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Autophagy Mediates the Effects of Physical Exercise 
on Learning and Memory through Activation of 

Hippocampal BDNF 
Vanessa Jabr 

 

ABSTRACT 

 Physical exercise is known to enhance learning and memory formation in the 

brain. These positive outcomes are mediated through the induction of the expression of a 

growth factor, brain derived neurotrophic factor (BDNF), in the hippocampus. BDNF 

promotes cognitive behaviors and induces brain plasticity. Previous work has also 

reported that stimulating autophagy can restore cognitive ability. In this study, we 

demonstrated that a short-term voluntary exercise paradigm is sufficient to upregulate 

autophagy in different brain regions in an age-dependent manner.  This increase in 

autophagy was correlated with enhanced spatial learning and memory formation 

particularly in mature adult mice (10-week-old). Indeed, we showed that short-term 

voluntary wheel running increases the protein expression levels of the autophagy 

marker, protein light chain 3 (LC3B), in the hippocampus of 10-week-old mice. We 

used the Morris Water Maze to evaluate spatial learning and memory performance in 

mice belonging to different age groups. Our work revealed that 10-week-old exercising 

mice that were treated with a brain-permeable autophagy inhibitor during the behavioral 

test showed cognitive deficits in the maze suggesting that induction of autophagy is 

necessary for exercise-induced learning and memory formation.  Interestingly, we also 

found that inhibition of autophagy in exercising 10-week-old mice decreases BDNF 

protein levels in the hippocampus as compared to the control exercising group. Overall, 

our results suggest that BDNF acts downstream of exercise-induced autophagy to 

promote learning and memory formation in mature adult mice. We found that this 

pathway is not conserved in juvenile or middle-aged mice. 

Keywords: Voluntary exercise, autophagy, BDNF, learning, memory, aging. 
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Chapter One 

Literature Review 
 

1.1 Exercise 

1.1.1 The positive effects of exercise on the brain 
 

It is well known that exercise has many beneficial effects on our physical as well 

as mental health. As a response to physical exercise, structural and functional 

changes occur in the brain affecting gene expression, and hence, positively 

impacting cognitive function. Exercise enhances long-term potentiation (LTP) and 

promotes synaptic plasticity and neurogenesis (van Praag, Christie, Sejnowski and 

Gage, 1999 ; Bettio, Thacker, Hutton and Christie, 2019 ; Farmer et al., 2004 ; 

Vaynman, Ying, Yin and Gomez-Pinilla, 2006). Numerous studies have 

demonstrated that physical exercise enhances learning and memory formation and 

have described its role in decreasing cognitive deficits through the activation of 

hippocampal brain-derived neurotrophic factor (BDNF) signaling pathway 

(Berchtold, Castello and Cotman, 2010 ; Vaynman, Ying and Gomez-Pinilla, 2004 ; 

Ding et al., 2006 ; Sleiman, 2016). In fact, physical exercise delays the onset, 

alleviates the symptoms and limits the progression of neurodegenerative diseases 

such as Alzheimer’s disease (Radak et al., 2010 ; Adlard, 2005 ; Law et al., 2018) 

and Parkinson’s disease (Tajiri et al., 2010 ; Frazzitta et al., 2013). Moreover, 

exercise promotes resilience to chronic stress and decrease anxiety-like behaviors; 

therefore protecting against depression (Duman, Schlesinger, Russell and Duman, 

2008 ; Mul et al., 2018 ; Zhang et al., 2019 ; Patki et al., 2014). 
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1.1.2 Exercise mechanism of action in the brain  
 

In response to exercise, the expression of several growth factors is upregulated in 

the brain, especially in the hippocampus (Chieffi et al., 2017). Examples of these 

factors include the vascular endothelial growth factor (VEGF) and the insulin-like 

growth factor (IGF-1) that are involved in neurogenesis (Fabel et al., 2003 ; Trejo, 

Carro and Torres-Alemán, 2001), and most importantly neurotrophins, such as 

BDNF, that have significant effects on brain plasticity and cognitive function 

(Vaynman, Ying and Gomez-Pinilla, 2004; Brigadski and Leßmann, 2014).  
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1.2 Neurotrophins 

1.2.1 Overview  
 

Neurotrophins are a family of growth factors that activate signaling pathways in 

the nervous system. The nerve growth factor (NGF), BDNF and neurotrophins 3 and 4 

(NT-3, NT-4), belong to this family (Hallböök, 1999). Neurotrophins play an important 

role in neuronal survival during development and continue to modulate neuronal growth 

and survival, synaptic plasticity and long term potentiation (LTP) in adulthood (Huang 

and Reichardt, 2001). Neurotrophins bind to 2 different types of receptors, the 

tropomycin receptor kinase (Trk) family and the p75 neurotrophin receptor (Hallböök, 

1999). NGF specifically binds to TrkA, while BDNF and NT-4 bind to TrkB, and NT-3 

to TrkC (Lewin and Barde, 1996). BDNF is highly expressed in the central nervous 

system (CNS), notably the hippocampus and cortex of the brain, and has become the 

main focus to researchers when attempting to treat neurodegenerative diseases since it is 

involved in neurogenesis, plasticity and memory (Huang and Reichardt, 2001; 

