A., Tardito, D., Barbon, A., Gennarelli, M., Barlati, S., Racagni, G., 

and Popoli, M. (2009). Early raise of BDNF in hippocampus suggests induction of post-

transcriptional mechanisms by antidepressants. BMC Neurosci. 10, 48.  

Nagappan, G., Zaitsev, E., Senatorov, V.V.,Jr, Yang, J., Hempstead, B.L., and Lu, B. 

(2009). Control of extracellular cleavage of ProBDNF by high frequency neuronal activity. 

Proc. Natl. Acad. Sci. U. S. A. 106, 1267-1272.  

Nakagawa, T., Ono-Kishino, M., Sugaru, E., Yamanaka, M., Taiji, M., and Noguchi, H. 

(2002). Brain-derived neurotrophic factor (BDNF) regulates glucose and energy metabol-

ism in diabetic mice. Diabetes Metab. Res. Rev. 18, 185-191.  

Niblock, M.M., Brunso-Bechtold, J.K., and Riddle, D.R. (2000). Insulin-Like Growth Fac-

tor I Stimulates Dendritic Growth in Primary Somatosensory Cortex. J. Neurosci. 20, 4165-

4176.  

Numata, S., Ueno, S., Iga, J., Yamauchi, K., Hongwei, S., Ohta, K., Kinouchi, S., Shibuya-

Tayoshi, S., Tayoshi, S., Aono, M., et al. (2006). Brain-derived neurotrophic factor (BDNF) 

Val66Met polymorphism in schizophrenia is associated with age at onset and symptoms. 

Neurosci. Lett. 401, 1-5.  

Ono, M., Ichihara, J., Nonomura, T., Itakura, Y., Taiji, M., Nakayama, C., and Noguchi, H. 

(1997). Brain-Derived Neurotrophic Factor Reduces Blood Glucose Level in Obese Diabet-

ic Mice but Not in Normal Mice. Biochem. Biophys. Res. Commun. 238, 633-637.  

Oppenheim, R.W., Yin, Q.W., Prevette, D., and Yan, Q. (1992). Brain-derived neurotroph-

ic factor rescues developing avian motoneurons from cell death. Nature 360, 755-757.  

Palpant, N.J., Szatkowski, M.L., Wang, W., Townsend, D., Bedada, F.B., Koch, L.G., Brit-

ton, S.L., and Metzger, J.M. (2009). Artificial selection for whole animal low intrinsic 

aerobic capacity co-segregates with hypoxia-induced cardiac pump failure. PLoS One 4, 

e6117.  

Pang, P.T., and Lu, B. (2004). Regulation of late-phase LTP and long-term memory in 

normal and aging hippocampus: role of secreted proteins tPA and BDNF. Ageing Research 

Reviews 3, 407-430.  

Pang, P.T., Teng, H.K., Zaitsev, E., Woo, N.T., Sakata, K., Zhen, S., Teng, K.K., Yung, W., 

Hempstead, B.L., and Lu, B. (2004). Cleavage of proBDNF by tPA/Plasmin Is Essential for 

Long-Term Hippocampal Plasticity. Science 306, 487-491.  

Patapoutian, A., and Reichardt, L.F. (2001). Trk receptors: mediators of neurotrophin ac-

tion. Curr. Opin. Neurobiol. 11, 272-280.  

Pattarawarapan, M., and Burgess, K. (2003). Molecular Basis of Neurotrophin−Receptor 

Interactions. J. Med. Chem. 46, 5277-5291.  



73 

 

Pereira, A.C., Huddleston, D.E., Brickman, A.M., Sosunov, A.A., Hen, R., McKhann, G.M., 

Sloan, R., Gage, F.H., Brown, T.R., and Small, S.A. (2007). An in vivo correlate of exer-

cise-induced neurogenesis in the adult dentate gyrus. Proceedings of the National Academy 

of Sciences 104, 5638-5643.  

