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ABSTRACT 

 

Age-relate cognitive decline is a devastating disorder often associated with serious 

neurological disease and neurodegeneration. The increased prevalence of neurological 

diseases, as a result of the aging population, only reinforces the importance of 

understanding the neurobiological basis of aging and the need for better therapeutics to 

treat age-related dysfunction. In the current work, studies were designed to utilize our 

new optogenetic aging mouse model of the basal forebrain (BF) to test the efficacy of a 

pharmacological treatment across aging and to test the effects of late-onset, short-term 

intermittent fasting (IF) on well-characterized age-related changes in synaptic and Ca2+ 

signaling. Finally, we tested whether both synaptic excitation (E) and inhibition (I) 

changed during aging. Our model utilized a bacterial artificial chromosome (BAC) 

transgenic mouse line with stable expression of the channelrhodopsin-2 (ChR2) variant 

H134R [VGAT-ChR2(H134R)-EYFP] in a reduced synaptic preparation that allows for 

specific optogenetic light stimulation on GABAergic synaptic terminals across aging. 

Our first study showed that clinically relevant concentrations of amitriptyline (AMI) 

reduced the frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) and 

reduced quantal content in both young and aged mice. These results suggest a 

presynaptic mechanism of action of the drug that does not diminish with age. Our second 

study showed the late-onset, short-term IF reversed age-related changes in Ca2+ 

buffering and GABAergic synaptic transmission in BF neurons of aged mice. We 

performed quantal analysis using the method of failures and showed that IF reverses the 
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age-related decrease in quantal content of GABAergic synapses. Our results suggest that 

late-onset, short-term IF, may show comparable beneficial effects as those of life-long 

caloric restriction (CR) to improve brain health. Few therapeutics are currently available 

to treat age-related neurological dysfunction and IF may provide a healthy therapeutic 

alternative. Finally, we demonstrated that the E/I balance increased with age due to no 

change in synaptic excitation coupled with decrease in synaptic inhibition in the BF 

brain slices. E/I imbalance within neural circuits has been implicated in age-related brain 

dysfunction. Our studies will help advance our knowledge of the neurobiology of the 

aging and suggest possible new avenues for drug research mechanisms and/or lifestyle 

changes. 
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EYFP Enhanced yellow fluorescent protein 

fMRI   Functional magnetic resonance imaging 

FDA Food and drug administration 
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GABA   γ-aminobutyric acid 

GAD    Glutamic acid decarboxylase 

GAL    Galanin 

GAT   GABA transporter 

GFAP   Glial fibrillary acidic protein  

GRP    Glucose-regulated proteins 

GSH    Glutathione 

HD    Huntington’s disease 

HNE    4-hydroxynonenal, lipid peroxidation product 
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HSP    Heat shock proteins 
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I    Inhibition 

Idh   Isocitrate dehydrogenase 
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IGF    Insulin-like growth factor  

IL    Interleukins 

IPSC    Inhibitory postsynaptic current 

LD 12:12   A standard 12h light/12h dark cycle 

LTP    Long-term potentiation 

LVA    Low-voltage activated 

mAChR   Muscarinic acetylcholine receptor 

MAOI    Monoamine oxidase inhibitor 

MCI    Mild cognitive impairment 

mEPSCs   Miniature excitatory postsynaptic currents 

mIPSCs   Miniature inhibitory postsynaptic currents 

mPFC   Medial prefrontal cortex 

mPTP    Mitochondrial permeability transition pore 

MS/DB  Medial septum/diagonal band nucleus 

MS/VDB   Medial septum/vertical diagonal band nucleus 

mtDNA   Mitochondrial DNA 

nAChR   Nicotinic acetylcholine receptors 
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NAD   Nicotinamide adenine dinucleotide 

NADH   Nicotinamide adenine dinucleotide + Hydrogen 

NADPH  Nicotinamide adenine dinucleotide phosphate 

NCAM   Neural cell adhesion molecule 

NFκB   Nuclear factor kappa-light-chain enhancer of activated B cells 

NGF   Nerve growth factor 

NMDA   N-methyl-D-aspartate 

NPY    Neuropeptide Y 

NSF   N-Ethylmaleimide sensitive factor 

oIPSCs   Optically-evoked inhibitory postsynaptic currents  

OXPHOS   Oxidative phosphorylation 

PD    Parkinson’s disease  

PFA    Paraformaldehyde  

PFC    Prefrontal cortex 

PSA-NCAM   Polysialylated form of neural cell adhesion molecule 

REM    Rapid eye movement 

ROS    Reactive oxygen species 

RRP   Readily releasable pool 

sAHP    Slow after-hyperpolarization 

sEPSCs   Spontaneous excitatory postsynaptic currents 

sER   Smooth endoplasmic reticulum 

sIPSCs   Spontaneous inhibitory postsynaptic currents 
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SIRT    Sirtuin  

SI/EA    Substantia innominate/extended amygdala 

SK    Small conductance calcium-activated potassium 

SNRI    Selective norepinephrine reuptake inhibitor 

SOD    Superoxide dismutase 

SSRI    Selective serotonin reuptake inhibitor 

SVC   Synaptic vesicle cycle 

SWS    Slow-wave sleep 

TLR   Toll-like receptor 

TNF    Tumor necrosis factor 

VAChT   Vesicular acetylcholine transporter 

VEGF    Vascular endothelial cell growth factor 
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SPECIFIC AIMS 

  

Aim 1: To determine the actions of the antidepressant drug amitriptyline on 

GABAergic synaptic transmission across aging.  

Hypothesis: Amitriptyline will act presynaptically to block GABAergic synaptic 

neurotransmitter and this inhibition will increase during aging.  

Aim 2: To determine if late-onset, short-term intermittent fasting (4-6 weeks) 

alleviates age-related changes in intracellular calcium buffering, inhibitory synaptic 

transmission and cognitive impairment.  

Hypothesis: Late-onset, short-term intermittent fasting will reverse age-related changes 

in intracellular calcium buffering, inhibitory synaptic transmission and cognitive 

impairment.  

Aim 3: To examine glutamatergic synaptic excitation in the basal forebrain and 

determine the excitatory/inhibitory (E/I) synaptic ratio during aging. 

Hypothesis: The excitatory/inhibitory (E/I) synaptic ratio will increase in the mouse BF 

neurons during aging due to a decrease in synaptic inhibition with no change in synaptic 

excitation.  



 

1 

 

CHAPTER I  

GENERAL INTRODUCTION  

1.1 Significance of studying brain aging 

Experiments were conducted to study a number of parameters of the aging brain with the 

hopes of achieving a better understanding of factors contributing to age-related 

physiological and cognitive dysfunction. The importance of understanding and 

maintaining healthy aging cannot be overemphasized. The number of individuals over 

the age of 65 is projected to rise to 88.5 million in 2050, which will more than double 

the number of 40.2 million in 2010 (Vicent & Velkoff, 2010). There were approximately 

4.2 million adults suffering from dementia in the United States in 2010 and more than 

135 million worldwide (Hurd et al., 2013; Prince et al., 2013). Associated with this 

increasing population is the growing number of cases of age-related cognitive 

impairment and devastating neurological disease resulting in an explosion of health care 

costs and the need for new and effective therapies (Hurd et al., 2013; Wimo et al., 2013). 

Importantly, lifestyle changes such as exercise and caloric restriction have proven to be 

beneficial to facilitate healthy aging. Caloric restriction has proven very effective in 

facilitating benefits in human aging (Sohal and Weindruch, 1996; Redman and Ravussin, 

2011; Most et al., 2016), however, the mechanisms are unknown. This dissertation 

focuses on two main aspects of age-related brain function including synaptic 

transmission by asking how does a commonly used antidepressant drug, amitriptyline 

(AMI) acts on synaptic transmission across aging. AMI will be used as a prototype drug 

to test whether therapeutic concentrations of this antidepressant prove efficacious during 



 

2 

 

aging and whether presynaptic actions to regulate neurotransmitter release are important 

mechanisms. Secondly, does an increasingly popular type of caloric restriction (referred 

to as late-onset intermittent fasting) act to reverse of prevent previously described 

cellular changes in the basal forebrain during aging. 