Kowiański et al., 2017). BDNF expression is activity-dependent revealing its importance 

in the adult brain (Mitre, Mariga and Chao, 2017). When the bdnf gene is transcribed, 

the precursor protein proBDNF is produced. This is later converted to the mature form 

mBDNF. The two products, proBDNF, and mBDNF bind different receptors (Piepmeier 

and Etnier, 2015), inducing distinct signaling pathways, that have opposite roles in the 

nervous system. ProBDNF binds the p75 receptor inducing signaling mechanisms 

involved in long term depression (LTD), apoptosis and retraction of the dendrites, while 

mBDNF binds to TrkB and induces signaling mechanisms that enhance LTP, cell 

proliferation and dendritic growth (Erickson, Miller and Roecklein, 2012 ; Phillips, 

2017). 
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  1.2.2 Structure and function of BDNF  
 

In rodents, the bdnf gene is composed of 9 exons. Each one of the first 8 exons is 

alternatively spliced to a common coding exon IX leading to a variety of transcripts that 

encode the same protein, BDNF. Regulation of bdnf expression is complex since it is 

tissue-specific and stimulus-dependent. This is due to the presence of several distinct 

promoters and the variety of transcription factors that regulate its expression (Aid et al., 

2007). In fact, promoter I was shown to be induced in the hippocampus after physical 

activity (Tabuchi et al., 2002; Sleiman et al., 2016) as well as following a fear 

conditioning paradigm, suggesting that this specific promoter might play an important 

role in learning and memory formation (Lubin, Roth and Sweatt, 2008). 

 

1.2.3 BDNF Signaling  
 

The binding of mBDNF to the TrkB receptor induces the dimerization and 

autophosphorylation of its 2 subunits. When TrkB is phosphorylated (pTrk), it is active. 

The activation of TrkB will subsequently lead to the activation of three main signaling 

pathways: the mitogen-activated protein kinase (MAPK) pathway, the phosphatidyl-

inositol 3-kinase (PI3K) pathway, and the phospholipase C γ (PLCγ) pathway (Segal, 

2003). When PLCγ is active, it cleaves lipids to produce diacylglycerol (DAG) and 

inositol triphosphate (IP3). IP3 triggers the release of high amounts of Ca2+ in the 

cytoplasm. Increased levels of Ca2+ activate the Ca2+/calmodulin-dependent protein 

kinase II (CaMKII) and induce the transcription factor cAMP response element binding 

protein (CREB). The activation of the PI3K pathway ultimately leads to the induction of 

CREB through Akt. Finally, the MAPK signal transduction pathway also leads to 

CREB’s activation (Figure 1). As a result, all three pathways converge on the activation 

of CREB that regulates signaling pathways that induce brain plasticity, resilience to 

depression, and improved cognitive performance (Segal, 2003). 
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Figure 1: Three different signaling pathways are activated by BDNF and they all 

converge on CREB activation. 

This figure includes the following abbreviations: CREB: cAMP-calcium response 

element binding protein, PLCɣ: phospholipase C, IRS1/2: insulin receptor substrates 1/2, 

PI3K: phosphatidylinositol 3-kinase, MEK: MAP/Erk kinase, ERK: extracellular signal-

regulated kinase, mTOR: mammalian target of rapamycin. 
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1.2.4 Role of BDNF in promoting learning and memory 
 

In the adult brain, BDNF regulates neurogenesis and synaptic plasticity such as 

LTP (Autry and Monteggia, 2012). When BDNF signaling is genetically or 

pharmacologically inhibited, learning and memory formation are impaired (Yamada, 

Mizuno and Nabeshima, 2002; Gomez-Pinilla, Vaynman and Ying, 2010). Along with 

bdnf, the expression of its receptor trkB is also affected. When a spatial memory is 

acquired, TrkB is activated by phosphorylation and this effect is lost upon inhibition of 

learning (Yamada, Mizuno and Nabeshima, 2002). Another study reported that rodents 

trained in a fear conditioning paradigm exhibited increased hippocampal BDNF levels 

induced by memory extinction (Rosas-Vidal, Do-Monte, Sotres-Bayon and Quirk, 

2014). In addition, rats treated with intra-hippocampal BDNF prior to a behavioral task 

such as the water maze performed better than control groups (Cirulli, Berry, Chiarotti 

and Alleva, 2004). Hence, learning and memory are greatly affected by BDNF signaling. 