Petit-Demouliere, B., Chenu, F., and Bourin, M. (2005). Forced swimming test in mice: a 

review of antidepressant activity. Psychopharmacology (Berl) 177, 245-255.  

Phillips, H.S., Hains, J.M., Armanini, M., Laramee, G.R., Johnson, S.A., and Winslow, J.W. 

(1991). BDNF mRNA is decreased in the hippocampus of individuals with Alzheimer's 

disease. Neuron 7, 695-702.  

Pitchot, W., Polis, M., Belachew, S., and Ansseau, M. (2008). Depression and neuroplastic-

ity. Rev. Med. Liege 63, 372-377.  

Racagni, G., and Popoli, M. (2008). Cellular and molecular mechanisms in the long-term 

action of antidepressants. Dialogues Clin. Neurosci. 10, 385-400.  

Radom-Aizik, S., Zaldivar, F., Leu, S., Galassetti, P., and Cooper, D.M. (2007). Effects of 

Exercise on Gene Expression in Human Neutrophils Cells. FASEB J. 21, A933-b.  

Reinhardt, R., and Bondy, C. (1994). Insulin-like growth factors cross the blood-brain bar-

rier. Endocrinology 135, 1753-1761.  

Richter, E.A., and Ruderman, N.B. (2009). AMPK and the biochemistry of exercise: impli-

cations for human health and disease. Biochem. J. 418, 261-275.  

Roudabush, F.L., Pierce, K.L., Maudsley, S., Khan, K.D., and Luttrell, L.M. (2000). Trans-

activation of the EGF Receptor Mediates IGF-I-stimulated Shc Phosphorylation and 

ERK1/2 Activation in COS-7 Cells. Journal of Biological Chemistry 275, 22583-22589.  

Roux, P.P., and Barker, P.A. (2002). Neurotrophin signaling through the p75 neurotrophin 

receptor. Prog. Neurobiol. 67, 203-233.  

Saito, S., Watanabe, K., Hashimoto, E., and Saito, T. (2009). Low serum BDNF and food 

intake regulation: A possible new explanation of the pathophysiology of eating disorders. 

Prog. Neuro-Psychopharmacol. Biol. Psychiatry 33, 312-316.  

Salehi, A., Delcroix, J.D., and Swaab, D.F. (2004). Alzheimer's disease and NGF signaling. 

J. Neural Transm. 111, 323-345.  

Schwarz, A., Brasel, J., Hintz, R., Mohan, S., and Cooper, D. (1996). Acute effect of brief 

low- and high-intensity exercise on circulating insulin-like growth factor (IGF) I, II, and 

IGF-binding protein-3 and its proteolysis in young healthy men. J. Clin. Endocrinol. Metab. 

81, 3492-3497.  



74 

 

Seidah, N.G., Benjannet, S., Pareek, S., Chrétien, M., and Murphy, R.A. (1996). Cellular 

processing of the neurotrophin precursors of NT3 and BDNF by the mammalian proprotein 

convertases. FEBS Lett. 379, 247-250.  

Sendtner, M., Holtmann, B., Kolbeck, R., Thoenen, H., and Barde, Y.A. (1992). Brain-

derived neurotrophic factor prevents the death of motoneurons in newborn rats after nerve 

section. Nature 360, 757-759.  

Shanley, L.J., Irving, A.J., and Harvey, J. (2001). Leptin Enhances NMDA Receptor Func-

tion and Modulates Hippocampal Synaptic Plasticity. J. Neurosci. 21, 186RC.  

Silhol, M., Arancibia, S., Perrin, D., Maurice, T., Alliot, J., and Tapia-Arancibia, L. (2008). 

Effect of Aging on Brain-Derived Neurotrophic Factor, proBDNF, and Their Receptors in 

the Hippocampus of Lou/C Rats. Rejuvenation Research 11, 1031-1040.  

Snider, W.D. (1994). Functions of the neurotrophins during nervous system development: 

What the knockouts are teaching us. Cell 77, 627-638.  