1.2 Overview of the neurobiology of aging 

The aging process is accompanied by structural and physiological changes in the 

brain. In the human brain, both gray and white matter are reduced during normal aging 

along with enlargement of the cerebral ventricles, resulting in brain shrinkage (Drayer, 

1988). Functional magnetic resonance imaging (fMRI) studies found that the functional 

integration between brain areas is disrupted during normal aging which is associated 

with white matter degradation and poor cognitive performance (Andrews-Hanna et al., 

2007). In addition to a global loss of integrative function in the brain networks, reduced 

metabolic activity in the brain is observed in normal aging as well as Alzheimer’s 

disease (AD) (Small et al., 2002). Histological analyses have revealed that a combination 

of dendritic regression and the loss of neuronal cells leads to brain atrophy during aging 

(West et al., 1994; Dumitriu et al., 2010). Recent studies in cellular and molecular 

biology have enhanced our knowledge of the basic mechanisms of brain aging including, 

neuronal/synaptic dysfunction, dysregulation of neuronal calcium homeostasis, 

mitochondrial dysfunction by accumulation of oxidatively damaged molecules, impaired 

lysosome and proteasome function, compromised DNA repair and inflammation. All of 

these processes may contribute to age-related cognitive decline and disrupt health aging. 

An overview of these mechanisms associated with brain aging are discussed below. 
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1.2.1 Neuronal/synaptic dysfunction 

The structural integrity and well-balanced synaptic activities of different 

neurotransmitter systems are essential for normal brain function. More specifically, 

synaptic contacts on the dendrites of neurons are structurally well organized. On 

excitatory neurons, GABAergic inputs make their synapses on or adjacent to the cell 

body while glutamatergic inputs often make synapses on distal dendrites, and various 

modulatory synapses from basal forebrain cholinergic neurons, midbrain dopaminergic 

neurons, and brainstem serotonergic and noradrenergic neurons are located proximal to 

the distal glutamatergic inputs (Mattson and Arumugam, 2018). However, numerous 

physiological and structural changes in neurons have been observed during aging, such 

as decreased size of soma (de Brabander et al., 1998; Wong et al., 2000), loss/regression 

of dendrites and dendritic spines (Jacobs et al., 1997; Peters et al., 1998; Page et al., 

2002; Duan et al., 2003), synapse loss (Chen et al., 1995; Wong et al., 1998), 

neurotransmitter receptors changes (Post-Munson et al., 1994; Rosene and Nicholson, 

1999) and/or decreased response to neurotransmitters (Fieber et al., 2010; Akhmedov et 

al., 2013; Kempsell and Fieber, 2014). These age-related alterations in physiology and 

structure of neuronal cells may induce age-related impairments in neuronal networks and 

synaptic activities.  

Synaptic dysfunction has been considered as one of hall marks of brain aging 

thought to contribute to cognitive decline (Lehmann et al., 2012; McQuail et al., 2015; 

Rozycka et al., 2017; Kwakowsky et al., 2018a,b; Ren et al., 2018). During aging, 

disruption of excitation/inhibition (E/I) synaptic balances occur as a result of impaired 
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GABAergic signaling (Heise et al., 2013; Richardson et al., 2013; McQuail et al., 2015; 

Porges et al., 2017). In the hippocampus, reduced GABAergic signaling and aberrant 

excitability are observed during aging. For example, electrophysiological studies 

demonstrate a reduced frequency of spontaneous inhibitory postsynaptic potentials 

(IPSPs) in granule cells of the aged dentate gyrus (Patrylo et al., 2007). Furthermore, 

both the amplitude and frequency of GABAAR-mediated currents, as well as the 

amplitude and duration of the slow GABABR-mediated IPSP, are attenuated in aged 

CA1 pyramidal neurons (Potier et al., 1992, 2006).  Likewise, age-related alterations in 

GABAergic signaling occur in aged prefrontal cortex (PFC) (Bañuelos et al., 2014; 

Bories et al., 2013; Luebke et al., 2004). Medial prefrontal cortex (mPFC) in aged rat 

showed an increased expression of GAD, the enzyme for GABA synthesis, and 

decreased expression of GAT-1, the GABA transporter, indicating an increase in GABA 

production and a decrease in clearance of extracellular GABA in the aged PFC 

(Bañuelos et al., 2014). In addition, inhibitory postsynaptic currents (IPSCs) increase in 

mPFC of both rats and primates with age, suggesting an increase in inhibitory 

transmission in aged PFC (Bories et al., 2013; Luebke et al., 2004). Therefore, different 

brain areas demonstrate different functional changes in associated with aging.  

One mechanism that has not been studied in detail in central synapses during aging is the 

quantal analysis of neurotransmitter release. Studies may be lacking due to difficulty in 

recording postsynaptic currents from aged neurons and the ability to stimulate minimal 

synaptic events. Chapters II and III will utilize quantal analysis across aging in a reduced 

synaptic preparation. Finally, overall synaptic change during aging could be due to an 
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imbalance of excitation/inhibition balance as mentioned above. The final chapter in this 

dissertation will study both excitatory and inhibitory synaptic transmission in the basal 

forebrain across aging using brain slices to determine directly the relationship between 

excitation and inhibition across basal forebrain aging. 

1.2.2 Dysregulation of neuronal calcium homeostasis during aging 

The contribution of calcium has been well appreciated in the neuronal functions. 

Calcium is a major trigger of neurotransmitter release and a conventional diffusible 

second messenger. Moreover, it is importantly involved in synaptic plasticity as well as 

neuronal cell death. Given its critical role in the neuronal functions, there is no doubt 

that calcium concentration is tightly regulated in the neuronal cells, which is called 

“calcium homeostasis”. Ca2+ has a very large concentration difference between inside 

and outside of neurons, from ~1-2 mM Ca2+ outside, to ~100 nM Ca2+ inside the cell. 

Therefore, it is important to maintain the low concentration of Ca2+ inside the cell for 

proper cell signaling. Intracellular calcium concentration ([Ca2+]i) can be increased by 

extracellular calcium influx via channels on the plasma membrane and the calcium 

release from the intracellular organelles such as endoplasmic reticulum (ER) and 

mitochondria. Once [Ca2+]i rises by Ca2+ influx, a number of mechanisms including 

calcium binding proteins (CBP) act immediately to bind Ca2+ and regulate the peak of 

free Ca2+ concentration, which is called “rapid buffering”. On the other hand, various 

pumps and exchangers on the plasma membrane and organelles contribute to slower 

buffering by exporting Ca2+ outside of the neuron or store Ca2+ ions within the 

organelles. 
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Studies have accumulated substantial evidence for alterations in neuronal 

calcium homeostasis during aging. In hippocampal CA1 pyramidal neurons of aged 

animals, age-related enhancement of Ca2+ influx through voltage-gated Ca2+ channels 

was reported in many studies (Landfield, 1987; Pitler and Landfield, 1990; Thibault et 

al., 2001; Power et al., 2002), and L-type Ca2+ channels are thought to be the major 

component causing the enhancement (Landfield, 1994; Moyer and Disterhoft, 1994; 