 

1.2.5 Metabolites that mediate the positive effects of exercise through BDNF 
induction 

 

Some known mechanisms by which physical exercise induces bdnf expression 

involve the release of endogenous metabolites from different tissues such as the muscle, 

liver or bones (Figure 2). These molecules mediate the positive effects of exercise on the 

brain by crossing the blood-brain barrier (BBB) and activating neuronal signaling 

mechanisms that eventually lead to increased hippocampal BDNF levels. Previous work 

from our laboratory showed that lactate, which is produced in muscles in response to 

exercise, crosses the BBB and makes its way to the brain. In the hippocampus, lactate 

activates the histone deacetylase sirtuin 1 (SIRT1), which induces the expression of bdnf 

through a PGC1a/FNDC5 pathway (El Hayek et al., 2019). Indeed, one mechanism by 

which bdnf expression is induced involves the action of a myokine Fibronectin type III 

domain-containing protein 5 (FNDC5). The downstream effectors through which 

FNDC5 induces bdnf expression are not identified. Indeed, fndc5 mRNA expression in 

the hippocampus is induced by a complex between estrogen related receptor alpha 
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(ERRa) and the transcriptional coactivator (PGC1a) (Wrann et al., 2013). After exercise, 

lactate increases PGC1a levels in the hippocampus. PGC1a interacts with ERRa forming 

a complex that binds to the promoter of fndc5. FNDC5 in turn activates bdnf expression 

in the hippocampus through intermediate signaling pathways (Wrann et al., 2013; 

Phillips, Baktir, Srivatsan and Salehi, 2014).  

Our group also identified another mechanism of exercise-mediated bndf induction that 

involves the ketone body β-hydroxybutyrate (DBHB). Exercise induces DBHB release 

by the liver into the blood. DBHB levels increase in the hippocampus where it acts as a 

class I histone deacetylase inhibitor, blocking the recruitment of HDACs 2 and 3 to 

bdnf’s activity-dependent promoter 1, thus activating it (Sleiman, 2016).  

In addition to these, osteocalcin is also a molecule released by the bones after physical 

activity (Mera et al., 2016). Studies have demonstrated that osteocalcin too crosses the 

BBB, where it plays a role in improving anxiety-like behaviors and cognitive function 

(Shan et al., 2019). Once osteocalcin reaches the hippocampus of the brain, it interacts 

with Gpr158, a G-coupled receptor. As a result, IP3 accumulates in the brain and BDNF 

levels increase (Khrimian et al., 2017; Obri, Khrimian, Karsenty and Oury, 2018). Other 

studies also demonstrated that the histone-binding protein RbAp48 regulates the 

expression of Gpr148 and BDNF, leading to the beneficial outcomes related to memory 

and cognition (Kosmidis et al., 2018). 
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Figure 2: Metabolites released upon to exercise and the molecular pathways they 

respectively activate to induce BDNF and promote learning and memory in the 

hippocampus. 
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1.3 Autophagy  

Autophagy is an intracellular catabolic process involved in the self-degradation 

of old malfunctioning organelles as well as misfolded proteins and cytoplasmic 

aggregates. In response to various stresses, autophagy is involved in the recycling and 

remodeling of cells and their components in order to maintain homeostasis and produce 

energy (Mizushima and Komatsu, 2011). There are three different types of autophagy: 

macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (Figure 

3). In macroautophagy, the cargo is transported to the lysosome through an intermediary 

membrane that will fuse with the lysosome, while microautophagy is the process 

whereby the cytosolic components are directly taken up by the lysosome itself through 

invagination (Mizushima and Komatsu, 2011). CMA is when targeted proteins are 

translocated along with chaperone proteins as a complex, and taken towards the 

lysosomal membrane where they are recognized by the receptor LAMP-2A resulting in 

their unfolding and degradation (Towers and Thorburn, 2016 ; Liang, 2019, Mizushima 

and Komatsu, 2011). Although macroautophagy is extensively studied in the context of 

protein homeostasis (proteostasis), aging, and neurodegeneration, it is still unclear how 

environmental stresses affect autophagy and regulate brain health.  
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Figure 3: The three different types of autophagy 

 

  1.3.1 Autophagy markers 
  

Autophagy requires the formation of a double-membraned vesicle, the 

autophagosome, which transports the unnecessary, damaged material targeted for 

degradation towards the lysosome. Their fusion will form an autophagolysosome inside 

which the engulfed material will be degraded by hydrolases. This process consists of 

three steps: initiation and elongation, maturation, and fusion. The biomarkers used in the 

study of autophagy are proteins involved in the first phase, whose final product is the 

autophagosome. For initiation, a complex containing Vps34, Beclin-1, ambra1 and 

others is formed, while elongation occurs in two pathways similar to ubiquitin 

conjugation. One protein whose levels are used as a marker for autophagy is the 
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microtubule-associated protein light chain 3 (LC3B). It is found in the cytosol of most 

cells and is cleaved into LC3B-I upon autophagy induction and then converted from the 

activated LC3B-I form to LC3B-II which is incorporated into the membrane of the 

autophagosome by the action of autophagy proteins (ATGs). LC3B-II (or LC3B) helps 

in the fusion of the membranes and the selection of the substances to be degraded; its 

expression increases during autophagy (Glick, Barth and Macleod, 2010). The 

autophagy receptor sequestosome 1 (SQSTM1, p62) is another protein that is used as a 

marker for autophagy, It binds to misfolded proteins that have been previously 

ubiquitinated and disposes them to decrease toxicity or directs them for degradation 

(Zatloukal et al., 2002; Moscat and Diaz-Meco, 2009). p62 is also integrated into the 

autophagosomal membrane and physically links the cargo to the membrane (Glick, 

Barth, and Macleod, 2010). The levels of both of these proteins have been extensively 

studied as molecular markers of autophagy. 

