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Chapter 1. General Introduction 

1.1. Mitochondria and aging  

1.1.1. Introduction 

Aging is generally defined as a condition in which a continuous decline of physiological 

integrity of various organs, leading to increased susceptibility to diseases and death1. The decline in 

functional capacity of tissues and organs can be due to a gradual loss of functional cells in tissues 

along the aging. Thus, open questions in this field study is what is driving force of aging. The first 

important study of aging emerged in 1983, in which long-lived strains of free-living nematode 

Caenorhabditis elegans was screened and isolated2. Nowadays, we know much about the machinery 

of aging. One of the most probable machinery of aging is growing occurrence of mitochondrial 

dysfunction which stem from mutational mitochondrial DNA (mtDNA)3,4. Mitochondrial quality 

must be strictly surveyed, as mitochondria regulate a number of biological processes, such as ATP 

generation, lipid metabolism, iron–sulfur cluster biogenesis, calcium homeostasis, and apoptosis5. 

Therefore, mitochondrial quality control system in the cell has been intensively studied since more 

than half a century ago. In this section, current knowledge of the relationships between mitochondria 

and aging process will be described. 
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1.1.2. The free radical theory of aging  

 The free radical theory of aging, proposed by Harman in 1956, suggests that aging process 

and aging-associated diseases may be due to the detrimental effect of reactive oxygen species (ROS) 

generated from mitochondria6. This theory predicts that a vicious cycle causes aging process. First, 

ROS produced by normal metabolism of mitochondrial electron transport chain (ETC) induces 

damage to mitochondrial macromolecules, such as proteins, DNA and lipids. Next, mutations in 

mtDNA in turn lead to functional impairment in subunits in the ETC. Finally, this impairment results 

in augmented ROS generation. Indeed, massive amount of studies have showed the positive 

correlation between ROS production and aging process to support this free radical theory of aging7,8. 

However, these studies do not exclude the possibility that mitochondrial damage and ROS production 

are just consequences of aging process, rather than driving force of aging. 

Recent studies have led us to reconsider the free radical theory of aging. For example, in 

studies using Saccharomyces cerevisiae and C. elegans, genetic and pharmacological intervention 

inactivating enzymatic anti-oxidants such as superoxide dismutase (SOD) and catalase, leads to the 

increased ROS production, but prolongs their life span9–11. Moreover, mice deficient in mitochondrial 

SOD or glutathione peroxidase-1 show increased oxidative stress and incidence of pathology such as 

cancer, but does not accelerate aging12,13. To support these studies, overexpression of enzymatic anti-

oxidants SOD or catalase in mice does not extend life span14. Importantly, mice model genetically 

manipulated to significantly accumulate somatic mtDNA mutations shows premature aging, but does 

not displays increased ROS production15–17. Physiological levels of ROS are reported to provide a 
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protective role in C. elegans18. However, it is also reported that when ROS is beyond a certain level, 

ROS betrays its original physiological role and then induces aging-associated damage, ultimately 

causing apoptotic cell death17,19,20. Collectively, these studies force a reconsideration of the role of 

ROS production in aging process, and establish a new conceptual framework that ROS is a stress-

induced compensatory homeostatic signal for cell survival, rather than a driving force of aging. 

 

1.1.3. Mitochondrial DNA (mtDNA) 

 Mitochondria contain small and circular DNAs, which are distinct from nuclear genome 

DNAs. Mammalian mtDNA generally encodes 13 proteins, 22 transfer RNAs and 2 ribosomal RNAs. 

Mitochondrially encoded proteins are all subunits for then ETC. mtDNA has been considered to be 

vulnerable to aging-associated somatic mutations21. Indeed, the amount of mtDNA mutations 

increases with advancing age in various tissues and organs. For instance, partial deletion of mtDNA 

are observed in substantia nigral neurons of aged human and patients with Parkinson’s disease (PD), 

which is aging-related neurodegenerative disease22,23. Furthermore, mtDNA point mutations 

accumulates in control region for replication in mtDNA in age-dependent manner24,25. Since mtDNA 

exists in hundreds to thousands of copies per cell, coexistence of mutated and wild type mtDNA 

within a same cell (known as heteroplasmy) does not necessarily lead to respiratory chain dysfunction. 

However, the mutational loads of individual cell become significant in a poorly understood 

mechanism, and may gain a state of homoplasmy in which one mutated mtDNAs dominate as a result 

of clonal expansion of one mutated mtDNA26. One of the suggested mechanisms is mitotic 
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segregation of mtDNA mutations. As the replication of mtDNA is not linked to the cell cycle27, a 

particular mtDNA may be replicated many times or not at all in a cell division. During mitosis, 

mtDNAs are generally thought to be distributed randomly between the daughter cells28. Thus, the 

daughter cells obtain greatly different levels of mutated mtDNA load after repeated cell divisions. It 

is also important to recognize that mtDNA is replicated in postmitotic cells such as neurons, and thus 

can undergo similar types of segregation in the absence of cell division29. A heteroplasmic mtDNA 

mutation only causes dysfunction in ETC if present above a certain minimal threshold level, but this 

threshold depends on the type of mutation and affected tissue4. 

Strongest evidence for a potential causative role for mtDNA mutations in aging comes 

from analyzing what is called “mitochondrial mutator mice”. This model is knock-in mice model 

containing a mutated (D257A), proof-reading deficient form of mtDNA polymerase POL𝛾. This 

animal model exhibits a significant level of mitochondrial mutations, respiratory chain dysfunction 

and accelerated aging16. Notably, ROS production and extent of oxidative stress are not upregulated17. 

Interestingly, mtDNA mutation load already reaches a sufficiently high level by 2 months and is 

unchanged during life in mutator mice, suggesting that most of the accumulated mutations may occur 

during embryonic and/or fetal development16. Since cells undergoing apoptosis are upregulated in 

multiple tissues and organs of mutator mice with aging17, it is possible that cells with a significantly 

accumulated mtDNA mutations beyond a critical threshold level undergo apoptosis. From these 

points, apoptosis and subsequent loss of irreplaceable cells may be critical for aging in mammals. In 

agreement with this hypothesis, caloric restriction, known as the only non-genetic intervention to 
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slow down aging process across a variety of species, inhibits the accumulation of mtDNA mutations 

load30 and mitochondria-mediated apoptotic pathway31. 

 

1.1.4. Mitochondrial unfolded protein response 

mtDNA mutations can lead to accumulation of misfolded proteins within mitochondria, 

which in turn impairs mitochondrial function and ultimately cellular bioenergetic homeostasis. Thus, 

mitochondrial protease such as Lon protease deals with these toxic proteins32. However, during aging, 

gene expression of Lon protease is reduced in murine muscle33. Further, increased expression of Lon 

protease extend lifespan in Podospora anserina, a well-known aging model in fungi34. In addition to 

Lon protease, other mitochondrial proteases and chaperones also participate in preserving 

mitochondrial proteostasis to avoid excessive stresses stemming from mtDNA mutations35. 

However, resent studies also suggest that modest impairment in mitochondrial function 

could be rather beneficial for cell homeostasis. Several studies using C. elegans find that a modest 

decline or impairment in mitochondrial function leads to lifespan extension36,37 Additionally, 

knockdown of nuclear-encoded cytochrome c oxidase subunit in C. elegans (cco-1) leads to the 

increase in longevity36. Moreover, knockdown of a component of complex I in the ETC in Drosophila 

muscle preserves the age-dependent muscle atrophy and prolongs life span38. In these animals with 

impairment in ETC, mitochondrial unfolded protein response (UPRmt) is upregulated39, which is a 

stress response reaction in mitochondria. During UPRmt, various nuclear genome-encoded 

mitochondrial stress response proteins are upregulated. UPRmt is generally upregulated by 
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accumulation of mtDNA mutations or misfolded protein within mitochondria, and triggers 

mitochondrial chaperone and protease. However, it is important to note that this pathway is 

incompletely characterized at present, and there is evidence suggesting that upregulation of UPRmt 

itself is not sufficient to induce the increased life span40.  

 

1.1.5. Mitochondrial autophagy (mitophagy) 

 Macroautophagy (hereafter referred to as autophagy) is a highly conserved intracellular 

degradation system in eukaryotes, in which cytoplasmic constitutes are delivered into lysosomes. 

Although autophagy had been thought to be non-selective degradation system for utilization of the 

degraded products under nutrient starvation41, recent studies have suggested that autophagy is also a 

highly selective process for the degradation of damaged organelle, aggregated proteins and 

intracellular bacteria42. Mitochondrial autophagy (mitophagy) is a well-documented process in which 

damaged or superfluous mitochondria are removed via autophagy in selective or non-selective 

manner (Fig.1.1.5.1). During mitophagy, damaged or superfluous mitochondria are sequestered in 

double membrane structure, so-called autophagosome, followed by fusion with lysosome containing 

various degradative enzymes (Fig.1.1.5.1). Mitochondria are first found in lysosomes in a study using 

electron microscope in 195743, which was the first study indicating the existence of mitophagy. Today, 

the detailed molecular mechanisms involving mitophagy have been revealed44, which is mostly based 

on intensive in vitro research.  
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Fig. 1.1.5.1. Graphical overview of mitophagy 

 

When the amount of misfolded proteins stemming from mtDNA mutations or proteotoxic 

stress accumulate to a level that exceeds the UPRmt capacity, or the mitochondrial membrane potential 

is disrupted, mitophagy appears to play an important role in preserving cellular energy homeostasis. 

Mitophagy activity is reduced in hippocampal dentate gyrus (DG) of aged mice45 and hippocampus 

of patients with aging-related neurodegenerative diseases such as Alzheimer’s disease46. Furthermore, 

pharmacological forced induction of mitophagy alleviates symptoms of Alzheimer’s disease in mouse 

model46, and prolongs lifespan in C. elegans47. 

Although mitophagy has multiple pathways, phosphate and tensin homolog (PTEN)-

induced putative kinase 1 (PINK1) and Parkin are well-characterized molecules in selective 

mitophagy. These genes are associated with a recessive type of early onset PD48,49, known as a 

selective aging-associated loss of dopaminergic neurons and motor dysfunction. PINK1 and Parkin 

function in a common signaling pathway that is important for executing efficient mitophagy. So far, 

genetic animal models targeting PINK1 and Parkin gene have showed aging and aging-related 
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symptoms50. For example, loss of Parkin in Drosophila leads to decrease in life span51. Conversely, 

Parkin overexpression extends fly longevity52. Drosophila PINK1 null mutant displays shortened 

lifespan and high sensitivity to various stresses53. Although neither POL𝛾 mutator mice nor Parkin 

null mice show loss of dopaminergic neurons, mutator mice in the background of Parkin deficiency 

show age-dependent loss of dopaminergic neurons in substantia nigra54. 