Thibault et al., 1995; Campbell et al., 1996). Enhancement of Ca2+ influx during aging 

results in spike-mediated Ca2+ accumulation, which leads to activation of slow, Ca2+-

activated K+ current-mediated by small conductance calcium-activated potassium (SK) 

channels. As a result, a slow afterhyperpolarization (sAHP) is increased in neurons from 

aged animals, leading to less ability for neurons to fire. On the other hand, the 

expression of NMDA receptors that are the most permeable to Ca2+ ions (Garaschuk et 

al., 1996) is declined with age, specifically in the hippocampus (Kumar and Foster, 

2019; Barnes et al., 1997; Eckles-Smith et al., 2000; Zhao et al., 2009), suggesting a 

possible compensatory mechanism to limit intracellular Ca2+ concentrations. However, 

such a mechanism can exacerbate synaptic dysfunction during aging (Barnes et al., 

1996). Moreover, compromised Ca2+ buffering is also observed with reduced levels of 

Ca2+-binding proteins such as calbindin (Iacopino and Christakos, 1990; Mattson et al., 

1991; de Jong et al., 1996) and impaired mitochondrial and endoplasmic reticulum Ca2+ 

handling (Mattson et al., 2008; Stutzmann and Mattson, 2011). Alterations in Ca2+ 

regulation and Ca2+ dependent physiology during aging contributes to altered synaptic 

function and neural degeneration and has been thought to account for the age-related 
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cognitive impairment (Disterhoft et al., 1996; Thibault and Landfield, 1996; Foster and 

Norris, 1997; Foster, 1999, 2007, 2012; Tombaugh et al., 2005; Murphy et al., 2006; 

Gant et al., 2015, 2018; Kumar and Foster, 2019; Abu-Omar et al., 2018).   

1.2.3 Mitochondrial dysfunction and accumulation of oxidatively damaged molecules 

during aging 

The brain is a high energy-consuming organ which consumes 20% of energy 

produced by body. Mitochondria are located throughout the cytoplasm of neuronal 

dendrites and axons, are the main energy source for neurons. Neurons generate ATP 

which is required for most of neuronal activity including cell survival and death, the 

regulation of intracellular calcium homeostasis, synaptic plasticity, and neurotransmitter 

synthesis (Mattson et al., 2008). Although mitochondria provide cellular energy 

necessary for neuronal survival, it also produces reactive oxygen species (ROS) such as 

hydrogen peroxide (H2O2), superoxide anion (O2-), and hydroxyl radicals (OH-) which 

can provoke damage to neurons when exceeds the cellular antioxidant defense system. 

However, the mitochondrial ROS generated in the normal conditions have critical roles 

in cell homeostasis and the regulation of cell survival, thus maintaining reduction-

oxidation (redox) homeostasis is another critical role of mitochondria (Harman, 1956; 

Jezek and Hlavata, 2005; Goldstein and Merenyi, 2008; Brown and Borutaite, 2002).   

A growing body of evidence has shown how aging impacts mitochondrial 

functions in neuronal cells in the brain. Mitochondria in axons of aged mice shows an 

increase in size and these structural alterations correlate with lower ATP levels and 

increased generation of nitric oxide, protein nitration, and lipid peroxidation. Moreover, 
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in the same animals, mitochondria-smooth endoplasmic reticulum(sER) interactions are 

compromised, indicating a dysregulation of Ca2+ homeostasis during aging (Stahon et 

al., 2016). On the other hand, Morozov et al. found mitochondrial fragmentation in 

prefrontal cortex neurons from aged rhesus macaques (Morozov et al., 2017). More 

importantly, the aging process is associated with an increase in brain oxidative stress, 

and it has been observed that the mitochondrial regulation of redox homeostasis in the 

brain is impaired during aging. For example, in senescence-accelerated mice, the 

activities of antioxidants molecules such as superoxide dismutase (SOD) and the 

glutathione (GSH) were reduced, indicating deficits in the brain antioxidant system. In 

line with these findings, an increased oxidative damage to mitochondrial DNA (mtDNA) 

was observed (Kim and Chan, 2001; Santos et al., 2013). The opening of the 

mitochondrial permeability transition pore (mPTP) which can lead to apoptosis via 

membrane depolarization and uncoupling of the oxidative phosphorylation (OXPHOS), 

is also involved in the aging process (Toman and Fiskum, 2011). Mitochondrial Ca2+ 

accumulation or increased oxidative stress can stimulate mPTP to open, and during 

aging, a reduced threshold Ca2+ concentration to induce mPTP opening is observed in rat 

mitochondria (Krestinina et al., 2015).   

Excessive production of ROS with age-related mitochondrial dysfunction 

disrupts the redox homeostasis, resulting in oxidative stress and ROS-mediated damage 

to important molecules such as DNA and proteins. In the human brain, oxidative damage 

to specific gene promoters which plays central roles in synaptic plasticity results in gene 

silencing (Lu et al., 2004). In addition to damaged gene expression, increased levels of 
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irreversible protein modification such as protein carbonylation and nitration are observed 

in the olfactory bulb of aged mice in which loss of olfaction is a common feature of 

aging (Vaishnav et al., 2007). In line, accumulation of the lipid peroxidation product 4-

hydroxynonenal (HNE) is associated with amyloid deposits in the brains of old dogs 

(Papaioannou et al., 2001).  

As mentioned above, neurons are equipped with antioxidants system which 

neutralize or remove ROS, including SOD, GSH, and catalase (CAT) (Sena and 

Chandel, 2012; Circu and Aw, 2010). Oxidatively modified molecules can also be 

removed by proteasomal degradation or by the process of autophagy (Nixon, 2013). 

However, in the aged brain, antioxidant defense machineries as well as the function of 

proteasomes and lysosomes are diminished, which can accelerate aging (Melov et al., 

1998; Paul et al., 2007; Keller et al., 2002; Butler and Bahr, 2006; Zhang et al., 2017). 

1.2.4 Impaired ubiquitin-proteasome and autophagy-lysosome system during aging 

Neurons are fully differentiated non-dividing cells which need to preserve their 

structural and functional stability during the entire lifetime, and hence the function of 

proteasomes and lysosomes are particularly important for neurons. The ubiquitin-

proteasome system is a major proteolytic system in neuronal cells. It regulates 

concentration of many regulatory proteins in various biological processes as well as 

terminates damaged proteins. Once a protein is tagged with ubiquitins, it is degraded by 

the proteasome (Finely, 2009). Similarly, autophagy is an intracellular catabolic process 

which degrades cytoplasmic materials and organelles. It is activated under metabolic 

stress, including nutrient deprivation, DNA damage, hypoxia or oxidative and 
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endoplasmic reticulum (ER) stress, to support energy balance by degrading many 

cellular components (Egan et al., 2011; Rubinsztein et al., 2011). In addition to stress 

response, autophagy contributes to housekeeping function and quality-control by 

preventing or removing aggregated proteins (Nixon, 2013). Lysosomes are single-

membrane vesicles that contains acid hydrolases, such as proteases, glycosidases, and 

lipases, for autophagic degradation system.   

The ability to maintain a functional ubiquitin-proteasome or autophagy-lysosome 

system, declines during aging. The reduced autophagy function shortens lifespan and 

induces neurodegeneration (Simonsen et al., 2008; Juhász et al., 2007; Hara et al., 2006; 

Komatsu et al., 2006). In Huntington’s disease (HD), the age-related decrease in the 

expression of beclin 1, a gene essential for autophagy leads to a reduction of autophagic 

activity during aging, which results in the intracellular accumulation of mutant 

huntingtin protein (Shibata et al., 2006). In addition, aging reduces the function of proton 

pump, vacuolar ATPase on the membrane of lysosomes, resulting in the pH 

dysregulation of lysosomes in which hydrolases is most active at the acidic pH of the 

lysosomal lumen (Colacurcio and Nixon, 2016). Similar to autophagy-lysosome system, 

ubiquitin-proteasome dysfunction also occurs during aging (Graham and Liu, 2017). In 

neurodegenerative disorders such as AD, HD, and Parkinson’s disease (PD), abnormal 

amounts of ubiquitin and the accumulation of ubiquitylated protein aggregates are 

observed, suggesting an impairment of ubiquitin-proteasome activity (Tanaka and 

Matsuda, 2014; Nixon, 2013; Matsuda and Tanaka, 2010). Furthermore, decreased 
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proteasomal activity enhances the neurodegenerative phenotype (Nixon, 2013; Saez and 

Vilchez, 2014).    