 

1.3.2 Autophagy in the brain 
 

Autophagy has a vital role in the brain in terms of neuronal integrity, signaling, 

and development as well as in regulating synaptic plasticity and memory formation 

(Liang, 2019; Nikoletopoulou et al., 2017).  It is extremely important for autophagy to 

properly take place in the brain, at least at basal levels, to recycle damaged organelles, 

and clear harmful and misfolded proteins whose accumulation causes an imbalance in 

proteostasis and could ultimately lead to neurodegeneration; as a result, constant 

surveillance of neuronal protein quality is vital to prevent neuronal loss (Eric E Essick, 

2010 ; Liang, 2019 ; Kulkarni, Chen and Maday, 2018).  

Researchers have linked the development of neurodegenerative diseases to mutated 

autophagy proteins (Frake, Ricketts, Menzies and Rubinsztein, 2015) and have shown 

that induction of autophagy in neurons actually rescues the deficits observed and could 

be targeted for therapy (Barmada et al., 2014). Others have shown the importance of 

autophagy in regulating synaptic plasticity and cognition, especially memory formation 

(Liang, 2019; Tripathi, 2019). Rodent studies by Hylin et al. revealed that special 
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learning causes hippocampal LC3B levels to increase and that the formation of long-

term memories requires autophagy (Hylin et al., 2017). Moreover, age-related memory 

deficits were reversed by stimulating autophagy in the brain (Glatigny et al., 2019; 

Tripathi, 2019).  

 

1.3.3 Diet and autophagy 
 

Diet, like exercise, has a major impact on brain function. For example, we have 

recently shown that a high protein diet promotes resilience to chronic social defeat stress 

(Nasrallah et al., 2019).  Interestingly, in vivo studies demonstrated that fasting over a 

short period of time significantly increases levels of autophagosomes formed in neurons, 

specifically in cortical and Purkinje cells, through upregulating the neuronal signaling 

pathways of autophagy (Alirezaei et al., 2010). Moreover, food administration in fasting 

conditions showed neuroprotective roles in rat and mouse models of neurodegenerative 

diseases and CNS injuries as compared to ad libitum controls (Longo and Mattson, 

2014). Recent work established that caloric restriction promotes memory formation by 

inhibiting autophagy in the hippocampus and that this inhibition was dependent on 

BDNF signaling (Nikoletopoulou et al., 2017).  

 

  1.3.4 Exercise and autophagy 
 

Through autophagy, physical exercise can improve cognition and protect from 

neurological diseases (Xing et al., 2019). This involves destroying Aβ plaques in 

APP/PS1 transgenic AD mouse models in response to exercise through enhancing 

autophagy-lysosomal performance (Zhao et al., 2018). Exercise promotes autophagy not 

only in the muscle, but also in the brain. This increase in autophagic flux after exercise 

was demonstrated by increased LC3B levels and reduced amounts of SQSTM/p62 in the 

cortex (He, Sumpter, Jr. and Levine, 2012). However, the intensity and duration of 

exercise play crucial roles in activating autophagic pathways (Schwalm et al., 2015). 

These pathways involve either a boost in autophagic flux upon exercise or induction of 
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important genes related to autophagy (Halling and Pilegaard, 2017). Interestingly, short-

term voluntary exercise induces autophagy in the cortex of 8-12 week-old mice (Rocchi 

and He, 2017). Other studies have shown that autophagy is impaired in older mice as 

compared to younger ones, leading to the accumulation of aggregates and damaged 

organelles in the cells, and consequently, resulting in neurodegeneration (Metaxakis, 

Ploumi and Tavernarakis, 2018). 
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1.4 Aging and the brain 

Aging is defined by the build-up of damage in the genetic make-up that 

progressively causes functional decline. Some of its hallmarks include changes in cell-

to-cell communication, mitochondrial dysfunction, and deterioration in maintaining 

proteostasis (López-Otín et al., 2013). Aging is accompanied by a decrease in the 

neuronal count and synapse formation, as well as a general decrease in plasticity. These 

alterations lead to cognitive decline in a time-dependent manner. In fact, certain studies 

showed deterioration in BDNF signaling with increased age and thus poor learning and 

memory formation (Miranda, Morici, Zanoni and Bekinschtein, 2019). Normally, 

autophagy eliminates these damaged aggregates to maintain proteostasis in body tissues 

and the brain; however, many scientists have reported a malfunction in this process 

relating aging to degeneration (Daniele, Giacomelli and Martini, 2018). For example, in 

neurodegenerative diseases, the number of autophagy-related genes and proteins 

decreases and the presence of abnormal autophagosomes increases (He, Lu and Yue, 

2013). Based on that, studies reported that repressing autophagy accelerates aging and 

that inducing autophagy has an opposite effect, extending longevity (Rubinsztein, 

Mariño and Kroemer, 2011). Physical activity attenuates many of the symptoms of 

neurodegenerative diseases by increasing BDNF production, even in aged mice. 