Another link between mitophagy-related molecule and lifespan is being proposed. 

Interestingly, Lon protease modulates PINK1 levels in mitochondria55, suggesting the existence of 

cross-interaction among different layers of mitochondrial quality control. These findings propose that 

mitophagy could be tightly associated with aging speed. 

 

1.1.6. Mitochondrial fusion and fission 

Mitochondrial morphology is determined by well-coordinated fusion and fission processes. 

Mitochondrial morphologies vary greatly by cell type and tissue. For example, mitochondria are long 

filament in fibroblast, while hepatocytic mitochondria show uniform and spherical morphology56. A 

large group of GTPases mediate mitochondrial these processes. Their combinational actions drive 

fission and fusion of two lipid bilayers (inner-membrane and outer-membrane) that surround 

mitochondria. 

In fission process, cytosolic dynamin related protein 1 (Drp1) assembles into polymers 

that encircle around the surface of mitochondria. Drp1 then drives mitochondrial constriction by 

mechanochemical force through GTP hydrolysis57. In many fission events, daughter mitochondrion 
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is often polarized, while the sister mitochondrion is depolarized and degraded by mitophagy58 (Fig. 

1.1.6.1). In addition, mitophagy is impaired by overexpression of dominant negative form of Drp158. 

In mice lacking the key autophagy gene Ulk1 or Atg7, swollen and dysfunctional mitochondria 

accumulates in the cells59,60. Although recent studies suggest that Drp1 is not necessarily required by 

mitophagy61,62, it is no wonder that mitochondrial fission is important for efficient mitophagy in 

various cell types. Drp1 also participates in mitochondria-associated apoptosis63. During apoptosis, 

pro-apoptotic Bcl-2 family member Bax moves from cytosol to mitochondrial outer-membrane, and 

cytochrome c is released from mitochondria, which triggers apoptosis. Drp1 knock-down is shown to 

delay the release of cytochrome c and inhibits apoptotic cell death63. 

 

 

Fig. 1.1.6.1. Mitochondrial fission contributes to removal of damaged part of mitochondria 

 

In fusion process, mitochondrial inner-membrane and outer-membrane are fused in 

separate mechanisms. The fusion between inner-membranes is mediated by a single dominant 

dynamin family member called optic atrophy protein 1 (OPA1), while fusion between outer-
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membrane is mediated by two members, mitofusin 1 and 2 (Mfn1 and Mfn2) in mammals. 

Mitochondrial fusion is helpful for stress response, in which healthy and functional mitochondria 

complement damaged and dysfunctional mitochondria by diffusion and sharing damaged components 

such as mutated mtDNAs and misfolded proteins (Fig. 1.1.6.2). Extracellular stress or starvation 

induces mitochondrial hyper-elongation (often called stress-induced mitochondrial hyperfusion, 

SIMH)64,65, which is proposed to protect mitochondria from autophagy-induced degradation to 

maintain oxidative phosphorylation and produce ATP65. Mitochondrial fusion is well-characterized 

in cell senescence. Several studies suggest that forced induction of mitochondrial fusion by 

pharmacological and genetical tools can lead to increased ROS and cell senescence66,67. 

 

Fig. 1.1.6.2. Mitochondrial fission contributes to alleviation of detrimental effects of damaged 

mitochondria 

 

Overall, these previous studies suggest that well-coordinated fission and fusion process is 

critical for mitochondria quality control and cellular energy homeostasis. Perturbation or imbalance 
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between fission and fusion can lead to detrimental impacts on the proper functions of cells and even 

fate for cell survival. 
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1.2. Endocannabinoid system (ECS)  

1.2.1. Introduction 

The ECS comprises lipid-based ligands (endocannabinoids), their receptors (cannabinoid 

receptor type 1, or CB1 receptor and cannabinoid receptor type 2, or CB2 receptor) and enzymes that 

are involved in their biosynthesis and degradation. Animal models and human studies have greatly 

expanded the understanding of molecular mechanism of the ECS, and demonstrated its involvement 

in physiology and pathology. As this system involves neuron, astrocyte and microglia in the central 

nervous system (CNS) (Fig. 1.2.1.1), the complex signaling among these cells gives rise to various 

neurological functions such as memory, moods, appetite, seizure and chronic pain68. In addition to 

the functions in the CNS, the ECS is widely prevalent in the body and regulates energy homeostasis 

in a large number of organs and tissues69. Thus, the components of the ECS is considered as the 

promising potential therapeutic target for a wide range of disorders including type 2 diabetes, chronic 

pain, cardiovascular diseases and neurodegenerative diseases70. Notably, accumulating evidence 

suggests that the ECS tone is tightly associated with aging-associated cognitive decline71. In this 

section, the current knowledge on the ECS and its physiological and pathological significance will be 

described. 
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Fig. 1.2.1.1. Endocannabinoid system 

 

1.2.2. Cannabinoids 

Cannabis sativa, also known as marijuana, has been used for various purposes, such as 

recreation and medicine, from antiquity. The cannabis plats contains more than 60 biologically active 

compounds, which are so-called cannabinoids72. ∆9-tetrahydrocannabinol (THC) and cannabidiol 

(CBD) are most abundant molecules of plant-derived cannabinoids, and have been intensively 

investigated because they have a plenty of beneficial and adverse effects. The chemical structures of 

THC and CBD are shown in Fig. 1.2.2.1. Although these cannabinoids share most of molecular 

structure, their biological impacts are different and complex. For example, THC is responsible for 

Marzo VD et al., Nat Rev Neurosci, 2015
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dose-dependent development of memory impairment, hypoactivity and hypothermina, whereas CBD 

does not have such effects73. Additionally, it is also reported that CBD enhances the pharmacological 

effects of THC 73. 

 

 

Fig. 1.2.2.1. Chemical structures of THC (left) and CBD (right) 

 

In addition to the plant-derived cannabinoids, cannabinoids also have two classes of 

cannabinoids: the endocannabinoids and synthetic cannabinoids. N-arachidonoyl-ethanolamine 

(anandamide) and 2-arachidonoyl-glycerol (2-AG) are the two well-documented endocannabinoids. 

The chemical structures are shown in Fig. 1.2.2.2. These endocannabinoids are generated from 

phospholipid precursors by enzymes such as N-acyl-phosphatidyl-ethanolamine (NAPE)-selective 

phospholipase D (NAPE-PLD) for anandamide74 and diacylglycerol lipases (DAGLα and DAGLβ)75. 

Endocannabinoids act on cannabinoid receptors and other receptors such as transient receptor 

potential cation channel subfamily V member 1 (TRPV1)76 and peroxisome proliferator-activated 

receptor γ (PPARγ)77, thus causing various biological consequences. Endocannabinoids are then 

imported into the cells by poorly understood mechanisms and inactivated by hydrolysis enzymes. 
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Fatty acid amide hydrolase 1 (FAHH) catalyzes the hydrolysis of anandamide78, while 2-AG is 

hydrolyzed by monoacylglycerol lipase (MAGL)79.  

 

 

Fig. 1.2.2.2. Chemical structures of anandamide (left) and 2-AG (right) 

 

1.2.3. Cannabinoid receptors 

 CB1 receptor was first discovered as a binding partner to THC in 1988, and cloned from 

rat brain in 1990 (encoded by Cnr1 gene)80,81. CB2 receptor was next cloned from myeloid cells in 

1993 (encoded by Cnr2 gene)82. CB1 receptor is thought to be mainly responsible for the biological 

effects of marijuana use, such as psychoactive effects83. Both CB1 and CB2 receptor are seven-

transmembrane G protein-coupled receptors (GPCR), which associate with G protein type Gi/o, and 

less frequently with the type Gq/11. This coupling promotes mitogen-activated protein kinases 

(MAPK), and downregulates adenylate cyclase and its downstream cyclic AMP-protein kinase A 

(PKA). These MAPKs include extracellular signal-regulated kinase 1 (ERK1), ERK2, p38 MAPKs 

and JUN N-terminal kinases (JNK)84. CB1 receptor also inhibits neurotransmitter release in 
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presynaptic region by hindering L-, N- and P/Q-type voltage activated Ca2+ channels and stimulating 

inwardly rectifying K+ channels85. CB1 receptor is probably the most abundant GPCR in the CNS, 

and predominantly expressed in the hippocampus, cortex, basal ganglia and cerebellum86. In contrast 

to CB1 receptor, CB2 receptor is mainly expressed in immune cells in the periphery, yet its expression 

is found in neuronal, glial and endothelial cells to a lesser extent87. In activated glial cells under 

neuroinflammaiton, expression of CB2 receptor is upregulated87, modulating their inflammatory 

responses.  

The Expression of CB1 receptor is mostly found in neuronal axons and presynaptic 

terminals of both excitatory (glutamatergic) and inhibitory (GABAergic) neurons, although a small 

population appears to be expressed in postsynaptic region88. Differential roles of CB1 receptor in 

distinct neuronal populations have been revealed using conditional knock out mouse model71. For 

example, CB1 receptor on glutamatergic, but not GABAergic, neurons is indispensable for 

neuroprotective activity of (endo)cannabinoids89. In contrast, CB1 activity on GABAergic neurons 

has been reported to protect against aging-associated cognitive decline by alleviating 

neurodegeneration of hippocampal pyramidal cells and neuroinflammation90. 

 

1.2.4. CB1 receptor and metabolism 

Accumulating evidence suggest that the ECS, especially CB1 receptor, plays important 

roles in cellular and physiological energy metabolism. For example, mice lacking CB1 receptor are 

resistant to diet-induced obesity and shows leanness91,92. CB1 antagonists/inverse agonists, such as 
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rimonabant, improve hepatic steatosis and reduce fat mass93,94. These observations can be partly 

explained by the findings that the ECS controls motivations for food intake in hypothalamus95. 

However, liver-specific deletion of CB1 receptor also shows less steatosis and insulin resistance in 

mice96. These studies suggest that CB1 receptor may be involved in energy metabolism. In consistent 

with this, CB1 expression is observed in tissues with high energy demand. These tissues include not 

only brain, but also adipose tissue, liver, skeletal muscle and pancreas96–98. 