1.2.5 Impaired DNA repair during aging 

DNA damages continue to happen by both exogenous (radiation, chemicals, and 

diet) and endogenous (depurination, spontaneous DNA replication errors, and ROS) 

sources. In healthy young cells, damaged DNA is rapidly repaired in DNA repair 

pathways that include base excision repair, nucleotide excision repair, mismatch repair, 

and double-strand break repair. Base excision repair excises mostly oxidative and 

alkylation DNA damage, nucleotide excision repair removes bulky, helix-distorting 

lesions from DNA, mismatch repair reverses replication errors, and double-strand break 

repair is specific for repairing double strand breaks, mainly by homologous 

recombination, single-strand annealing, and non-homologous end-joining.  

Unrepaired DNA damage can cause genomic instability and accelerate aging 

mechanisms. In many studies of genetically modified mice with defects in DNA repair, 

normal aging phenotypes are observed, indicating impaired DNA repair can lead to 

aging process and premature aging (de Boer et al., 2002; Andressoo et al., 2006; Garinis 

et al., 2008; Gredilla et al., 2012). The human diseases showing premature aging such as 

Werner syndrome (WS), Cockayne syndrome (CS), and ataxia telangiectasia are caused 

by mutations in proteins involved in DNA repair and patients with those syndromes 

shows accelerated brain aging. For example, Werner syndrome patients whose WRN 

(Werner protein) is mutated, exhibit AD-like neuropathology and cognitive deficits 

(Leverenz et al., 1998; Rekik et al., 2017). The CSB (Cockayne syndrome 
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complementation group B) mutation in Cockayne patients is characterized with 

degeneration of cerebellar Purkinje cells and cochlear and retinal neurons (Weidenheim 

et al., 2009). In mice with mutation of CSB gene, hearing loss and mitochondrial 

dysfunction in hippocampal and cortical neurons are observed at an early age (Nagtegaal 

et al., 2015; Thomsen et al., 2018). In ataxia telangiectasia patients who have ATM 

(Ataxia Telangiectasia) gene deficiency, neuropathological abnormalities in the 

cerebrum, brain stem and spinal cord have been observed with diffuse degeneration of 

cerebellar Purkinje cells and granule neurons, which results in impaired control of body 

movements (Rothblum-Oviatt et al., 2016). Consistently, normal aging also exhibits 

impaired DNA repair system in the brain. In neuronal cells which are post-mitotic, base 

excision repair is particularly important, but during aging, the activities of mitochondrial 

glycosylase which recognize the damaged base are reduced in hippocampus, frontal 

cortex, brainstem, and cerebellum of old mice compared to young mice (Imam et al., 

2006). In addition, the expression of Polβ that integrates a new undamaged base into the 

DNA strand is decreased in the aging brain (Cabelof et al., 2013).  

1.2.6 Inflammation during neurodegenerative disease 

The inflammation response is an essential immunological defense system in 

living organisms, subsequent to trauma or infection, and it is also a common feature of 

brain aging. Microarray analysis have demonstrated that a gene expression profile 

suggestive of a marked inflammatory response is upregulated in the aged brain (Prolla, 

2002; Godbout et al., 2005). Additionally, the major immune cells for the brain such as 

microglia are activated with an ameboid morphology and release proinflammatory 
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cytokines like tumor necrosis factor-α (TNF- α) and interleukins (IL-1β, IL-6) 

(Sparkman and Johnson, 2008; Campuzano et al., 2009; Cribbs et al., 2012; Norden and 

Godbout, 2013). The activated microglia in the aged brain exhibit an exaggerated 

response to infection and stress (Dilger and Johnson, 2008; Henry et 

al. 2008; Rosczyk et al. 2008; Godbout et al. 2005). In addition to activated microglia 

and the production of proinflammatory cytokines, the complement system may also be 

activated during aging (Arumugam et al., 2007; Shi et al., 2015; Hong et al., 2016). The 

complement system is a major part of the immune system that promotes both innate and 

acquired immune system. However, it has been known that complement system can be 

recruited and activated by antibodies generated by the adaptive immune system. 

Activation of the complement system involves the sequential cleavage of proteins and 

results in stimulation of phagocytes to clear foreign and damaged material. Although 

liver is the primary source of complement synthesis, brain is also capable of synthesizing 

complement proteins in microglia, astrocytes, and neurons. In AD brain, complement 

components which is highly colocalized with amyloid plaques and neurofibrillary 

tangles are observed (Shen et al., 2001). In line, biochemical assays have revealed that 

Aβ and aggregated tau can activate the complement pathways in an antibody-

independent fashion (Shen et al., 2001; Salminen et al., 2009; Bradt et al., 1998; Jiang et 

al., 1994). Furthermore, the activation of Toll-like receptors (TLRs) which plays a 

critical role in innate immune response by recognizing pathogen-derived molecules can 

be the one of causal effects of neuroinflammation during aging (Okun et al., 2011). It 

has been shown that TLRs are upregulated in brains of neurodegenerative diseases such 
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as AD (Liu et al., 2005), PD and amyotrophic lateral sclerosis (ALS) (van Noort and 

Bsibsi, 2009; De Paola et al., 2012; Lee et al., 2015). Likely TLR4-dependent activation 

of microglia which can induce neuroinflammatory process is observed in 

neurodegenerative diseases such as AD and PD (Heneka et al., 2005; Song et al., 2011). 

1.3 Caloric restriction during aging 

Caloric restriction (CR) is the most potent intervention to slow the rate of aging 

and to prevent or ameliorate the age-related diseases such as cardiovascular disease, 

hypertension, cancer, and cognitive impairment (Sohal and Weindruch, 1996; Redman 

and Ravussin, 2011; Most et al., 2016). The therapeutic potentials of CR have been 

substantially demonstrated in human as well as animal model of aging and neurological 

diseases (Mattson, 2012). Although the mechanisms of beneficial CR effect are complex 

and not fully understood, it has been extensively studied in attempts to explain its 

mechanisms underlying neuroprotective properties. Recent studies suggested that caloric 

restriction activates numerous adaptive cellular stress response pathways that mediate 

hormesis. CR attenuates oxidative stress by upregulating the plasma membrane redox 

system which contributes to the regulation of the cellular redox homeostasis through the 

maintenance of NAD(P)+/NAD(P)H ratios (Hyun et al., 2006; Merker et al., 2002) as 

well as increasing antioxidant enzymes such as SOD, GSH and glutathione peroxidase 

activity (Gong et al., 1997; Sreekumar et al., 2002; Agarwal et al., 2005; Rankin et al., 

2006). Likewise, the production of ROS in the mitochondria is decreased in response to 

CR (Merry, 2002; Gredilla and Barja, 2005). Moreover, CR delays age-related oxidative 

damage to DNA, proteins, and lipids (Merry, 2004; Hunt et al., 2006).  
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Sirtuins are a large and diverse family of enzymes that regulate gene expression 

and are necessary to reduce oxidative stress. It has been demonstrated that 

downregulation of SIRT3, a mitochondria deacetylase causes the mitochondria 

dysfunction, resulting in senescence (Wiley et al., 2016). During CR, SIRT3 expression 

is upregulated, which, in turn, deacetylates and activates mitochondrial isocitrate 

dehydrogenase 2 (Idh2), resulting in increased NADPH levels and an increased ratio of 

reduced to oxidized glutathione in mitochondria, indicating that CR may protect 

mitochondria by the action of SIRT3 (Someya et al., 2010). However, in mice lacking 

SIRT3, the preventative effect of CR on age-related hearing loss which is a common 

age-related disorder associated with oxidative stress is diminished. Similarly, CR 

increases the expression of SIRT2, a class III histone deacetylase of which increased 

activity extends lifespan, but it cannot extend lifespans in SIR2 knockouts (Kaeberlein et 

al., 1999; Lin et al., 2000, 2004).     