Moreover, exercise is known to have a beneficial impact on autophagy aiming to 

maintain cellular homeostasis by degrading dysfunctional organelles and protein 

aggregates. By targeting the known hallmarks of aging, exercise can be a very effective 

therapeutic approach to delay aging and prevent neurodegeneration (Garatachea et al., 

2015).  
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1.5 Aim of this study 

In this study, we hypothesized that voluntary exercise induces autophagy in the 

brain in an age-dependent manner. We aimed to examine whether the induction of 

autophagy by exercise promotes spatial learning and memory formation through 

hippocampal BDNF activation. To assess this, we looked at the induction of autophagy 

in different brain regions, most notably the cortex and hippocampus of juvenile, mature, 

and middle-aged mice. 
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Chapter Two 

Materials and Methods 
 

2.1 Experimental Subjects 

Male C57BL/6 mice were individually housed in cages with food and water ad 

libitum and maintained on a 12-hour light-dark cycle. Mice of different age groups were 

used, ranging from 4, 10 and 22-and 32-weeks old. They were divided into sedentary or 

exercise groups and further classified based on the treatments they received. Animals 

were sacrificed either directly after a 2-week exercise paradigm or after behavioral tests 

were performed. Hippocampal and cortical tissues were collected on dry ice and stored 

at -80°C. This work was approved by the Lebanese American University Animal Care 

and Use Committee (ACUC). 

 

2.2 Exercise Paradigm 

Male mice were divided into either sedentary or exercising groups. Each 

exercising mouse was housed with a running wheel that they can freely access for a 

period of 2 weeks. The control mice were also individually housed in cages with the 

same conditions, but in the absence of a running wheel. 

 

2.3 Treatments 

Male mice received intraperitoneal injections of chloroquine diphosphate 

(50mg/kg), an inhibitor of autophagy that is able to cross the BBB. Chloroquine 

diphosphate was dissolved in saline and injections were performed only during the 

behavioral experiments, that is after the completion of the short-term exercise paradigm. 
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The injections were administered daily,15 minutes prior to behavioral training. Control 

mice received saline injections.   

 

2.4 Morris Water Maze Test 

After 2 weeks of exercise, the special memory of mice was tested using the 

Morris Water Maze (MWM). This test was performed as previously described (Morris, 

1984). Briefly, the maze consists of a pool that is divided into 4 equal quadrants (Q1-

Q4). The pool has a platform placed in Q1 as well as visual cues distributed around its 

circumference. Mice were placed in the pool full of clear water and a visible platform on 

day 1 to get acquainted with the set up. From day 2 through day 6, white paint was 

added in order to hide the platform. Learning was assessed over these 5 days based on 

the escape latency or the period of time in seconds taken by the mouse to reach the 

hidden platform and escape the water. In this paradigm, the mouse relies on its spatial 

memory using the visual cues on the borders of the pool to reach the hidden platform 

and escape the water. Each mouse was given three 1-minute trials, each from a different 

starting point. The ANY-maze Video Tracking System was used to record the escape 

latency every day. On day 7, the platform was completely removed from the pool of 

white paint, and the time spent in the quadrant that previously contained the platform 

(Q1) was recorded. 
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Figure 4: Illustrative schematic of the Morris Water Maze setup. 

 

2.5 Protein Extraction and Western Blot Analysis 

Total cellular proteins were extracted from the tissues by preparing a master mix 

of lysing buffer RIPA-B (1% Triton X-100, 1% SDS, 50mm Tris-Cl, pH 7.4, 500mm 

NaCl, and 1mm EDTA), protease (Sigma, BioWORLD), phosphatase (Sigma, 

BioWORLD), and proteasome (MG-132) inhibitors (Sigma). Samples were boiled in 

Laemelli buffer and were electrophoresed on an acrylamide gel (Bio-Rad) and then 

transferred to a PVDF membrane using Trans-Blot SD Semi-Dry transfer cell (Bio-Rad). 

Membranes were blocked using non-fat milk diluted in TBS-Tween. Membranes were 

incubated either overnight at 4°C or for 2 hours at room temperature.  Primary 

antibodies against LC3B (Abcam), BDNF (N-20, Santa Cruz Biotechnology), and 

GAPDH (Abcam) will be diluted 1:2000, 1:500, and 1:1000 respectively in blocking 

buffer. Secondary antibodies (Bio-Rad) were used at a 1:5000 dilution and incubated for 

1 hour at room temperature. Three washes of 5 minutes each with TBS-T were 

performed after primary antibody incubation and again after secondary antibody 

incubation. Finally, the proteins were detected by chemiluminescence on ChemiDoc 

(Bio-Rad) using Clarity Western ECL Substrate or Super Signal West Femto. Band 

quantification and analysis was done with ImageJ software. 
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2.6 Statistical Analysis  

Unpaired T-test and one-way ANOVA were used to assess the statistical 

significance of the results. A p<0.05 was considered to be statistically significant 

 *: p<0.05, **: p<0.01, ***: p<0.005 
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Chapter Three 

Results 
 

3.1 Short-term exercise regulates autophagy protein marker expression 
in an age-dependent manner 

 We were first interested in determining how exercise affects autophagy in the 

brains of mice that belong to different age groups. We studied mice that are juvenile (4-

weeks-old), mice that are mature adults (10-weeks-old), as well as middle age mice 