Sofroniew, M.V., Howe, C.L., and Mobley, W.C. (2001). Nerve growth factor signaling, 

neuroprotection, and neural repair. Annu. Rev. Neurosci. 24, 1217-1281.  

Teng, H.K., Teng, K.K., Lee, R., Wright, S., Tevar, S., Almeida, R.D., Kermani, P., Torkin, 

R., Chen, Z., Lee, F.S., et al. (2005). ProBDNF Induces Neuronal Apoptosis via Activation 

of a Receptor Complex of p75NTR and Sortilin. J. Neurosci. 25, 5455-5463.  

Thome, J., Foley, P., and Riederer, P. (1998). Neurotrophic factors and the maldevelop-

mental hypothesis of schizophrenic psychoses. Review article. J. Neural Transm. 105, 85-

100.  

Tongiorgi, E. (2008). Activity-dependent expression of brain-derived neurotrophic factor in 

dendrites: facts and open questions. Neurosci. Res. 61, 335-346.  

Tonra, J.R., Ono, M., Liu, X., Garcia, K., Jackson, C., Yancopoulos, G.D., Wiegand, S.J., 

and Wong, V. (1999). Brain-derived neurotrophic factor improves blood glucose control 

and alleviates fasting hyperglycemia in C57BLKS-Lepr(db)/lepr(db) mice. Diabetes 48, 

588-594.  

van der Lely, A.J., Tschop, M., Heiman, M.L., and Ghigo, E. (2004). Biological, Physio-

logical, Pathophysiological, and Pharmacological Aspects of Ghrelin. Endocr. Rev. 25, 

426-457.  

Vaynman, S., Ying, Z., Wu, A., and Gomez-Pinilla, F. (2006). Coupling energy metabol-

ism with a mechanism to support brain-derived neurotrophic factor-mediated synaptic plas-

ticity. Neuroscience 139, 1221-1234.  



75 

 

Watanabe, T., Miyazaki, A., Katagiri, T., Yamamoto, H., Idei, T., and Iguchi, T. (2005). 

Relationship between serum insulin-like growth factor-1 levels and Alzheimer's disease and 

vascular dementia. J. Am. Geriatr. Soc. 53, 1748-1753.  

Wayner, M.J., Armstrong, D.L., Phelix, C.F., and Oomura, Y. (2004). Orexin-A (Hypocre-

tin-1) and leptin enhance LTP in the dentate gyrus of rats in vivo. Peptides 25, 991-996.  

Yamada, K., and Nabeshima, T. (2003). Brain-derived neurotrophic factor/TrkB signaling 

in memory processes. J. Pharmacol. Sci. 91, 267-270.  

Yamada, M., Ohnishi, H., Sano, S., Nakatani, A., Ikeuchi, T., and Hatanaka, H. (1997). 

Insulin Receptor Substrate (IRS)-1 and IRS-2 Are Tyrosine-phosphorylated and Associated 

with Phosphatidylinositol 3-Kinase in Response to Brain-derived Neurotrophic Factor in 

Cultured Cerebral Cortical Neurons. Journal of Biological Chemistry 272, 30334-30339.  

Yamanaka, M., Itakura, Y., Tsuchida, A., Nakagawa, T., and Taiji, M. (2008). Brain-

derived neurotrophic factor (BDNF) prevents the development of diabetes in prediabetic 

mice. Biomed. Res. 29, 147-153.  

Yang, F., Je, H., Ji, Y., Nagappan, G., Hempstead, B., and Lu, B. (2009). Pro-BDNF-

induced synaptic depression and retraction at developing neuromuscular synapses. J. Cell 

Biol. 185, 727-741.  

Ying, S., Futter, M., Rosenblum, K., Webber, M.J., Hunt, S.P., Bliss, T.V.P., and Bramham, 

C.R. (2002). Brain-Derived Neurotrophic Factor Induces Long-Term Potentiation in Intact 

Adult Hippocampus: Requirement for ERK Activation Coupled to CREB and Upregulation 

of Arc Synthesis. J. Neurosci. 22, 1532-1540.  

 