The abnormal accumulation of misfolded self-aggregating proteins is a feature of 

aging and neurodegenerative disorders such as AD and PD as mentioned above in 

section 1.2.4. Chaperones are highly conserved and ubiquitous proteins that prevent 

misfolding and aggregation of polypeptides. They include several families of heat shock 

proteins (HSP) and glucose-regulated proteins (GRP). A study demonstrated that 

intermittent fasting, a type of CR, increases the cytosolic protein chaperone HSP-70 and 

the endoplasmic reticulum chaperone GRP-78 in the cerebral cortex and striatum of rats 

and mice when compared to ad libitum control animals (Arumugam et al., 2010). CR can 
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also upregulate the function of autophagy, which can remove damaged proteins, 

membranes, and organelles (Alirezaei et al., 2010).  

Inflammation has been demonstrated to be linked with aging and various 

neurological disorders (Chung et al., 2002; Sarkar and Fisher, 2006). The nuclear factor 

NFkB pathway has long been believed to be a proinflammatory signaling pathway since 

NFkB is activated by reactive oxygen species or amyloid Aβ, which in turn induces 

increased transcription of various cytokines such as interleukins (IL1β, IL2, IL4, IL6) 

and tumor necrosis factors (TNFα and TNFβ) in various tissues, including the brain 

(Gloire et al., 2006; Valerio et al., 2006). However, it is demonstrated that CR reduces 

NFkB levels and blocks the synthesis of interleukins and TNFα (Spaulding et al., 1997; 

Bhattacharya et al., 2006; Ugochukwu and Figgers, 2007).  

Lastly, it is suggested that neurogenesis is also enhanced with CR by 

upregulating the expression of neurotrophic factors such as brain derived neurotrophic 

factor (BDNF), insulin-like growth factor 1 (IGF-1), and vascular endothelial cell 

growth factor (VEGF) (Lee et al., 2002; Cheng et al., 2003; Joseph D’Ercole and Ye, 

2008). 

1.3.1 Caloric restriction and cognitive function 

Caloric dietary intake is a key factor for successful cognitive aging. Overeating 

and obesity are related to increased risks for the development of late-life cognitive 

impairment and Alzheimer’s disease (Willeumier et al., 2011; Gunstad et al., 2010; 

Luchsinger et al., 2007; Toro et al., 2009). In the study in which a total of 36 healthy 

adults (16 men and 20 women) were recruited, an elevated body mass index (BMI) is 
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related to decreased cerebral blood flow in the prefrontal cortex, indicating that elevated 

BMI may be a risk factor for decreased prefrontal cortex function and potentially 

impaired executive function (Willeumier et al., 2011). It is also demonstrated that 

multiple obesity indices (i.e., BMI, waist circumferences, and waist to hip ratio) were 

associated with poorer performance in a variety of cognitive domains, including global 

screening measures, memory, and verbal fluency tasks (Gunstad et al., 2010). 

Individuals who are overweight in midlife are at increased risk for AD (Fitzpatrick et al., 

2009; Hassing et al., 2009; Dahl et al., 2013). Excess body fat has been associated with 

impaired glucose metabolism and insulin resistance, and in the population with a high 

prevalence of diabetes, there are significant higher risk of amnestic mild cognitive 

impairment (MCI) (Luchsinger et al., 2007). The vulnerability to AD is also more 

increased particularly with insulin resistance (de la Monte, 2009) and diabetes (Profenno 

et al., 2010). Individuals carrying the rs9939609 A allele of the fat mass and obesity-

associated (FTO) gene are genetically susceptible to developing obesity (Dina et al., 

2007), and elderly FTO A allele carriers showed a reduced volume in the frontal lobe 

(Ho et al., 2010) as well as increased risk for incident Alzheimer disease (Keller et al., 

2011).  Moreover, obese but not normal weight FTO rs9939609 A allele carriers at the 

age of 82 years showed poor performance on verbal fluency even without the clinically 

apparent cognitive impairment, suggesting that the FTO gene primarily affects frontal 

lobe-dependent cognitive process (retrieval of verbal memory) in elderly men (Benedict 

et al., 2011).   
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On the other hand, dietary caloric restriction can alleviate age-related cognitive 

decline (Witte et al., 2009; Mattson, 2012, Mattson and Arumugam, 2018). Considerable 

evidence from animal models supports the beneficial effects of calorie restriction (CR). 

Rats maintained for several months on intermittent fasting (IF) exhibited increased 

resistance to excitotoxin-induced memory impairment and this was correlated with 

reduced vulnerability of hippocampal CA3 neurons to degeneration (Bruce-Keller et al., 

1999). CR also prevented age-related deficits in LTP and NMDA and AMPA glutamate 

receptor levels in the rat hippocampus (Eckles-Smith et al., 2000; Shi et al., 2007). 

Moreover, CR can reduce the accumulation of Aβ in the brains of amyloid precursor 

protein (APP) mutant transgenic mice and old monkeys (Patel et al., 2005; Wang et al., 

2005). In the study which compared the effect of CR and IF, both CR and IF diets 

ameliorated the cognitive deficit in the 3 X TgAD mice. Interestingly, however, the IF 

diet did not decrease the amyloid or tau pathologies although CR diet reduced the levels 

of amyloid β-peptide and hyperphosphorylated tau in their hippocampus compared to 3 

X TgAD mice on the ad libitum diet. It is speculated that IF diet preserves synaptic 

function by activating adaptive cellular stress response pathway even in the presence of 

considerable amyloid and tau pathology (Halagappa et al., 2007). In rat basal forebrain 

(BF), life-long CR prevented age-related increase of rapid calcium buffering which is 

associated with altered spontaneous synaptic transmission and cognitive impairment 

(Murchison and Griffith, 2007; Murchison et al., 2009; Griffith et al., 2014). 

Furthermore, studies have shown that even late onset, short-term regimens produce 

changes seen in long-term CR animals. For example, Cao and colleagues (2001) 
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reported that 4-week short-term CR reproduced 64% and 77% of the effects of long-term 

CR on the expression of genes that were increased during aging and on the gene 

expression that were downregulated during aging of control mice, respectively. In 

addition, late onset, short-term (3 months) IF can reverse changes in expression of 

neuronal plasticity markers, the neural cell adhesion molecule (NCAM) and 

polysialylated form of neural cell adhesion molecule (PSA-NCAM) which are gradually 

downregulated with age. The expression of astrocytic marker glial fibrillary acidic 

protein (GFAP) which is progressively increased during aging can also be reversed. 

NCAM and PSA-NCAM expression are known to mediate cell interactions to enhance 

synaptic plasticity, learning and memory functions and neuro-regeneration (Kaur et al., 

2008). 

1.4 Amitriptyline 

Amitriptyline is a traditional tricyclic antidepressant which is named after its 

chemical structure of three rings of atoms. It was discovered in 1960 and approved by 

the US Food and Drug Administration (FDA) in 1961. Although it has been increasingly 

replaced by other antidepressants with less side effect and better safety profile, including 

selective serotonin reuptake inhibitor (SSRI), selective norepinephrine reuptake inhibitor 

(SNRI), and monoamine oxidase inhibitor (MAOI) due to its toxicity in overdose, it is 

still considered to be highly effective and used as a second-line treatment for depressive 

disorders as well as other neurological disorders such as anxiety, neuropathic pain 

disorders and migraine (Baldessarini, 2006; Couch et al., 2011; Moore et al., 2015). 