Interestingly, CB1 receptor has been reported to regulate mitochondrial functions and 

integrities99. Recent studies also suggest that CB1 receptor is endogenously expressed in 

mitochondrial membrane, not only in plasma membrane, where CB1 receptor regulates mitochondrial 

oxidative phosphorylation and energy production100,101. These studies suggest that the ECS, especially 

CB1 receptor, is important for the energy homeostasis. 
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1.3. Aim of this thesis 

 Brain accounts for approximately 2% of animal body weight, yet it consumes around 20% 

of the glucose and oxygen of whole body to generate the energy required for brain’s activity, such as 

maintaining ionic gradient across the cell membrane and other synthetic processes102. As described 

in the previous sections, CB1 receptor plays important roles in maintaining energy metabolism. 

Mitochondria are responsible for producing most of cellular energy, especially in tissues with high 

metabolic demand, such as brain. Therefore, it is conceivable that CB1 receptor might regulate 

mitochondrial integrity to maintain energy homeostasis and brain’s physiological functions. However, 

it is unknown whether CB1 receptor has functions in mitochondrial quality control system in 

mammalian tissues such as brain. 

This thesis aims to investigate whether CB1 receptor has a role in major mitochondrial 

quality control system in the mouse brain. In this study, hippocampus will be focused in the following 

reasons; hippocampus shows abundant CB1 receptor expression86 and mice lacking CB1 receptor 

shows age-dependent memory decline and hippocampal neurodegeneration90,103. 
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Chapter 2. Materials and Methods 

2.1. Animals 

For the experiments of PINK1, brains obtained from PINK1−/− mice (PINK1-KO) and 

PINK1+/+ mice (WT) (aged 7 months) were kindly gifted by Dr. Miratul Muqit (MRC Protein 

Phosphorylation Unit, University of Dundee) and stored at −80°C until further processing. The 

animals used in all experiments were mix-gendered. PINK1-KO were generated as described 

previously104. 

For the experiment of CB1 receptor, young (1-2 months old) and adult (6-7 months old) 

mix-gendered animals on a congenic C57BL6/J background were used. Animals received water and 

food ad libitum. Mice were housed in groups of three to five and kept in a temperature (21 ± 1 °C) 

and humidity (55 ± 10%) controlled room with a reversed 24 hours light-dark cycle (12 hours light 

and 12 hours dark) at the animal facility of the Medical Faculty at the University of Bonn. For 

experiments using adult mice, animals were obtained from heterozygous pairs, while for those using 

young mice, they were from homozygous pairs. Animal experiments were approved by the local 

Committee on the Ethics of Animal Experiments of Landesamt fuer Natur, Umwelt und 

Verbraucherschutz Nordrhein-West-falen (LANUV NRW; Permission Number: 84-

02.04.2015.A265). 

 

2.2. Tissue preparation 
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Brains of mice were dissected following scarification by decapitation. The brains were 

immediately frozen by ice-cooled isopentane and stored at –80 ℃ until further processing. Brain 

samples containing the hippocampus were serially cut into 16-μm thick coronal slices using a cryostat 

(Leica CM 3050; Leica, Welzlar, Germany) and placed onto glass slides. Slides were stored at –80 ℃ 

until staining. 

 

2.3. Immunofluorescence staining 

Frozen brain sections were put on a hot plate at 40 °C for about 20 min. Sections were 

framed with a PapPen and post-fixed in 4% paraformaldehyde dissolved in 0.1 M phosphate-

buffered saline (PBS: pH 7.3) for 30 min. After three 10-min washes in PBS, sections were 

permeabilized in 0.5% Triton X-100 for 1 hour, followed by three 10-min washes in PBS. Blocking 

of unspecific binding sites was performed by incubation in PBS containing 3% bovine serum 

albumin (BSA) for 2 h. The sections were then incubated with primary antibodies at 4 °C overnight. 

The primary antibodies used in this study were as follows: a rabbit anti-phospho-ubiquitin (Ser65) 

antibody (Merck Millipore, Burlington, MA, USA, ABS1513-l; 1:500 in 0.3% BSA in PBS), an 

Alexa Fluor 488-conjugated mouse anti-NeuN antibody (Merck Millipore, MAB377X; dilution, 

1:500 in 0.3% BSA in PBS) and a chicken polyclonal anti-GFAP antibody (Abcam, Cambridge, 

UK, ab4674; dilution, 1:200 in 0.3% BSA in PBS). Subsequently, the slides were rinsed three times 

for 10 min in PBS and incubated with secondary antibodies. The secondary antibodies used in this 

study were as follow: a goat anti-rabbit Cy3-conjugated secondary antibody (Invitrogen, Waltham, 
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CA, USA, 1081937; 1:1000 in 0.3% BSA in PBS; for samples from young animals) and Cy5-

conjugated secondary antibody (Invitrogen, A10523; 1:1000 in 0.3% BSA in PBS; for samples 

from adult animals). After staining, the sections were rinsed three times for 10 min in PBS, 

mounted with DAPI-containing Fluoromount-G (Southern Biotech, Birmingham, AL, USA), and 

covered with cover slips. 

 

2.4. Immunofluorescence imaging 

To assess the colocalization of Ser65-pUb/NeuN and Ser65-pUb/lipofuscin, images were 

acquired using a Leica LSM SP8 confocal microscope equipped with a 60´ water-immersion lens. 

For the analysis of Ser65-pUb-positive cells in the whole hippocampus, images were acquired using 

a Leica LSM SP8 confocal microscope equipped with a 20´ lens in the “Tile Scan” mode. Three to 

four images per animal that included the whole hippocampus were obtained for analysis. The number 

of Ser65-pUb-positive cells in the hippocampus was counted automatically using the “Analyze 

particles” tool in Image J Fiji (NIH, Bethesda, MD, USA), after thresholding. For the analysis of 

Ser65-pUb and DAPI signal intensity in the CA3 region, images were acquired using a Leica LSM 

SP8 confocal microscope equipped with a 10´ lens. Three to four images per sample that included 

the whole CA3 region were obtained for analysis. Finally, the CA3 regions in the hippocampus were 

framed using the “Polygon selection” tool and Ser65-pUb signal intensities were measured using 

Image J Fiji (NIH). 
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For imaging Ser65-pUb-positice cells in hippocampus in CB1-KO and WT, images were 

acquired using a Zeiss Axiovert 200M fluorescent microscope (Carl Zeiss Microimaging, 

Oberkochen, Germany) with a 20´, 0.8 NA lens. The number of Ser65-pUb-positive cells in 

hippocampus was manually counted using “Cell Counter” tool in Fiji software (NIH, Bethesda, MD, 

USA) in a blinded manner. Four to five images per animal that included the whole hippocampus were 

obtained for analysis. 

 

2.5. Conventional transmission electron microscope (TEM) 

Animals were intracardially perfused with 0.1 M phosphate buffer (PB), followed by 

Kamovsky fixative solution (2.5 % glutaraldehyde and 2 % PFA in 0.1 M PB). Brains dissected from 

the animals were next post-fixed in the Kamovsky fixative solution over one week. After rinsed in 

PB, samples were post-fixed in 1% osmium tetroxide in PB for 2 hrs at 4℃. The resulting samples 

were then block-stained with a saturated uranyl acetate solution and a series of ethyl alcohol. The 

samples were finally embedded in epoxy resin (Epon812). 

Ultrathin sections were cut by an ultramicrotome (UC7k; Leica). These sections were then 

stained with uranyl acetate and lead citrate. Imaging was performed by H-7650 TEM (Hitachi High 

Technologies, Tokyo, Japan). 
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2.6. Focus ion beam-scanning electron microscope (FIB/SEM) 

Animals were perfused, and their brains were post-fixed in the same way as TEM. The 

samples were then fixed with 1.5 % potassium ferrocyanide and 2 % osmium tetroxide for 1 hr at 4℃. 

Next, the brains were treated with 1 % triocarbohydrazide and then in a 2 % osmium tetroxide solution 

1 hr at room temperature. The en bloc staining was performed for enhancing the contrast of membrane 

structures in cells, in which the brains were immersed in a solution of 4 % uranyl acetate overnight. 

The samples were further stained with Walton’s lead aspartate solution. After dehydration with a 

stepwise ethanol series, the samples were transferred into ice-chilled acetone. Finally, they were 

embedded with Epon812 followed by polymerization. 

The surface of the samples attached to metal stubs were trimmed by a diamond knife. 

Staining of semithin sections with toluidine blue was performed to check whether regions of interest 

were included. The sample surface charging was prevented by coating with protective layer of 

carbon. FIB/SEM (Scios; FEI, Hillsboro, OR, USA) was conducted after carbon deposition on the 

milling area. A focused gallium ion beam (accelerating voltage: 30 kV, current: 0.3 nA, milling 

step: 30 nm, 1,000 cycles) was used for repetitive milling. Imaging was performed by SEM as 

compositional contrast image from back scattered electrons. The resulting image stacks were 

analyzed by Avizo 8.1 (FEI, Burlington, MA, USA). Mitochondrial 3D morphology was traced in a 

semimanual way implemented in Avizo 8.1. 
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2.7. Mitochondrial morphological analysis 

17-39 electron micrographs that included one to two hippocampal CA1 neuronal soma 

were obtained for analysis. Mitochondrial morphology was determined by using “Freehand 

selections” tool in Fiji software (NIH). Area, perimeter and circularity of individual mitochondria 

were analyzed by using “Analyze particles” tool in Fiji software (NIH). 

 

2.8. Statistics 

Statistical analysis was performed using GraphPad Prism (version 5.0 or 8.0). 

To analyze the number of Ser65-pUb-positive cells in the whole hippocampus between 

PINK1-KO and WT, data were processed using unpaired Student’s t-tests with Welch’s correction, 

because they showed significantly unequal variances. The remaining data were analyzed using 

unpaired Student’s t-tests. *P < 0.05, **P < 0.01, significant differences compared with WT 

counterparts. 

For studies of CB1 receptor, data analysis was performed using two-way ANOVA 

followed by Tukey’s multiple comparison test. Statistical significance is indicated by *P < 0.05, 

**P < 0.01, ***P < 0.001 and ****P < 0.0001 for age effect, and #P < 0.05, ##P < 0.01, ###P < 

0.001 and ####P < 0.0001 for genotype effect. n.s. stands for not significant. 
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Chapter 3. Results 

3.1. Measuring in vivo mitophagy in the mouse hippocampus 

3.1.1. Introduction 

The mechanism of PINK1 and Parkin-dependent mitophagy 

PINK1 and Parkin play important roles in the mechanism for amplifying signal for 

mitophagy105. The loss-of-function of them is the most common cause of hereditary early-onset 

PD48,49, which is characterized by mitochondrial dysfunctions in brain106. Here, the mechanism of 

PINK1 and Parkin-dependent mitophagy will be described. Graphical overview is shown in Fig. 