(older than 22-weeks old) (Jackson et al., 2017). To determine how short-term exercise 

affects autophagy in the brain across the different age groups, we subjected mice to 14-

days of voluntary wheel running (Diederich et al., 2017). At the end of the exercise 

paradigm, we euthanized the mice and harvested different brain regions, such as the 

hippocampus and cortex. To assess how exercise affects autophagy in these animals, we 

compared the protein levels of the autophagy marker LC3B from the hippocampus and 

cortex of exercising animals to the sedentary animals. We found a significant increase in 

the protein levels of LC3B in the cortex (Ttest=0.03356), but not the hippocampus 

(Ttest=0.51644) of 4-week-old exercising mice as compared to control sedentary mice 

(Figure 5A and B). Our results suggest that exercise activates autophagy in the cortex, 

but not the hippocampus of juvenile mice. The opposite result was observed in 10-week-

old exercising mice. Indeed, we observed a significant increase in the protein levels of 

LC3B in the hippocampus (Ttest=0.0237), but not the cortex of 10-week-old exercising 

mice when compared to control sedentary mice (Ttest=0.9987) (Figure 5C and D). Our 

results suggest that exercise activates autophagy in the hippocampus, but not the cortex 

of mature adult mice. Interestingly, we did not observe significant effects of exercise in 

middle age mice (22 weeks old) on LC3B protein levels in neither the hippocampus 

(Ttest=0.84902) nor the cortex (Ttest=0.71818) (Figure 5E and F).  



21 
 

 

 

*

*



22 
 

 

 

Figure 5: The induction of autophagy upon short-term voluntary exercise differs 

according to age 

 (A) and (B) Representative western blot images and their relative quantification 

showing the effect of exercise on LC3B levels in the hippocampus and cortex of 4-

week-old mice respectively. (B) Statistical significance was measured by unpaired t-test 

*p<0.05. (C) and (D) Representative western blot images and their relative 

quantification showing the effect of exercise on LC3B levels in the hippocampus and 

cortex of 10-week-old mice respectively. (C) Statistical significance was measured by 

unpaired t-test *p<0.05. (E) and (F) Representative western blot images and their 

relative quantification showing the effect of exercise on LC3B levels in the 

hippocampus and cortex of 22-week-old mice respectively. The first 2 lanes correspond 

to the sedentary mice while the last 2 lanes correspond to exercising mice. GAPDH was 

used as a loading control for all. 
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3.2 Short-term exercise improves spatial learning and memory in 4 and 
10-week-old mice, but not in 22-week-old mice 

 To assess how short-term exercise affects spatial learning and memory formation 

in mice that belong to different age groups, we used the MWM paradigm. We observed 

that exercise enhanced learning in juvenile mice as they displayed a shorter escape 

latency (Figure 6A), however we did not observe any significant enhancement in 

memory formation in these mice (Figure 6B). In contrast, we observed that exercise 

enhanced learning in mature adult mice and enhanced memory formation (Figure 6C and 

D and Figure 7D). In 22-week-old mice, physical activity did not significantly impact 

the mice’s performance in the water maze (Figure 6E and F). Exercising mice 

outperformed sedentary mice only on the first day of the learning paradigm after which 

the performance of both groups of mice was equivalent (Figure 6E).  
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Figure 6: Short-term voluntary exercise enhances special learning and memory 

formation in the different age groups. 

(A) Graph showing the latency period for 4-week-old exercising mice to reach the 

platform per day as compared to their sedentary group. Statistical significance was 

measured by unpaired t-test **p<0.01. (B) Graph indicating the average time spent in 

the target quadrant by each group of 4-week-old mice (Ttest=0.21943). (C) Graph 

showing the latency period for 10-week-old exercising mice to reach the platform per 

day as compared to their sedentary group. Statistical significance was measured by 

unpaired t-test *p<0.05. (D) Graph indicating the average time spent in the target 

quadrant by each group of 10-week-old mice (Ttest=0.17344). (E) Graph showing the 

latency period for 22-week-old exercising mice to reach the platform per day as 

compared to their sedentary group. Statistical significance was measured by unpaired t-

test **p<0.01. (F) Graph indicating the average time spent in the target quadrant by each 

group of 22-week-old mice (Ttest=0.22147). 
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3.3 Inhibition of autophagy decreases learning and memory formation 
in 10-week-old mice, but has no effect on 4 and 32-week-old mice 

 Having showed that short-term exercise induces autophagy and enhances 

learning and memory formation in mature adult mice, we sought to determine whether 

the induction of autophagy is linked to enhanced learning and memory formation. As a 

result, we inhibited exercise-induced autophagy using a brain-permeable inhibitor, 

chloroquine diphosphate, and determined whether this inhibition affects learning and 

memory formation in the different age groups. We used mice that have undergone the 

short-term exercise paradigm and injected them with chloroquine diphosphate as soon as 

they began the MWM training. We administered the same dose every day until the final 

harvest. In 4-week-old mice, chloroquine diphosphate did not impact learning and 

memory formation, neither in terms of latency to reach the platform during the training 

phase (Figure 7A), nor in terms of time spent in the target quadrant when memory 

formation was tested (Figure 7B). In 10-week-old mice, we observed that exercise 

enhanced learning by decreasing the escape latency time. Interestingly, inhibition of 

autophagy by chloroquine diphosphate abolished the exercise induced learning (Figure 

7C). Moreover, exercise enhanced memory formation in the 10-week-old mice whereas 

inhibition of autophagy by chloroquine diphosphate abolished this exercise induced 

effect (Ttest= 0.0085) (Figure 7D). These results are consistent with our observation in 

figure 5C, where we saw that exercise enhanced autophagy in this mice age group. 