Because of its diverse therapeutic applications, AMI continues to be used throughout life 
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span, and overall antidepressant use among patients over 65 years of age has more than 

tripled from 1995 to 2005 (National Center for Health Statistics, 2007). 

1.5 Basal forebrain 

The basal forebrain (BF) was chosen for this dissertation because of the 

importance of this brain are in age-related diseases and neurodegeneration. The BF 

which is located close to the medial and ventral surfaces of the cerebral hemispheres 

develops from the subpallium, and consists of the medial septum, vertical and horizontal 

limbs of the diagonal band, pallidal regions (ventral pallidum and globus pallidus) and 

the substantia innominate/extended amygdala (Zaborszky et al., 2012, 2015). This brain 

regions plays an important role in attention, sleep-wake control, memory, and 

neuropsychiatric disorders such as Alzheimer’s disease, Parkinson’s disease, 

schizophrenia, and drug abuse. However, because the BF contains a heterogenous and 

complex set of cell types based upon transmitter content, morphology, and projection 

pattern, such as cholinergic, GABAergic, glutamatergic, various calcium binding protein 

(CBP, calbindin, calretinin, and parvalbumin) containing neurons and peptidergic 

(neuropeptide Y (NPY), somatostatin, and galanin) projection and interneurons, 

understanding the BF functional role is difficult (Zaborszky et al., 2012, 2015). 

1.5.1 The various cell types in the basal forebrain 

1.5.1.1 Cholinergic neurons 

The major cell type in the BF is cholinergic neurons located in the medial septum, 

the vertical and horizontal limbs of the diagonal band and in the substantia 

innominata/nucleus basalis (Mesulam et al., 1983b; Zaborszky et al., 2012, 2015). The 
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estimated number of cholinergic neurons in the nucleus basalis is approximately 6,632 ± 

1,105 in C57BL/6J non-transgenic mice (Perez et al., 2007). In rats, the number of 

cholinergic neurons in the medial septum/vertical diagonal band nucleus (MS/VDB) was 

reported to be 9,647 ± 504, with 26,390 ± 1097 cholinergic neurons found in the entire 

basal forebrain (Miettinen et al., 2002). Most cholinergic cells are large and multipolar 

with extensive dendritic fields (Záborszky et al., 1986; Walker et al., 1989). Cholinergic 

neurons in the BF provide the major source of acetylcholine (ACh) to various brain areas 

throughout the brain. The synthesis and release of ACh requires the expression of three 

genes: choline acetyltransferase (ChAT), the vesicular acetylcholine transporter (VAChT) 

and the choline transport 1, while cholinesterases (AChE) degrades ACh. Among seven 

different forms of ChAT mRNAs, basal forebrain cholinergic neurons mostly express the 

R1 and R2 types. The differentiation of cholinergic neurons is regulated by the 

neurotrophin nerve growth factor (NGF) via TrkA and p75NTR which are high and low 

affinity receptors, respectively (Fagan et al., 1997; Yuen et al., 1996). BF cholinergic 

neurons express various types of receptors such as adrenergic, glutamatergic, GABAergic 

(De Souza Silva et al., 2006; Kiss et al., 1993; Zaborszky et al., 2004), receptors for 

estrogen (Miettinen et al., 2002) and endocannabinoids (Harkany et al., 2003). When it 

comes to the electrophysiological properties, cholinergic neurons in BF have low 

threshold calcium spikes, generating a rhythmic firing pattern. Moreover, cholinergic 

neurons in the medial septum/diagonal band of Broca neurons (MS/DB) are slow-firing 

neurons (Duque et al., 2000; Simon et al., 2006). Slow firing neurons are characterized by 

slow firing rates and pronounced slow afterhyperpolarization (sAHP) produced by a 
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calcium-activated potassium current (Griffith, 1988; Griffith et al., 2000). In addition, 

these neurons display fast inward rectification at hyperpolarized membrane potentials. In 

head-fixed rats, cholinergic neurons of the basal forebrain show the highest firing rate 

during the wake state as compared to slow-wave sleep or rapid eye movement (REM) 

sleep (Hassani et al., 2009). Furthermore, a recent study demonstrated that basal forebrain 

cholinergic neurons can be differentiated into two electrophysiologically different 

subtypes: early and late firing neurons. Early firing neurons, which comprise 70% of basal 

forebrain cholinergic neurons, are more excitable when compared to the late firing 

neurons, and they are completely silenced after initial action potentials. Also, they have a 

higher density of low voltage activated (LVA) calcium currents. Late firing neurons, 

which are 30% of basal forebrain cholinergic neurons, are less excitable, but they maintain 

a tonic discharge at low frequencies (Unal, 2015).    

1.5.1.2 GABAergic neurons 

GABAergic neurons are also identified in the rat BF, and they outnumber 

cholinergic neurons: approximately 39,000 – 119,000 GAD+ cells (Gritti et al., 1993, 

2006). Most GABAergic neurons are smaller than cholinergic neurons even though some 

of them are large and medium-sized cells, suggesting that many GABAergic neurons may 

play a role as interneurons and send inhibitory signals locally to cholinergic, GABAergic 

or glutamatergic neurons in the BF. Medium- to large GABAergic neurons, which 

resemble cholinergic neurons, may also represent inhibitory signal but outside of the BF 

(i.e., cortex, hippocampus, or hypothalamus) as projecting neurons (Gritti et al.,1994, 

1997, 2003; Henderson et al., 2010). GABAergic neurons are divided into subgroups 
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based on the co-expression of CBPs. From dual immunostaining for the CBPs and 

glutamic acid decarboxylase (GAD) in the rat BF, it turns out that most of the parvalbumin 

group (~90%) is colocalized with GAD, and many of septohippocampal GABAergic 

neurons express parvalbumin. Only a small portion (10%) of the calbindin or calretinin is 

GAD (Gritti et al., 2003). Furthermore, it has been reported that a small percentage of 

cholinergic neurons coexpress GAD (Brashear et al., 1986; Sotty et al., 2003). 

1.5.1.3 CBPs-containing neurons 

CBPs such as parvalbumin, calretinin, calbindin and secretagogin are valuable 

markers for classifying the neuronal cell types in the brain, and they can act as Ca2+ sensors 

or buffers, modulating neurotransmitter release and intracellular signaling pathways. As 

mentioned above, in the rat BF, abundant parvalbumin neurons are coexpressed with GAD 

and project to the cerebral cortex and hippocampus (Celio et al., 1990; Gritti et al., 1993, 

2003; Zaborszky et al., 1999; Henderson et al., 2010). Most of cholinergic neurons in the 

primate BF express calbindin-D-28, a vitamin D-dependent calbindin. In aged individuals 

or Alzheimer’s disease patients, there are not only substantial loss of cholinergic neurons 

but also a dramatic loss of calbindin in the remaining cholinergic neurons (Geula et al., 

2003). On the other hand, it is reported that the rat BF cholinergic neurons have no 

calbindin immunoreactivity (Celio and Norman, 1985; Chang and Kuo, 1991; Smith et al., 

1994). The rat BF calbindin and calretinin cells which are non-cholinergic neurons but 

need to be determined for the type of neurotransmitters project to the cortex (Zaborszky 

et al., 1999). Lastly, secretagogin+ cells were found in the interstitial nucleus of the 

posterior limb of the anterior commissure, in the ventral pallidum, horizontal limb of the 
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diagonal band nucleus and the dorsal part of the substantia innominate/extended amygdala 

(SI/EA), and they are colocalized with ChAT+ neurons both in the primate (Mulder et al., 

2009) and the mouse basal forebrain (Gyengesi et al., 2013).    