3.1.1.1. 

 

Fig. 3.1.1.1. Graphical overview of PINK1 and Parkin-dependent mitophagy 

 

In healthy mitochondria with polarized membrane potential, after translation in the cytosol, 

PINK1 is imported into the mitochondrial inner-membrane, where it is degraded by mitochondrial-

resident proteases55. However, mitochondrial can be damaged by accumulation of mitochondrial 

DNA mutations and misfolded proteins within matrix62,107. These events leads to the depolarization 
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of mitochondrial membrane potential, and stabilization of PINK1 in the outer-membrane108–110. 

Critically, the stabilized PINK1 phosphorylates (at Serine 65) the ubiquitin molecules that are 

attached to proteins in the outer-membrane111–113. The resulting phosphorylated product (Ser65-pUb) 

recruits the E3 ubiquitin ligase Parkin from cytosol to the damaged mitochondria, where PINK1 

phosphorylate the ubiquitin-like domain in Parkin to potentiate its latent E3 ligase activity114–117. 

Finally, a positive feedback loop accelerates further Parkin translocation and formation of poly-

ubiquitin chains on damaged mitochondria. Amplified Ser65-pUb chains recruit various factors that 

are required for autophagy initiation, such as optineurin and NDP52105. 

 

The in vivo research on PINK1 and Parkin-dependent mitophagy 

The detailed mechanisms underlying the PINK1 and Parkin-dependent mitophagy 

pathway have been intensively investigated in in vitro research, yet many questions remain pertaining 

to the existence and physiological significance of mitophagy in vivo. Several studies using animal 

models such as fruit fly and mouse have been conducted so far50. In Drosophila, mitophagy is present 

in muscles and brain tissues in physiological conditions118. Drosophila lacking PINK1 or Parkin gene 

exhibit abnormalities in mitochondria, neurology and behavior, which closely resemble the symptoms 

of human cases with PD51,53,119,120. Ser65-pUb expression is also observed in dopaminergic neurons 

in Drosophila, suggesting that PINK1 and Parkin signaling functions faithfully121. Human 

postmortem brain specimens shows the distribution of Ser65-pUb expression throughout the brain, 

including the substantia nigra and hippocampus122. Expression level of Ser65-pUb is upregulated in 
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an age-dependent manner and in PD brains123. Moreover, Ser65-pUb production is impaired in iPSCs 

derived from PD patients harboring PINK1 and Parkin mutations121,123. In contrast to Drosophila, 

PINK1 and Parkin knockout mice fails to display PD-like pathologies, despite the presence of 

pronounced mitochondrial dysfunction. A reporter mouse model for in vivo mitophagy shows that 

basal mitophagy occurs independently of PINK1124. However, a recent study using an elegant genetic 

mouse model highlights the significance of endogenous mitophagy activity in the mouse54. In this 

study, Parkin deficient mouse model is crossed with the “POL𝛾 mutator mice”. This mouse model 

shows the accumulation of Ser65-pUb in brains and PD-like pathoilogies54. Although this study has 

demonstrated that the PINK1 and Parkin signaling at the basal level is present and important in mouse 

models, little is known about the in situ signaling activity of PINK1 and Parkin in mouse tissues. 

 

Challenges in research on in vivo mitophagy 

To study the role and prevalence of in vivo mitophagy in mammalian model, several mouse 

models have been developed; MitoQC125, MitoKeima45 and MitoTimer126. The problem is that these 

models are not readily available to many researchers. Shortly after the discovery of Ser65-pUb, 

antibodies against Ser65-pUb have been developed for studying the physiological and pathological 

relevance of this protein in humans and fruit flies121,122. Furthermore, quantitative mass spectrometry 

is utilized for monitoring Ser65-pUb levels in mouse tissues, yet this technique needs expertise, and 

more importantly, lose spatial information in mouse tissues54. A recent study has revealed that Ser65-

pUb levels positively correlate with mitophagy activity in mouse heart127, suggesting the possible 
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validity of Ser65-pUb as a marker for mitophagy in tissues. Further studies are needed to fully 

decipher the biological roles of mitophagy in a variety of organ systems, including brain. 

 

The aim of this section 

In this section, the results of Ser65-pUb immunohistochemistry in mouse hippocampi will 

be described. Although Ser65-pUb is emerging as a possible biomarker of PINK1 signaling activity 

in vivo121,123,127, few studies have used immunohistochemistry to analyze Ser65-pUb in the mouse. In 

this study the immunohistochemical characteristics of Ser65-pUb was investigated in the mouse 

hippocampus. First, some hippocampal cells were Ser65-pUb positive, whereas the remaining cells 

expressed no or low levels of Ser65-pUb. PINK1 knockout mice showed the decreased density of 

Ser65-pUb-positive cells, which is consistent with a previous hypothesis based on in vitro studies. 

Notably, Ser65-pUb-positive cells were detected in hippocampi lacking PINK1 gene. The CA3 

pyramidal cell layer and the dentate gyrus (DG) granule cell layer exhibited significant reductions in 

the density of Ser65-pUb-positive cells in PINK1-deficient mice. Furthermore, Ser65-pUb signal 

colocalized with neuronal markers. Collectively, Ser65-pUb may serve as a in situ biomarker of 

PINK1 signaling in the mouse hippocampus. However, the data should be interpreted carefully, as 

PINK1 deficiency downregulated Ser65-pUb expression only partially. 
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3.1.2. Results 

Some cells strongly express Ser65-pUb in the hippocampus, while other cells express no or low 

levels of Ser65-pUb 

First, the immunohistochemical characteristics of Ser65-pUb in the mouse hippocampus 

was investigated. As a result, some cells exhibiting strong signals were distributed throughout the 

hippocampus, whereas the remainder of the cells expressed no or weak Ser65-pUb in WT controls 

(Fig. 3.1.2.1A). To confirm that these immunoreactivities were the consequence of specific staining 

for Ser65-pUb, a genetic mouse model was used104. As PINK1 catalyzes the phosphorylation of 

ubiquitin at Serine 65 for the execution of mitophagy111–113, the effect of PINK1 deficiency on Ser65-

pUb signal in the hippocampus was examined. To avoid analytical inaccuracies, unbiased image 

quantification was conducted. In this analysis, Ser65-pUb-positive cells in the hippocampus were 

counted after the application of image segmentation with the same threshold range across all images. 

This method revealed that PINK1 deficiency resulted in a significant reduction in the density of 

Ser65-pUb-positive cells in hippocampus (Fig. 3.1.2.1B). Interestingly, Ser65-pUb-positive cells 

were also detected in PINK1-KO, possibly indicating the presence of PINK1-independent 

phosphorylation of ubiquitin. 

To corroborate the findings above, Ser65-pUb fluorescence intensities were measured in 

the hippocampal CA3 region. As a consequence, mean signal intensity of Ser65-pUb in the CA3 was 

significantly decreased in PINK1-KO compared with age-matched WT controls (Fig. 3.1.2.2). The 

DAPI signal was comparable between mice of the two genotypes, indicating that, in the hippocampus 
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of PINK1-KO, Ser65-pUb expression was decreased, while the cell density was unchanged compared 

with the WT controls (Fig. 3.1.2.2). These results suggest that Ser65-pUb is generated at high levels 

in a subset of cells of the hippocampus, which is at least partially dependent on PINK1 activity. 

  



 34 

 
  

A

B

PINK1+/+ PINK1�/�
0.0

0.5

1.0

1.5

2.0

2.5

D
en
si
ty
 o
f p
U
b+
ce
lls
 in
 h
ip
po
ca
m
pu
s

(n
or
m
al
iz
ed
 to
 P
IN
K
1+
/+
)

P =0.0482

C

*



 35 

Fig. 3.1.2.1. The density of Ser65-pUb-positive cells was decreased in PINK-KO. (A) 

Representative confocal microscopy images of hippocampi in PINK1-KO and WT controls. Coronal 

sections were immunostained with an anti-Ser65-pUb antibody (red). Nuclei were stained with DAPI 

(blue). Hippocampus of animals with both genotypes showed a subset of cells expressing strong 

Ser65-pUb signal. The boxed regions are magnified on the right. The white arrows indicate examples 

of cells strongly expressing Ser65-pUb. Scale bar indicates a length of 500 μm. (B) Quantitative 

analysis on the density of Ser65-pUb-positive cells in the whole hippocampus in PINK1-KO and WT 

controls. The density of Ser65-pUb-positive cells were significantly decreased in PINK1-KO. The 

results are expressed as the mean ± S.E.M. Circles represent individual value of the density of Ser65-

pUb-positive cells in one section. Three animals per genotype were used in this analysis. Statistical 

significance is indicated by *P < 0.05. This figure is reprinted version from the Figure 1A and 1B of 

Kataoka, K. et al., 2020128. 
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Fig. 3.1.2.2. The mean signal intensity of Ser65-pUb signal in hippocampal CA3 regions is 

significantly reduced in PINK1-KO compared to WT. (A) Representative confocal microscopy 

images of hippocampal CA3 regions in PINK1-KO and WT controls. Coronal sections were 

immunostained with Ser65-pUb antibody (red). Nucleus was stained with DAPI (blue). Scale bar 

indicates a length of 250 μm. (B) Quantitative analysis on means of fluorescence signal intensities of 

Ser65-pUb and DAPI in CA3 area between in PINK1-KO and WT controls. The results are expressed 

as mean ± S.E.M. Circles represent individual mean fluorescence signal intensity in one section. 