Considering that this form of spatial memory is hippocampus-dependent, it makes sense 

that we observe that the inhibition of autophagy has negative effects on the learning and 

memory formation in 10-week-old mice, but not 4-week-old mice. Middle age mice (32-

weeks-old) showed opposite results where learning showed slight but not significant 

improvement (Figure 7E) and memory performance was enhanced (Figure 7F) upon 

chloroquine injections (Ttest= 0.01396).  
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Figure 7: Inhibition of autophagy during training in the Morris Water Maze affects 

performance differently according to age. 

(A) Graph showing the latency period for 4-week-old mice to reach the platform per day 

comparing exercising mice taking saline injections to ones taking injections of the 

autophagy inhibitor chloroquine (CQ) as well as to a group of sedentary mice being 

administered the inhibitor CQ. (B) Graph indicating the average time spent in the target 

quadrant by each group of 4-week-old mice. (C) Graph showing the latency period for 

10-week-old mice to reach the platform per day comparing exercising mice taking saline 

injections to ones taking injections of the inhibitor CQ as well as to a group of sedentary 

mice being administered either saline or the inhibitor CQ. Statistical significance from 

day 1 to 5 between Ex+Sal and Sed+Sal groups was measured by unpaired t-test 

*p<0.05, **p<0.01, and ***p<0.001 as well as between Ex+CQ and Sed+Sal group 

*p<0.05. (D) Graph indicating the average time spent in the target quadrant by each 

group of 10-week-old mice. Statistical significance between Ex+Sal and Ex+CQ groups 

was measured by unpaired t-test **p<0.01 and *p<0.05 between Ex+Sal and Sed+Sal. 

(E) Graph showing the latency period for 22 to 32-week-old mice to reach the platform 

per day comparing exercising mice taking saline injections to ones taking injections of 

the inhibitor CQ. (F) Graph indicating the average time spent in the target quadrant by 

each group of 32-week-old mice. Statistical significance was measured by unpaired t-

test **p<0.01. 
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3.4. Inhibition of autophagy negatively affects BDNF levels in the 
hippocampus of 10 week old mice 

 Since inhibition of autophagy lead to a decline in cognitive performance in 10-

week-old mice as seen in the previous MWM results (Figures 7C and D), we 

hypothesized that autophagy regulates BDNF levels in the hippocampus to enhance 

learning and improve memory formation. We used the hippocampus of 10-week-old 

mice that were either treated with saline or chloroquine diphosphate during the 

behavioral tests, extracted proteins, and performed a western blot. Our results indicated 

that indeed BDNF levels decrease (Ttest=0.08247) when autophagy is inhibited (Figure 

8A and B). We are currently increasing the n number for these experiments. 

 

 

Figure 8: BDNF levels decrease in the hippocampus of 10-week-old exercising mice 

upon autophagy inhibition. 

(A) Representative western blot image depicting the levels of BDNF in exercising mice 

that were administered the autophagy inhibitor chloroquine (CQ) (first 3 lanes) as 

compared to the control group of exercising mice that only took the vehicle saline (Sal) 

(last 4 lanes) along with the loading control GAPDH. (B) Relative quantification of 

BDNF western blot. 
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Chapter Four 

Discussion 
 

Researchers have long been interested in studying the positive effects of exercise 

on the body, and specifically how it affects the brain and cognitive function. It was 

demonstrated that physical activity increases neurotransmitter production, growth factor 

release, synaptic plasticity, spine density, angiogenesis and neurogenesis, as well as 

learning and memory and  resilience to depression and anxiety (van Praag, Christie, 

Sejnowski and Gage, 1999; van Praag, 2008; Lawlor, 2001; Cotman, Berchtold and 

Christie, 2007  ; van Praag, 2009). As people age, they acquire an increased risk of 

developing neurodegenerative diseases (Daniele, Giacomelli and Martini, 2018) such as 

Alzheimer’s or Parkinson’s disease.  As a result, their cognitive functions deteriorate 

and neurogenesis and synaptic processes decline (Kuhn, Dickinson-Anson and Gage, 

1996 ; Barnes, 1994). However, studies have shown that exercise has the ability to 

reverse the negative effects of aging on the brain (van Praag, 2005; Wong-Goodrich et 

al., 2010). In our study, we focused on determining a mechanism through which 

voluntary exercise impacts learning and memory formation. Several studies have 

established that upon physical activity, hippocampal bdnf expression levels are increased 

(Neeper, Góauctemez-Pinilla, Choi and Cotman, 1995 ; Oliff, Berchtold, Isackson and 

Cotman, 1998) to induce learning and memory formation (Brigadski and Leßmann, 2014 

; Vaynman, Ying and Gomez-Pinilla, 2004).  