1.5.1.4 Glutamatergic neurons 

In the rat BF, approximately 5-30% of neurons are believed to be glutamatergic 

excitatory neurons which contain, one of vesicular glutamate transporters (Vgluts 1-3) 

(Gritti et al., 2003; Hur and Zaborszky, 2005). In the rat BF, a small percentage of these 

Vglut2-containing glutamatergic neurons project to the prefrontal and somatosensory 

cortices (Hur and Zaborszky, 2005). In the medial septum diagonal band complex 

(MS/DB) of mouse BF, Vglut2-positive neurons project to the hippocampus (Henderson 

et al., 2010). Some of Vglut2-positive neurons exert local excitatory influence in the 

MS/DB of rat BF (Hajszan et al., 2004). For example, the presence of glutamate receptors 

such metabotropic, AMPA, and NMDA receptors in the BF indicates that BF neurons 

receive inputs directly from glutamate neurons (Petralia and Wenthold, 1992; Kiss et al., 

1993; Martin et al., 1993; Page and Everitt, 1995; Standaert et al., 1996; De Souza Silva 

et al., 2006). In accordance, the ACh release in the cortex is significantly increased with 

the administration of glutamate agonists kainic acid and NMDA into the BF (Fadel et al., 

2001; Fournier et al., 2004). However, the specific glutamate receptor subtypes expressed 

by cholinergic and non-cholinergic neurons have yet to be fully characterized.  
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1.5.1.5 Neuropeptide-containing neurons 

1.5.1.5.1 Neuropeptide-Y 

Neuropeptide-Y (NPY)-immunoreactivity is identified in the BF. NPY is 

colocalized with GABA (Aoki and Pickel, 1989) and/or somatostatin (Kӧhler et al. 1987) 

in many forebrain neurons. NPY axons have been shown to synapse with cholinergic 

neurons in the BF (Zaborszky and Duque, 2000) even though the origin of NPY synapses 

on cholinergic neurons is hard to be determined due to lots of NPY expression in the 

brainstem ascending projection neurons to BF cholinergic neurons (Zaborszky and 

Cullinan, 1996; Hajszán and Zaborszky, 2002). NPY neurons has the opposite patterns of 

cell firing of cholinergic neurons when studied with cortical electroencephalogram (EEG) 

(Duque et al., 2000). In addition, NPY injection into the BF induces changes in cortical 

EEG in both anesthetized and freely moving rats (Tóth et al., 2005; 2007). Given that NPY 

neurons are colocalized with GABA in the forebrain, NPY neurons may affect cortical 

EEG by inhibiting the cholinergic corticopetal neurons as interneurons in the BF. On the 

other hands, there are specific receptors that NPY binds to, including Y1, Y2, Y4 and Y5, 

and in the mouse BF, Y2 receptor-positive neurons were found (Stanić et al., 2006). 

Moreover, Y1 receptor-mediated inhibition of NPY on cholinergic neurons was 

demonstrated by in vitro electrophysiological study (Záborszky et al., 2009). 

1.5.1.5.2 Somatostatin 

Somatostatin, a 14- or 28-amino acid-containing neuropeptide, has been identified 

in synapses on cholinergic projection neurons (Zaborszky, 1989), and some portion of 

somatostatin-positive neurons may be originated locally from the ventral pallidum, 



 

26 

 

substantia innominate, and around horizontal diagonal band (Zarborszky and Duque, 

2000). Somatostatin has been known to inhibit both GABA and glutamate release 

presynaptically on BF cholinergic neurons (Momiyama and Zaborszky, 2006). 

1.5.1.5.3 Galanin 

The neuropeptide galanin (GAL)-immunoreactivity which innervates cholinergic 

neurons in the BF also has been identified (Henderson and Morris, 1997; Mufson et al., 

2003). It is demonstrated that GAL inhibits cholinergic signals in the hippocampus and 

induces cognitive impairment in rodent models (Elvander et al., 2004). In Alzheimer’s 

disease (AD), increased galanin-containing fibers show hyperinnervation of cholinergic 

neurons in the BF. Similarly, in the transgenic mice with overexpression of GAL, a 

reduced number of cholinergic neurons in the horizontal limb of the diagonal band and 

spatial memory impairments were observed, which is similar characteristics to AD. 

However, the role of GAL in BF cholinergic neurons is still controversial. A study 

suggested a neuroprotective effect of GAL on BF cholinergic neurons (Counts et al., 

2009). In line, it is demonstrated that GAL blocks the cholinergic-induced increase in 

GABA release and reduces inhibitory input onto cholinergic neurons. This study suggests 

that the disinhibition of cholinergic neurons by GAL could serve as a compensatory 

mechanism for the degeneration of BF cholinergic neurons during the progression of AD 

(Damborsky et al., 2017).   

1.5.2 Basal forebrain cholinergic functions in behavior 

Basal forebrain cholinergic neurons play a critical role in attention, sleep, 

wakefulness, and cognitive function. Recent studies demonstrated the role of basal 
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forebrain cholinergic neurons in the attentional processing.  It has been observed that 

acetylcholine transients are increased in PFC in response to attention task-related cues 

(Sarter et al., 2016). In addition, optogenetic study has shown that stimulation of 

cholinergic signals enhances the cue-associated cholinergic transient and improves cue 

detection, while blocking the ACh transients with optogenetic inhibition of basal forebrain 

cholinergic neurons results in many failures for the animals to detect cue (Gritton et al., 

2016). Furthermore, it is suggested that basal forebrain cholinergic neurons contribute to 

a decorrelation in sensory cortex. In sensory cortex, a behaviorally relevant cue is detected 

by increasing signal-to-noise ratio. In other words, the firing rate of task-relevant sensory 

cortical neurons increases, and the intra-cortical noise decreases, which is called 

decorrelation and measured as “desynchronization” (Cohen and Maunsell, 2009; Mitchell 

et al., 2009). Optogenetic stimulation of basal forebrain cholinergic inputs in the primary 

visual cortex (V1) mediates desynchronization whereas optogenetic inhibition of 

cholinergic neurons in the basal forebrain causes increased synchronization of cortical 

neurons. These studies suggest that basal forebrain cholinergic signaling is important in 

attentional processing in PFC and sensory cortex (Chen et al., 2015; Pinto et al., 2013). 

Basal forebrain cholinergic signaling is known to play an important role in the 

waking state as well as REM sleep by promoting cortical activation. Cholinergic activity 

and acetylcholine release increase to the highest levels during REM sleep and wakefulness 

(Vazquez and Baghdoyan, 2001; Lee et al., 2005; Marrosu et al., 1995). In addition, the 

selectively stimulated cholinergic neurons in the basal forebrain by neurotensin-induced 

cortical activation decreased slow-wave sleep (SWS), enhanced REM sleep, and increased 
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quiet waking state (Cape et al., 2000). In contrast, it is demonstrated that the ablation of 

cholinergic basal forebrain neurons in rats significantly inhibits cortical activation, but it 

has no effect on sleep and wake (Berntson et al., 2002). In recent studies, optogenetic 

stimulation of basal forebrain cholinergic neurons has shown to suppress SWS and 

enhance wakefulness and REM sleep (Han et al., 2014) whereas optogenetic inhibition 

prolonged SWS but had no effect on the duration of wakefulness or REM sleep (Shi et al., 

2015). To summarize, basal forebrain cholinergic neurons may play a major role for 

controlling SWS, but they jointly modulate wakefulness and REM sleep with other regions 

or other types of neurons in the brain. 