Three animals per genotype were used for the analysis. Statistical significance is indicated by **P < 

0.01, when compared to WT. This figure is reprinted version from the Supplemental Figure 1 of 

Kataoka, K. et al., 2020128. 
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CA3 pyramidal and DG granule cell layer shows significant reduction in Ser65-pUb expression 

in PINK1-KO 

The hippocampal body is composed of the CA and DG regions. These regions can be 

further divided into 10 subregions that are anatomically distinct (Fig. 3.1.2.3A). These hippocampal 

subregions play important cooperative or uncooperative roles in memory and learning. To test which 

subregion(s) shows significant alteration in Ser65-pUb expression by PINK1 deficiency, the density 

of Ser65-pUb-positive cells in each hippocampal subregion was examined in PINK1-KO and WT 

controls. In PINK1-KO, Ser65-pUb-positive cells were detected especially in the CA1/3 oriens and 

pyramidal cell layers, DG granule cell layer, and hilus and, to a lesser extent, in the CA3 radiatum 

and stratum lacunosum moleculare (Fig. 3.1.2.3B). The CA1 radiatum and DG molecular layer 

exhibited almost no Ser65-pUb-positive cells (Fig. Fig. 3.1.2.3B). Notably, in PINK1-KO, the 

density of Ser65-pUb-positive cells was significantly decreased in the CA3 pyramidal cell layer and 

DG granule cell layer (Fig. 3.1.2.3B). These results indicate that PINK1 deletion affects Ser65-pUb 

expression in specific hippocampal subregions; CA3 pyramidal cell layer and DG granule cell layer. 
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Fig. 3.1.2.3. CA3 pyramidal cell layer and DG granule cell layer show the most significant 

reduction in the density of Ser65-pUb-positive cells in PINK1-KO. (A) Ten subregions in 

hippocampus are shown based on anatomical characteristics from DAPI and Ser65-pUb images. (B) 

Quantitative analysis on the density of Ser65-pUb-positive cells in the indicated hippocampal 

subregions. PINK1-KO showed reduction in the density of Ser65-pUb-positive cells in CA3 

pyramidal cell layer and DG granule cell layer. The box plots represent minimum to maximum values, 

with the box denoting the 25th, 50th (median), and 75th percentile. Three animals per genotype were 

used for the analysis. Statistical significance is indicated by **P < 0.01, when compared to WT. This 

figure is reprinted version from the Figure 1C and Supplemental Figure 2A of Kataoka, K. et al., 

2020128. 
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Staining specificity of Ser65-pUb antibody in mouse hippocampus 

As the animals used in this experiment were approximately 7 months old, lipofuscin 

autofluorescence might affect interpretation of Ser65-pUb immunoreactivity. Thus, localization of 

lipofuscin and Ser65-pUb signal was investigated. As a result, lipofuscin autofluorescence signal was 

distinguishable from Ser65-pUb fluorescence signal (Fig. 3.1.2.4A). In addition, the nuclei of cells 

in the CA1/3 pyramidal cell layers were also immunoreactive against Ser65-pUb in both PINK1-KO 

and WT controls (Fig. 3.1.2.4B). However, no differences were detected between the two genotypes 

regarding Ser65-pUb signal intensities in DAPI-positive areas (Fig. 3.1.2.4B), indicating that the 

immunoreactivity observed in nuclei in CA1/3 pyramidal cell layers might be unspecific. These 

results suggest that high levels of Ser65-pUb signal that are observed in a subset of cells in 

hippocampus may not be due to an unspecific staining of antibody. 
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Fig. 3.1.2.4. The strong signal of Ser65-pUb in a subset of the cells in hippocampus may not be 

due to unspecific staining. (A) Representative confocal microscopy images of hippocampal CA3 

region. Coronal sections were immunostained with anti-Ser65-pUb (red). Lipofuscin 

autofluorescence signal was obtained by acquiring the overlapping pixels of emission at 510-530 nm 

(green) and at 570-600 nm (red) with excitation at 488 nm and 561 nm, respectively. Nucleus was 

stained with DAPI (blue). Boxed regions are shown magnified on the right. Scale bar indicates a 

length of 20 μm. (B) Representative confocal microscopy images of hippocampal CA3 regions in 

PINK1-KO and WT controls. Coronal sections were immunostained with Ser65-pUb antibody. 

Nucleus was stained with DAPI. Dotted line surrounds CA3 pyramidal cell layer. Scale bar indicates 

a length of 100 μm. Shown is quantitative analysis on Ser65-pUb fluorescence signal intensity in 

DAPI-positive area of CA3 pyramidal cell layer from PINK1-KO and WT controls. Results are 

expressed as mean ± S.E.M. Circles represent means signal intensity from one section. Three animals 

per genotype were used for the analysis. n.s. indicates not significant. This figure is reprinted version 

from the Supplemental Figures 3 and 4 of Kataoka, K. et al., 2020128. 
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Ser65-pUb-positive cells express neuronal markers 

The brain comprises neurons as well as glial cells, such as astrocytes. Thus, the type of 

hippocampal cells that express Ser65-pUb was next examined. Ser65-pUb signal was expressed 

predominantly in cells expressing neuronal marker (NeuN) (Fig. 3.1.2.5A), and not in astrocytic 

marker (GFAP) (Fig. 3.1.2.5B), in the hippocampus. These results indicate that, in physiological 

conditions, hippocampal neurons express Ser65-pUb in a PINK1-dependent manner. 
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Fig. 3.1.2.5. Ser65-pUb signal co-localizes to neuronal markers, but not to astrocytic markers, 

in hippocampus. (A) Representative confocal microscopy images of hippocampal CA1 (upper 

images) and CA3 (lower images) regions. Coronal sections were immunostained with anti-Ser65-

pUb (red), and anti-NeuN (green) antibodies. Nuclei were stained with DAPI (blue). The boxed 

regions are magnified on the right. The white arrows indicate Ser65-pUb-positive cells expressing 

NeuN. Scale bar indicates a length of 100 μm. (B) Representative confocal microscopy images of 

hippocampal CA1 (upper images) and CA3 (lower images) regions. Coronal sections were 

immunostained with anti-Ser65-pUb (red) and anti-GAFP (green) antibodies. Nuclei were stained 

with DAPI (blue). Scale bar indicates a length of 100 μm. This figure is reprinted version from the 

Figure 2 of Kataoka, K. et al., 2020128. 
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3.1.3. Discussion 

Ubiquitin phosphorylation at Serine 65 is a key step in the efficient execution of PINK1 

and Parkin-dependent mitophagy105. The physiological and pathological importance of ubiquitin 

phosphorylation has been suggested in the previous studies121–123. However, immunohistochemical 

data on ubiquitin phosphorylation are missing in mouse models, that the in situ information on 

ubiquitin phosphorylation in tissues is still scarce. In this section, the immunohistochemical 

characteristics of Ser65-pUb was investigated in the mouse hippocampus. 

 

PINK1-mediated formation of Ser65-pUb may be important for preserving integrity of 

hippocampal neuron 

Some cells expressed Ser65-pUb strongly throughout the hippocampus, while other cells 

expressed no or low levels of Ser65-pUb (Fig. 3.1.2.1). These Ser65-pUb-positive cells were 

significantly decreased in PINK1-KO, indicating that PINK1 might be physiologically active in the 

hippocampus (Fig. 3.1.2.1). Furthermore, the CA3 pyramidal and DG granule cell layer showed the 

most significant reduction in the density of Ser65-pUb-positive cells in PINK1-KO hippocampus (Fig. 

3.1.2.3). A morphometric analysis of the subcortical gray structure in Parkinson’s disease (PD) 

patients showed that the CA3 and DG exhibit serious atrophy129,130, raising the possibility that PINK1-

mediated Ser65-pUb formation is important for a proper structure and function of the hippocampus 

in the context of PD. Moreover, Ser65-pUb was mainly expressed in cells with neuronal markers (Fig. 

3.1.2.5). This is consistent with previous studies using in situ hybridization technique that shows the 
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PINK1 mRNA is strongly expressed in neurons, particularly in the hippocampal CA3 layer, with little 

to no expression in glial cells in the rodent brain131,132. Of note, mitophagy is important for proper 

neuronal function and survival via the maintenance of a healthy pool of mitochondria133,134. Thus, 

Ser65-pUb might play an important role in preserving neurons in the mouse hippocampus through 

mitophagy. 

 

Possibility of PINK1-independent generation of Ser65-pUb 

PINK1 is the only known kinase that can phosphorylate ubiquitin at Serine 65. However, 

PINK1 deficiency resulted in a significant reduction in the density of Ser65-pUb-positve cells, while 

several Ser65-pUb-positive cells were still detected in the hippocampus of PINK1-KO (Fig. 3.1.2.1). 

In Drosophila model lacking PINK1 gene homolog, PINK1-independent Ser65-pUb signals were also 

detected in regions adjacent to the PPM2 cluster121. These findings suggest that one or more 

uncharacterized kinases other than PINK1 have a potential to generate Ser65-pUb. However, there is 

the possibility that this PINK1-independent fluorescence signal results from unspecific staining. 

 

Decreased expression in Ser65-pUb may be not due to reduction in neuronal number 

One may argue that the decreased density of Ser65-pUn-positive cells may not result from 

PINK1 deficiency; rather, it may be attributed to a reduction in neuronal density. However, the data 

in this study shows that DAPI signal intensities were comparable between PINK1-KO and WT control 

(Fig. 3.1.2.2), indicating that the total number of cells in hippocampus were not affected by the 
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genotype. Loss of PINK1 was previously shown to impede the differentiation of neuronal stem cells 

through mitochondrial defects in the DG subgranular zone of the hippocampus135. Nevertheless, the 

same study demonstrated that neuronal density in the hippocampus is unchanged in PINK1-deficient 

mice135. In addition, several studies have suggested that PINK1-KO do not show neurodegeneration, 

despite pronounced mitochondrial dysfunction50. These studies support reduction in the density of 

Ser65-pUb-positive cells in PINK1-KO may be due to defect in PINK1 activity in neurons, rather 

than a reduction in density of neurons. 

 

3.1.4. Conclusion 

From the obtained results, Ser65-pUb may be useful for biomarker of in situ PINK1 

activity in the mouse hippocampus. However, these results should be interpreted with cautions, as a 

substantial number of Ser65-pUb-positive cells was observed even in the absence of PINK1. This 

indicates that uncharacterized kinase(s) might regulate the expression of Ser65-pUb. As PINK1 

expression is prevalent not only in the brain, but also in peripheral tissues with high metabolic demand 

(such as the heart), further analyses of Ser65-pUb in different organs of the mouse are warranted. 
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3.2. Age-dependent dual functions of cannabinoid CB1 receptor in 

mitochondrial dynamics and autophagy 

3.2.1. Introduction 

ECS and brain aging 

As described in Chapter 1, the ECS is widely distributed in the CNS, constituting a 

complex signaling system that modulates synaptic transmission and glial activation71,136. Of numerous 

biological roles of the ECS, accumulating evidence suggests that the ECS in the CNS, especially CB1 

receptor, undergoes age-dependent alterations, which influences speed of memory decline in human 

and rodents (Fig. 3.2.1.1). 2-AG level is reduced in brain of older animals137. Moreover, gene 

expression level of CB1 receptor and the coupling of CB1 receptor to G protein are reduced in the 

specific brain regions including hippocampus with advancing age138. CB1 deficient mice (CB1-KO) 

shows age-dependent acceleration in cognitive decline, which is accompanied by the significant 

neuronal loss in hippocampal CA1 and CA3 region90,103. In contrast to adult animals, young CB1-KO 

shows better memory performance than age-matched WT139. Further, a chronic low dose THC, the 

CB1 agonist, treatment abolishes age-dependent memory decline140. THC treatment in young animals 

worsens their memory and learning performance, in good agreement with the well-known adverse 

effects of THC seen in young animals and humans141. Collectively, these studies suggest that CB1 

receptor experiences alterations in quantity and quality along the aging, raising the possibility that 

CB1 activity might be critical for neuronal integrity and memory performance through lifespan. 