Diet, like exercise, has a major impact on brain function. For instance, our lab 

has recently shown that a high protein diet promotes resilience to chronic social defeat 

stress (Nasrallah et al., 2019). Others have shown that caloric restriction activates 

hippocampal BDNF signaling and a downstream PI3K/Akt pathway to inhibit the 

transcription of autophagy related genes and enhanced memory (Nikoletopoulou et al., 

2017). Therefore, since the signaling pathways activated by dietary restriction are 

usually similar to those induced by exercise, we became interested in determining 
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whether autophagy is involved in exercise-induced learning and memory formation; and 

if there is an age-specific role.  

In order to test our hypothesis, we first wanted to verify whether voluntary 

wheel-running induces an increase in autophagy in the mouse brain. Some studies had 

previously shown that autophagy is activated in the exercising skeletal muscle and even 

in the brain (Brandt, Gunnarsson, Bangsbo and Pilegaard, 2018. ; Taylor & Francis, 

2012). We decided to implement a short-term exercise paradigm that consists of 2 weeks 

of voluntary running and then looked at autophagy markers to determine if there was an 

effect on that process. To assess age-related effects, we mainly focused on 3 different 

age groups: juvenile mice that are 4-weeks-old, middle age mice that are 22 or 32-

weeks-old, as well as an intermediate group of adult mice that are 10-weeks-old. By 

looking at the protein levels of light chain LC3B right after this exercise paradigm, our 

results indicated that autophagy is induced in the cortex of young mice and then this 

induction shifts to the hippocampus in 10-week-old ones, only to disappear completely 

in both brain regions of older mice. This points out that there is an induction of 

autophagy in the brain and that it is age-dependent. 

 

We next assessed the behavioral aspects by allowing the mice to train in the 

MWM. This test assesses hippocampal-dependent spatial learning and memory. To 

understand how short-term exercise affects learning and memory formation, we 

measured the escape latency period, the time the mouse needs to reach the platform 

during the learning phase that consists of 5 days. The mouse is said to be learning better 

if it has a shorter escape latency period. On the probe trial/memory test day, the time 

spent in the target quadrant (Q1) that previously contained the platform is measured. The 

more time the mouse spends in Q1 searching for the platform, the better its memory.  

Our results on the 4-week-old mice indicate that short term exercise enhances learning, 

but does not have significant effects on memory formation. Our results on the10-week-

old mice verify that learning and memory are enhanced with short-term voluntary 

exercise. 
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We, therefore, raised the question of whether autophagy might be involved in 

mediating the beneficial effects of exercise on cognitive performance. In order to assess 

that, we hypothesized that if autophagy was inhibited after short-term exercise, exercise-

induced learning and memory formation would be negatively affected, specifically in 10 

week-old mice. As a result, after short-term voluntary wheel running, we started treating 

the mice with chloroquine diphosphate, an autophagy inhibitor, at a dose of 50mg/kg 

daily all throughout the 8 days of training and memory tests.  Indeed, the results verified 

our hypothesis since exercise-induced spatial learning and memory formation are 

attenuated in 10-week-old exercising mice that were treated with chloroquine as 

compared to ones treated with the vehicle (saline). Interestingly, autophagy inhibition 

did not affect learning and memory formation in the juvenile mice. This is consistent 

with our data that exercise does not induce autophagy marker protein levels in the 

hippocampus of these mice. Moreover, when we assessed the effect of autophagy on 

middle-aged mice, we observed that inhibition of autophagy enhances exercise-induced 

learning and memory formation. This is an unexpected result as we could not observe 

significant regulation of autophagy markers in this mouse group (Figures 7E and F). We 

are currently exploring whether exercise affects other autophagy markers in this age 

group including the autophagy proteins. Our results suggest that exercise differentially 

regulates autophagy in an age-dependent manner. In addition, they also suggest that 

autophagy itself differentially modulates hippocampal-dependent learning and memory 

formation in an age-dependent manner.  

 

We next wanted to test whether exercise-mediated autophagy in 10-week-old 

mice induces BDNF to promote learning and memory. We performed a western blot and 

looked at the protein levels of hippocampal BDNF in a group of exercising mice treated 

with saline versus a group treated with chloroquine. The data was consistent with our 

hypothesis that BDNF induction is downstream of autophagy when exercise stimulates 

spatial learning and memory formation. We are currently working in increasing the n 

number for these experiments.  
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In this study, we provided evidence that in a short-term voluntary exercise 

paradigm, autophagy is induced in the hippocampus of 10-week-old mice, activating 

BDNF to promote spatial learning and memory formation (Figure 9). For future studies, 

it would be interesting to look at whether activating BDNF with a TrkB activator such as 

7,8-dihydroxyflavone can bypass the inhibition of autophagy. 

 

 

Figure 9: A proposed model by which short-term exercise promotes learning and 

memory formation. 

In 10 week old mice, a short-term paradigm of voluntary wheel running was shown to 

induce autophagy in hippocampal tissues. Exercise-induced autophagy activates BDNF 

in the hippocampus, thus promoting learning and memory. Inhibition of autophagy by 

chloroquine during behavioral training demonstrated deficits in learning and memory 

performance of exercising 10-week-old mice. We hypothesize that using 7,8-

dihydroxyflavone to activate BDNF can bypass autophagy inhibition. 
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