However, the causative link between CB1 receptor and neuronal homeostasis is still unknown. 



 51 

 

Fig. 3.2.1.1. The ECS and brain aging 

 

Functional modulation of mitochondria by CB1 activity 

 In Chapter 1, the involvement of CB1 receptor in metabolism was described. As 

mitochondria are center for cellular metabolism, it is no wonder that metabolic control by CB1 

receptor is involved in mitochondria. Indeed, emerging evidence has recently linked CB1 receptor to 

mitochondria99. Early studies have suggested that THC could impair isolated mitochondrial function 

in murine brain and skeletal muscle142. Additionally, anandamide, the major endocannabinoid, has 

been also reported to inhibit mitochondrial oxidative phosphorylation and ATP synthesis in isolated 

mitochondria from rat primary decidual cells143. Exogenous cannabinoids, like THC and HU210, 
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which is accompanied by significant production of mitochondrial ROS including hydrogen 

peroxide144,145. Moreover, cannabinoid receptor stimulation impairs mitochondrial biogenesis in 

white adipocytes146. Mitochondrial morphology is also affected by endocannabinoid, as anandamide 

treatment causes swelling of isolated mitochondria and decreased membrane potential147. Conversely, 

blockade of CB1 receptor by rimonabant increases the mitochondrial biogenesis and function in high 

fat diet-fed mice94. These findings indicate that CB1 receptor seems to be implicated in mitochondrial 

oxidative capacity, membrane potential, energy production and biogenesis. 

 

Mitochondrial localization of CB1 receptor in mitochondria  

Notably, CB1 receptor has been recently found on the mitochondrial outer-membrane in 

tissues with high energy demand such as hippocampal neuron and striated muscle100,148. 

Mitochondrial CB1 receptor alters neuronal energy metabolism through intra-mitochondrial cAMP-

PKA axis101. Interestingly, memory impairment induced by acute treatment of cannabinoids requires 

the activation of the mitochondrial CB1 receptor in hippocampus101. These studies suggest that 

neuronal energy metabolism mediated by mitochondrial CB1 receptor might be crucial for the 

memory function in hippocampus. 

 

The aim of this section  

CB1 receptor might be critical for neuronal integrity to keep memory function through the lifespan. 

Moreover, recent studies have emphasized on mitochondrial functions of CB1 receptor, and possibly 
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its implication to metabolic control. Thus, it is possible that CB1 receptor might regulate 

mitochondrial integrity in hippocampal neurons. In this section, the effect of CB1 deficiency on 

mitochondrial dynamics such as mitophagy and mitochondrial morphology was investigated. First, 

Ser65-pUb expression was found to be reduced in adult CB1-KO hippocampus, especially in CA1 

pyramidal cell layer. In young animals, Ser65-pUb expression was comparable in CB1-KO and WT 

controls. Consistently, mitophagy occurred less frequently in hippocampal neuron of adult CB1-KO, 

while young CB1-KO showed unchanged frequency compared to age-matched young WT controls. 

Moreover, adult CB1-KO exhibited mitochondrial elongation and interconnection in CA1 

hippocampal neurons. These findings suggest that loss of CB1 receptor may lead to age-dependent 

alterations in mitochondrial dynamics in mouse hippocampus. 
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3.2.2. Results 

Ubiquitin phosphorylation at Serine 65 (Ser65-pUb) is decreased in hippocampus of adult CB1-

KO 

To investigate whether CB1 deficiency influences mitophagy activity in hippocampus, 

Ser65-pUb expression in hippocampus of adult CB1-KO and WT controls was investigated. Ser65-

pUb is formed by PINK1 activity in mitochondria to induce mitophagy, offering a biomarker for 

mitophagy54,111,127. As described in Chapter 3.2, a subset of hippocampal cells strongly expresses 

Ser65-pUb throughout the hippocampus, while the other cells express no or low levels of Ser65-pUb. 

Moreover, PINK1 deficiency leads to partial reduction in the density of Ser65-pUb-expressing cells. 

In this study, the density of Ser65-pUb-positive cells was examined in hippocampus of young (1-2 

months old) and adult (6-7 months) CB1-KO and WT controls. As expected, these animals showed 

that a subset of cells in hippocampus expressed strong signal for Ser65-pUb, while the other cells not 

(Fig. 3.2.2.1A). The density of Ser65-pUb-positive cells in hippocampus was not altered in WT across 

generations (Fig. 3.2.2.1B). However, adult CB1-KO showed significant decrease in the density of 

Ser65-pUb-positive cells in hippocampus along the aging (Fig. 3.2.2.1B). Adult CB1-KO also 

exhibited reduced Ser65-pUb signal compared to age-matched adult WT (Fig. 3.2.2.1B). These 

results suggest that adult CB1-KO show a reduction in mitophagy activity in hippocampus, but not 

in young mice. 
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Fig. 3.2.2.1. The density of Ser65-pUb-positive cells was decreased in hippocampus of adult 

CB1-KO. (A) Representative images of hippocampus (CA1, CA3 and DG) of indicated animals 

showing Ser65-pUb signal (red) and DAPI (blue). A subset of cells in hippocampus was positive for 

Ser65-pUb, while the other cells not. Scale bars indicate length of 100 μm. (B) Quantitative analysis 

on the density of Ser65-pUb-positive cells in hippocampus. Standard box plots of value in each slice 

with median (25th and 75th percentiles) and whiskers (at minimum and maximum value) are shown. 

“+” indicates means. CB1-KO showed the decreased density of Ser65-pUb-positive cells in 

hippocampus along the aging. Adult CB1-KO showed the reduction in the density of Ser65-pUb-

positive cells compared to age-matched adult WT. Young – WT: n = 17 slices from n = 4 animals, 

Young – CB1-KO: n = 17 slices from n = 4 animals, Adult – WT: n = 25 slices from n = 6 animals, 

Adult – CB1-KO: n = 29 slices from n = 6 animals. Statistical significance is indicated by ****P < 

0.0001 for age effect, and #P < 0.05 for genotype effect. This figure is reprinted version from the 

Figure 1 of Kataoka et al., 2020149. 
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CA1 pyramidal cell layer shows significant alteration in Ser65-pUb expression in age-dependent 

manner 

 As described in Chapter 3.2, hippocampus can be divided into 10 subregions. Individual 

subregion has their characteristic expression levels of Ser65-pUb. To examine Ser65-pUb expression 

of which subregion is affected by CB1 deficiency, the density of Ser65-pUb-positive cells in each 

hippocampal subregion was checked. In WT controls, the densities of Ser65-pUb-positive cells were 

unchanged along the aging, except for CA3 radiatum (Fig. 3.2.2.2). In adult CB1-KO, the densities 

of Ser65-pUb-positive cells were significantly decreased in 6 subregions (CA1 oriens, CA1 pyramidal, 

CA3 pyramidal, CA3 radiatum, Stratum lacunosum moleculare and Hilus) (Fig. 3.2.2.2). Of these 

subregions, CA1 pyramidal cell layer showed interesting pattern of expression change, that the 

density of Ser65-pUb-positive cells was decreased in CB1-KO compared to age-matched WT in adult 

generations, whereas this phenomenon was reversed in young generations (Fig. 3.2.2.2). These results 

suggest that CB1 deficiency may significantly influence Ser65-pUb expression particularly in CA1 

pyramidal cell layer. 
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Fig. 3.2.2.2. CB1 deficiency differentially alters the density of Ser65-pUb-positive cells in 

distinct hippocampal subregions across the generations. Quantitative analysis on the density of 

Ser65-pUb-positive cells in hippocampal subregions (CA1 oriens, CA1 pyramidal, CA1 radiatum, 

CA3 oriens, CA3 pyramidal, CA3 radiatum, Stratum lacunosum moleculare, DG granule, DG 

molecular, Hilus). Standard box plots of value in each slice with median (25th and 75th percentiles) 

and whiskers (down to 10th and up to 90th percentiles) are shown. “+” indicates mean. Note that in 

CA1 pyramidal cell layer, the effect of CB1 deficiency on the density of Ser65-pUb was opposite 

between young and adult age. Young – WT: n = 17 slices from n = 4 animals, Young – CB1-KO: n 

= 17 slices from n = 4 animals, Adult – WT: n = 25 slices from n = 6 animals, Adult – CB1-KO: n = 

29 slices from n = 6 animals. Statistical significance is indicated by *P < 0.05, **P < 0.01 and ****P 

< 0.0001 for age affect, and #P < 0.05 and ###P < 0.001 for genotype effect. This figure is reprinted 

version from the Figure 2 of Kataoka et al., 2020149. 
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Mitophagy-like events are less in adult CB1-KO hippocampus 

  To corroborate the findings above, transmission electron microscope (TEM) was used to 

observe mitophagy occurring in hippocampal neurons. Mitophagy accompanies with sequestering 

damaged mitochondria with double-membraned structure (autophagosome) and then fusion with 

lysosome. In neurons, mitochondria that are destined for mitophagy are delivered from axon and 

dendrite to neuronal soma150. Thus, mitochondria that were sequestered by autophagosome-like 

structures in neuronal soma are defined as mitophagy-like events (Fig. 3.2.2.3A). To investigate 

whether CB1 receptor influence the frequency of mitophagy in hippocampus, the mitophagy-like 

events in CA1 neuronal soma was counted in a blinded manner. It was found that these events were 

comparable between young CB1-KO and WT controls (Fig. 3.2.2.3B), yet adult CB1-KO exhibited 

significantly reduced mitophagy-like events compared to age-matched WT controls (Fig. 3.2.2.3B). 

This result verifies that mitophagy activity is reduced in hippocampal CA1 pyramidal neuron of adult 

CB1-KO. 
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Fig. 3.2.2.3. Mitophagy-like events are reduced in neuronal soma in hippocampal CA1 

pyramidal cell layer in CB1-KO. (A) Representative electron micrograph showing mitophagy-like 

event occurring in neuronal soma in CA1 pyramidal cell layer. Mitochondria that were sequestered 

by double-membraned structures (autophagosome) are defined as mitophagy-like events. Black 

arrowhead indicates mitophagy-like event. Scale bar represents 500 nm. (B) Quantitative analysis on 

the frequency of mitophagy-like events in indicated animal groups. Percentages of mitophagy-like 

events in the total number of mitochondria were calculated. Mitophagy-like events in adult CB1-KO 

were less than age-matched WT controls. Circles represent data from individual mice. Data are 

expressed as means ± S.E.M. Young – WT: n = 4 animals, Young – CB1-KO: n = 4 animals, Adult 

– WT: n = 3 animals, Adult – CB1-KO: n = 3 animals. Statistical significance is indicated by #P < 

0.05 for genotype effect. This figure is reprinted version from the Figure 3 of Kataoka et al., 2020149.  
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TEM analysis shows that mitochondrial morphology changes to elongated structure in CA1 

hippocampal neuron of adult CB1-KO 

Mitochondrial turnover and function are tightly associated with their morphology56. 

Alterations in mitochondrial morphology have been observed in a wide range of tissues derived from 

aging-related diseases151–155. To gain insights into the mitochondrial morphology in aged CB1-KO, 

ultrastructural analysis using TEM was performed to examine mitochondrial morphology in 

hippocampal CA1 pyramidal neurons. To assess mitochondrial morphology, their area, perimeter and 

circularity were quantified. As a result, WT showed a significant age-dependent increase in area and 

perimeter without change in circularity (Fig. 3.2.2.4). Heterogeneity of circularity was smaller in 

adult WT animals compared to young ones, that mitochondrial morphology changed to larger and 

round shape along the aging (Fig. 3.2.2.4). Note that the aging process caused a decrease in 

mitochondria with low circularity and increase in those with circularity close to 1, as represented by 

frequency distribution plot of mitochondrial circularity (Fig. 3.2.2.5), although the averages between 

them were comparable. In contrast, CB1-KO animals showed little change in mitochondrial area and 

perimeter (Fig. 3.2.2.4). However, the population of mitochondria with low circularity was 

significantly increased in CB1-KO significantly as aging (Fig. 3.2.2.4 and Fig. 3.2.2.5), indicating 

that aged CB1-KO shows mitochondrial elongation. In young generations, area and perimeter were 

smaller in WT controls than CB1-KO, which was reversed in adult ages (Fig. 3.2.2.4). Circularities 

were comparable between young CB1-KO and WT controls, whereas those of CB1-KO were smaller 

than WT controls in adult age (Fig. 3.2.2.4).  



 64 

 
  



 65 

Fig. 3.2.2.4. TEM analysis shows that CB1 deficiency differentially alters mitochondrial 

morphologies in neuronal soma in hippocampal CA1 pyramidal cell layer along the aging. (A) 

Representative electron micrographic images of mitochondria in neuronal soma in hippocampal CA1 

pyramidal cell layer. The outlined regions are magnified and shown in the images below. Scale bars 

represent 2 μm. The results of quantitative analysis on mitochondrial area (B), perimeter (C) and 

circularity (D) are shown. Standard box plots of each value of individual mitochondria with median 

(25th and 75th percentiles) and whiskers (down to 10th and up to 90th percentiles) are shown. “+” 

indicates mean. WT showed the increase in area and perimeter in age-dependent manner, whereas 

there was no significant change in circularity along the aging. However, CB1-KO showed age-

dependent decrease in circularity, while the effects on area and perimeter were limiting. Young – 

WT: n = 1,739 mitochondria from n = 4 animals, Young – CB1-KO: n = 1,488 mitochondria from n 

= 4 animals, Adult – WT: n = 1,031 mitochondria from n = 3 animals, Adult – CB1-KO: n = 1,041 

mitochondria from n = 3 animals. Statistical significance is indicated by *P < 0.05 and ****P < 

0.0001 for age effect, and ###P < 0.001 and ####P < 0.0001 for genotype effect. n.s. stands for not 

significant. This figure is reprinted version from the Figure 4 of Kataoka et al., 2020149. 
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Fig. 3.2.2.5. Frequency distribution of mitochondrial morphology in CB1-KO and WT control 

across aging. (A) Frequency histogram of mitochondrial area, perimeter and circularity. (B) Overlaid 

density plot of mitochondrial circularity from (A). Young – WT: n = 1,739 mitochondria from n = 4 

animals, Young – CB1-KO: n = 1,488 mitochondria from n = 4 animals, Adult – WT: n = 1,031 

mitochondria from n = 3 animals, Adult – CB1-KO: n = 1,041 mitochondria from n = 3 animals. 
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FIB/SEM analysis reveals that adult CB1-KO shows mitochondrial elongation and 

interconnection in hippocampal CA1 neuron 

To evaluate the mitochondrial structures more precisely, FIB/SEM was utilized to acquire 

mitochondrial network organization in single neuronal soma located in CA1 pyramidal cell layer. In 

young animals of both genotypes, mitochondrial morphology appeared to be comparable (Fig. 

3.2.2.6). Notably, mitochondrial morphologies in young animals were heterozygous in both 

genotypes (Fig. 3.2.2.6). In contrast, adult WT showed uniform and spherical mitochondria in CA1 

cell soma (Fig. 3.2.2.6). However, adult CB1-KO showed elongated and interconnected organization 

(Fig. 3.2.2.6). Additionally, individual mitochondria in adult WT sometimes connected with 

nanotunnel, whereas adult CB1-KO did not show such a structure (Fig. 3.2.2.6). This structure is 

known as “Mitochondria-on-a-string (MOAS)”. MOAS is previously reported to be associated with 

normal aging and stress-induced disease conditions153,156–159. MOAS is characterized by either free-

ended or connecting membrane protrusions across non-adjacent mitochondria in tissues, and thought 

to be caused by dysfunction in mitochondrial dynamics, in which fission is initiated but incompletely 

arrested in intermediate step(s)153,158. Overall, present results suggest that adult CB1-KO animals 

undergo mitochondrial elongation and interconnection in CA1 hippocampal neuronal soma, while 

WT animals show larger mitochondria with round shape and lose heterogeneity in mitochondrial 

morphology.  
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Fig. 3.2.2.6. 3D reconstruction by FIB/SEM revealed that adult CB1-KO shows mitochondrial 

elongation and interconnection in hippocampal CA1 neuronal soma. Serial cross-sections that 

included single soma of hippocampal CA1 neuron were obtained by FIB/SEM to reconstruct three-

dimensional morphology of mitochondria. Reconstructed mitochondria from young WT (upper left), 

CB1-KO (upper right), adult WT (lower left) and CB1-KO (lower right) are shown. Mitochondrial 

morphology appeared to be comparable in young CB1-KO and WT controls. In contrast, 

mitochondrial pool in adult WT showed uniform, large and round shape, whereas elongated and 

interconnected mitochondria were found in age-matched adult CB1-KO. Scale bars represent 5 μm. 

This figure is reprinted version from the Figure 5 of Kataoka et al., 2020149. 
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3.2.3. Discussion 

Involvement of CB1 receptor in mitophagy 

This study showed that the expression of Ser65-pUb in adult CB1 hippocampal neurons 

was decreased by using immunohistochemical analysis (Fig. 3.2.2.1). As Ser65-pUb level correlates 

with mitophagy flux at least in heart127, the decreased level of Ser65-pUb may stem from impaired 

mitophagy. Consistently, TEM analysis also suggests that mitophagy-like events in CA1 neurons of 

adult CB1-KO were reduced, compared to those in age-matched WT animals (Fig. 3.2.2.3). 

Decreased mitophagy-like events may be due to either to decreased formation mitochondrial 

autophagosome or to increased lysosomal activity and/or entity. A previous study has demonstrated 

that CB1-KO displays a general reduction in lysosomal activity in young and old ages160. Thus, it 

may be conceivable that decreased mitochondrial autophagosome formation leads to reduced 

mitophagy-like events in adult CB1-KO. Mitophagy flux has been reported to decline in hippocampus 

in aging healthy mice45. Because CB1 activity and its ligand level also decrease in hippocampus in 

age-dependent manner137,138, it is possible that inactivation of CB1 receptor in hippocampus along the 

aging may contribute to mitophagy defect and non-pathological aging-related memory decline. It 

would be also noteworthy that mitophagy-like events were comparable in young CB1-KO and WT 

controls (Fig. 3.2.2.3), while young CB1-KO showed a higher density of Ser65-pUb positive cells in 

CA1 pyramidal cell layer as compared to WT (Fig. 3.2.2.2). This discrepancy may be due to the 

reduction in lysosomal activity in both young and old CB1-KO 160, which can result in transient 

accumulation of Ser65-pUb level. 
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Mechanistic insight into CB1 receptor-mediated ubiquitin phosphorylation 

In the previous section, it was shown that the density of Ser65-pUb-expresing cells was 

reduced in hippocampus of PINK1-KO (Fig. 3.1.2.1). Notably, basal level of mitophagy in vivo is 

still active even in the absence of PINK1124. Thus, it is hypothesized that PINK1-independent 

ubiquitin phosphorylation could occur in the downstream of CB1 receptor in hippocampus. In 

immunohistochemical study using Drosophila lacking PINK1 gene homolog, PINK1-idenpendent 

Ser65-pUb signal is found in some regions in brain121. It is not known, which kinase is responsible 

for the PINK1-independent formation of Ser65-pUb, but it was described that protein kinase B 

(PKB/AKT) regulates mitophagy 161,162. In the mouse hippocampus, CB1 receptor activation leads to 

the phosphorylation of AKT 163, therefore altered PKB/AKT activity could be a mechanism by which 

CB1 receptors influenced ubiquitin phosphorylation in this study. Alternatively, because CB1 

receptors are Gi coupled they influence protein kinase A (PKA) and thus IκB kinase (IKK) α activity 

through the regulation of cAMP levels 164. Activated IKK α phosphorylates next the AMBRA1, which 

is a regulator of mitophagy in both PINK1/Parkin-dependent and -independent pathways 165,166. 

AMBRA1 mediates the translocation of E3 ubiquitin ligase HUWE1, a key inducing factor in 

AMBRA1-mediated mitophagy, from cytosol to mitochondria and facilitates the binding of the 

damaged mitochondria to lysosomes through the LC3/GABARAP complex 165. Further experiments 

have to clear which mechanism plays a major role in CB1 receptor-mediated ubiquitin 

phosphorylation and mitophagy. 
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Mechanistic insight into CB1 receptor-mediated regulation of mitochondrial dynamics 

In WT animals, large amount of mitochondrial population in hippocampal neurons showed 

more rounded shape in the course of aging, as represented by the frequency distribution plot of 

mitochondrial circularity (Fig. 3.2.2.4-3.2.2.6). In contrast, adult CB1-KO showed mitochondrial 

elongation and interconnection in hippocampal CA1 neurons (Fig. 3.2.2.4-3.2.2.6). Mitochondria 

continuously change their shape through well-coordinated fission and fusion processes, optimizing 

their bioenergetic capacity56. The TEM analysis suggests that mitochondria in adult hippocampal 

neurons of CB1-KO undergo fusion rather than fission, as adult CB1-KO showed less circularity and 

more interconnection with advancing aging. A possible downstream molecule of CB1 receptor may 

be dynamin-related protein 1 (Drp1), known as a fission promoter. Drp1 deletion leads to swollen 

mitochondria in neurons, redistribution of mitochondria from axon to soma, and age-dependent 

synaptic defects in hippocampal neurons152,167. Drp1 is functionally regulated by reversible 

phosphorylation events at multiple residues168,169. For instance, phosphorylation of Drp1 at Ser637 

and Ser616 by PKA are associated with inhibition of mitochondrial fission, which leads to increase 

in elongated mitochondria168,169. Consistently, a previous study suggests that activation of CB1 

receptor promotes mitochondrial fission by modulating phosphorylation of Drp1 on both Ser637 and 

Ser616 residues in renal proximal tubular cells, which are known as metabolically active cells 170. 

Interestingly, the resulting mitochondrial elongation protects mitochondria from autophagosomal 

degradation65,171. While mitochondrial morphology itself is not determinant of mitophagy activity172, 

fission and fusion process are important for efficient mitophagy, as inhibition of fission or promotion 
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of fusion weakens mitophagic process58. Drp1 is also shown to be recruited to Parkin to trigger fission 

of mitochondrial subdomain 62. Thus, it is also probable that CB1 receptor-dependent ubiquitin 

phosphorylation and subsequent recruitment of Parkin to mitochondria might drive mitochondrial 

fission. 

 

Involvement of mitochondrially expressed CB1 receptor  

Recently, CB1 receptor has been reported to be localized to mitochondrial outer-

membrane, not only to cytoplasmic membrane100,101. Interestingly, mitochondrial CB1 is sufficient 

for causing acute memory impairment induced by high dose of cannabinoids treatment100,101. This 

effect is mediated, at least partly, through soluble adenylyl cyclase-cAMP-PKA axis which occurs 

within mitochondria in hippocampus101. PKA is present in various subcellular compartments 

including mitochondria, and influences the development of diverse physiological and pathological 

conditions. A number of studies demonstrate that PKA may function in different compartments of 

mitochondria, and that PKA-dependent phosphorylation of proteins plays an important role in 

mitochondrial homeostasis173. Notably, mitochondrial PKA regulates PINK1 stability in 

mitochondria and Parkin recruitment to damaged mitochondria174. These previous studies indicate 

that mitochondrial CB1 receptor-mediated modulation of PKA activity might underlie altered 

mitochondrial morphology and even mitophagy in hippocampal neurons. 

 

Age-dependency of CB1 deficiency  
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Interestingly, the effects of CB1 deletion on mitophagy and mitochondrial morphology 

were opposite between young and adult animals. This phenomenon resembles that of the previous 

studies, in which memory and learning in CB1-KO rapidly decreases with advancing age, while in 

young ages, they perform cognitive tasks even better than age-matched WT controls175. Furthermore, 

CB1 agonist THC reverses age-dependent memory deficits, yet these THC effects are abolished in 

CB1-KO140. Overall, these findings suggest that CB1 receptor may have differential effects on cellular, 

physiological and behavioral events in the CNS depending on the age of animals. 
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3.2.4. Conclusion 

In summary, the study in this section suggests that CB1 receptor has age-dependent roles 

in mitochondrial dynamics in hippocampal neuron, and also strengthens the age-dependency of 

biological consequences in CB1-KO animals. In adult animals, CB1-KO showed reduced Ser65-pUb 

and mitophagy, and mitochondrial elongation and interconnection in hippocampal neurons (Fig. 

3.2.4.1). Accumulating evidence suggest that CB1 receptor organizes different signaling depending 

on the animals’ age. Further studies on the age-dependent functional transition of CB1 receptor are 

now needed. 
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Fig. 3.2.4.1. CB1 deficiency leads to reduced Ser65-pUb, decreased frequency of mitophagy, 

and mitochondrial elongation and interconnection in adult hippocampal pyramidal neuron. 
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Chapter 4. Conclusion and Future Prospect 

In this thesis, the roles of CB1 receptor in mitochondrial quality control in the mouse 

hippocampus were described. In Chapter 3.1, the validity of Ser65-pUb immunohistochemistry for 

measuring hippocampal mitophagy activity was described. In Chapter 3.2, age-dependency of CB1 

deficiency in mitophagy and mitochondrial morphology was demonstrated. These studies indicate 

that CB1 receptor promotes mitophagy and mitochondrial fission, rather than fusion, in hippocampus 

in age-dependent manner. As mitochondria are the center of bioenergetic processes, especially in 

tissues with high energy demand, e.g. brain and heart, the role of CB1 receptor in energy homeostasis 

has to be addressed in the future study. For example, ATP content and mitochondrial membrane 

potential are the good readouts for energetics in the cell. 

This thesis might explain the intriguing phenotype of CB1-KO; that is, young CB1-KO 

shows superior memory performance but rapidly loses its learning ability in the adult stage. 

Mitochondria play indispensable roles in generating ATP and calcium homeostasis in brain, both of 

which are critical for proper neuronal functions such as synaptic vesicle recruitment, synaptogenesis 

and protein phosphorylation reactions176. Thus, large amounts of functional mitochondria in neurons 

possibly contribute to sufficient energy supply and be beneficial for memory performance. In 

agreement with this, previous in vitro studies suggest that reduction in dendritic mitochondrial 

contents in neurons through enhanced mitophagy leads to defects in dendritic formation177,178, 

indicating that sufficient amounts of mitochondria might be important for memory formation. As 

mitochondrial content is determined by the balance between mitochondrial biogenesis and autophagy, 
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defective mitophagy in CB1-KO can lead to increase in mitochondrial content. Interestingly, as 

described in the Chapter 3.2, TEM analysis showed that mitochondrial area and perimeter of 

mitochondria in young CB1-KO were slightly larger than those of age-matched young WT. Although 

more detailed experiments are needed, these results indicate that young CB1-KO possibly possesses 

more amounts of mitochondria than age-matched WT as a result of mitophagy defect. Additionally, 

defect in mitochondrial fission might also contribute to the accumulation of damaged mitochondria. 

However, mitophagy is essential for maintaining the population of healthy mitochondria. Thus, 

mitophagy defect in CB1-KO can lead to the rapid accumulation of damaged and/or dysfunctional 

mitochondria in neurons. The resulting perturbation in energy homeostasis causes memory deficit, as 

observed in the previous study101. 

As mitochondria are the center of energy homeostasis, CB1 receptor is thought to regulate 

the balance between anabolic and catabolic state through the regulation of mitochondrial dynamics 

and autophagy. According to the results of this thesis, when CB1 receptor is activated, anabolic state 

might dominate over catabolic state. In other words, CB1 receptor promotes the synthesis of complex 

molecules such as protein and lipid from nutrients by consuming energy (anabolic state, or anabolism), 

rather than the breakdown of complex molecules to generate energy (catabolic state, or catabolism). 

A number of previous studies has supported this concept. For example, stimulation of CB1 receptor 

in adipocytes promotes lipogenesis and fat storage, and inhibit mitochondrial biogenesis96. 

Conversely, CB1 blockade induces fatty acid oxidation and mitochondrial biogenesis94. Moreover, in 

starvation, in which catabolism has to be dominated, mitochondria elongate and escape from 
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mitophagy to sustain ATP production65, which resemble those of adult CB1-KO. Previous study also 

reports that CB1 receptor modulates mechanistic target of rapamycin (mTOR), a crucial regulator for 

transition between anabolism and catabolism179. Interestingly, within the CNS, CB1 receptor activates 

protein synthesis through mTOR in presynapse, which contributes to memory formation180. Thus, 

CB1 receptor may sustain memory function along the aging through upregulation of anabolism. 

Moreover, recent studies suggest that ribosome can be a target of selective autophagy (so-called 

ribophagy)181. Ribophagy is tightly regulated by the activity of mTOR181. As ribosome biogenesis is 

responsible for most of energy consumption in the cell (that is, ribosome biogenesis can be catabolic 

process)182, it would be tempting to speculate that CB1 receptor regulates different type of selective 

autophagy to control cellular bioenergetics by modulating the balance between mitophagy and 

ribophagy (Fig. 4.1). Overall, the concept that CB1 receptor regulates energy homeostasis in the CNS 

will provide unique mechanistic insights into cognitive aging and drive new hypothesis-driven study. 
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Fig. 4.1. Hypothetical roles of CB1 receptor in different types of selective autophagy 

 

The ECS appears to have evolved as a promoter of energy storage which aims at future 

use of energy for avoiding starvation69. As the ECS, including CB1 receptor, is highly conserved 
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species difference in the speed of brain aging and its involvement of CB1 receptor. For example, 

Astyanax mexicanus is interesting animal model for studying the involvement of CB1 receptor-
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fish, but not river-dwelling fish, is known to show high resistance against high glucose-induced 

senescence185, indicating that they have a specialized form of metabolism affecting longevity. 

Interestingly, the brain of cave-dwelling fish shows upregulated gene expression of CB1 receptor, 

compared to river-dwelling fish186, which might provide interesting insights into the relationship 

among CB1 receptor, metabolism and organismal aging. For another example, naked mole rats are 

the longest-lived rodents which can survive more than 30 years. Interestingly, they do not experience 

the age-dependent cognitive decline, and their brains are protected from the toxicity of 

neurodegenerative agents187. Although it is unknown whether the ECS in naked mole rats has 

specially evolved, it would be interesting to investigate the mechanism of protection against aging in 

brain of this species. They seem to possess a gene for CB1 receptor (Gene ID: 101697935). These 

studies will pave the way for developing therapeutic strategies against a wide range of age-dependent 

disorders, such as memory decline, in humans, and provide exciting insights into this evolutionally 

important system. 
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