Lastly, cholinergic neurons in the basal forebrain contribute to memory and 

cognitive functions. It has been known that ACh release in the hippocampus is increased 

during the various memory tasks and blocking muscarinic acetylcholine receptor 

(mAChR) signaling in the hippocampus impairs memory (Mitsushima et al., 2013; Roland 

et al., 2014; Wallenstein and Vago, 2001). In addition, it has been demonstrated that 

cholinergic signaling through α7 nicotinic acetylcholine receptors (nAChRs) and M1 

mAChRs is important for long-term potentiation (LTP) and plasticity in hippocampus 

(Cheng and Yakel, 2015; Gu et al., 2012; Gu and Yakel, 2011). Moreover, basal forebrain 

cholinergic signaling is involved in the formation of fear memories and anxiety-like 

behaviors with the amygdala. Recent work demonstrated that stimulation of cholinergic 

terminal fields in the amygdala in awake-behaving mice during training in a cued fear-

conditioning delayed the extinction of fear memory. In contrast, inhibition of cholinergic 

signaling during training reduced the acquisition of learned fear behaviors. The underlying 
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mechanisms shown in their work is that the activation of cholinergic activity increased 

firing of basolateral amygdala (BLA) principal neurons and glutamatergic synaptic 

transmission in the BLA as well as induced LTP of cortical-amygdala circuits (Jiang, 

2016). Interestingly however, activation of cholinergic signaling in the amygdala 

displayed a state-dependent inhibitory effect on the principal BLA neurons. When the 

principal BLA neurons were quiescent, cholinergic neurons projected from basal forebrain 

induced muscarinic (M1) IPSPs (Unal et al., 2015). In contrast, substantial cholinergic 

deficits are demonstrated in neurodegenerative disorders such Alzheimer’s disease (AD) 

and Parkinson’s disease (PD) (Cantero et al., 2009; Bohnen and Albin, 2011; Mesulam, 

2013; Zeighami et al., 2015; Schmitz and Nathan Spreng, 2016). The reduction in basal 

forebrain volume and degeneration of basal forebrain cholinergic neurons is a reliable 

marker for AD (Fernández-Cabello et al., 2020), and mild cognitive decline (MCI) shows 

basal forebrain atrophy (Zhang et al., 2011b; Grothe et al., 2016). Griffith and his 

colleagues (2014) have demonstrated that the frequency of spontaneous inhibitory 

postsynaptic currents (sIPSCs) in the rat BF was reduced during aging, and this was seen 

in cognitively impaired aged animals.    

1.6 Optogenetic mouse model of aging and basal forebrain preparation 

Optogenetics is the neuromodulation method in which genetic and optic are 

combined to control individual neuronal activities in living tissue and behaving animals 

(Deisseroth, 2011). It employs bacterial opsins most of which are fast light-activated 

channels, pumps, and enzymes like channelrhodopsin (ChRs), halorhodopsin, and 

archaerhodopsin (Zhang et al., 2011a). The ChRs are retinylidene proteins which are 
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seven-transmembrane proteins and contain the light-isomerizable chromophore all-trans-

retinal. The ChR1 and ChR2 are the first identified as a light-gated ion channel in 

Chlamydomonas reinhardtii, a green unicellular alga from temperate freshwater 

environments (Nagel et al., 2002). The natural ChR2 absorbs blue light with an 

absorption maximum at 480 nm. When the all-trans-retinal complex absorbs a photon, it 

opens the pore and conduct H+, Na+, K+ and Ca2+ by inducing a conformational change 

from all-trans to 13-cis-retinal. The light-gated ion pumps have been also found in 

archaea, which is called halorhodopsin. Similar to ChRs, halorhodopsin contains the 

essential light-isomerizable vitamin A derivative all-trans-retinal. It opens up the ability 

to silence excitable cells with brief pulses of yellow light by transferring Cl- ions into the 

cell. The peak absorbance of the halorhodopsin retinal complex is about 570 nm (Han 

and Boyden, 2007; Zhang et al., 2007, 2011a). Archaerhodopsins are light-driven H+ ion 

transporters which pumps one H+ ions from the cytosol to the extracellular medium in 

presence of green-yellow light (peak response spectra at 566 nm), thus driving the 

hyperpolarization of the cell membrane and inhibiting action potential firing of neurons 

(Chow et al., 2010). 

The optogenetic methods that allows precise temporal manipulation with a great 

specificity in intact system have emerged as powerful tools for studying neuronal 

networks and functions, providing a comprehensive understanding of various 

neurological disorders that were poorly understood before due to the complexity of the 

neural systems. However, these methods have not been widely used in aging studies and 

little is known about the functional expression of optogenetic actuators like ChRs, 
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halorhodopsin, and archaerhodopsin in neurons across aging. In the recent study of our 

laboratory, it has been demonstrated that expression of the ChR2 in the VGAT-

ChR2(H134R)-EYFP transgenic mice is functionally maintained throughout the entire 

lifespan of the mice (Montgomery et al., resubmission). VGAT is vesicular γ-

aminobutyric acid (GABA) transporter which is specifically expressed in GABAergic 

neurons and glycinergic neurons (Sagné et al., 1997; Gasnier, 2000). In this mouse line, 

a Bacterial Artificial Chromosome (BAC) transgenic strategy is employed to express 

ChR2(H134R)-EYFP under the control of VGAT promoter to enable specific functional 

activation of GABAergic neuronal population (Zhao et al., 2011). Therefore, in this 

dissertation study, we extend the use of this optogenetic mouse line to study age-related 

physiological changes in the BF.  

The preparations of BF that will be used in this dissertation involve three 

different types depending on the different experimental preference (Figure 1.1). Once the 

whole brain is sliced three different sections are produced. The blue area within the 

slices highlights the BF region. For electrophysiological measurements, BF are prepared 

either in brain slice or enzyme-free, acutely dissociated neurons. For calcium imaging 

with standard fura-2 ratiometric microfluorimetry, enzyme-treated, acutely dissociated 

neurons are prepared. Figure 1.1 illustrates each experimental preparation. More detailed 

information is in the materials and methods sections for each research chapter. 
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Figure 1.1. Diagram of the mouse basal forebrain preparation.  

The brain is quickly removed and placed in a chilled cutting solution (top). After 

blocking of the brain by trimming the cerebellum and olfactory bulb with a razor blade, 

the brain is immediately glued on a cutting stage of a tissue slicer and immersed in 

carbogen-equilibrated (95% O2/5%CO2) cutting solution at < 4℃. From rostral to 

caudal, brain slices containing the BF medial septum and nucleus of the diagonal band 

(MS/nDB) region are cut using a vibrating tissue slicer. For electrophysiology 

experiment, either brain slice (left) or enzyme-free, mechanically dissociated neurons 

(right) were prepared. For calcium imaging, enzyme-treated, acutely dissociated neurons 

were used (middle).     
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CHAPTER II  

AMITRIPTYLINE DECREASES GABAERGIC TRANSMISSION IN BASAL 

FOREBRAIN NEURONS USING AN OPTOGENETIC MODEL OF AGING* 

2.1 Abstract 

The antidepressant drug amitriptyline is used in the treatment of clinical 

depression and a variety of neurological conditions such as anxiety, neuropathic pain 

disorders and migraine. Antidepressants are associated with both therapeutic and 

untoward effects, and their use in the elderly has tripled since the mid-1990s. Because of 

this widespread use, we are interested in testing the acute effects of amitriptyline on 

synaptic transmission at therapeutic concentrations well below those that block voltage-

gated calcium channels. We found that 3 M amitriptyline reduced the frequency of 

spontaneous GABAergic inhibitory postsynaptic currents (IPSCs) and reduced quantal 

content in mice at ages of 7-10 mo. and 23-25 mo., suggesting a presynaptic mechanism 

of action that does not diminish with age. We employed a reduced synaptic preparation 

of the basal forebrain (BF) and a new optogenetic aging model utilizing a bacterial 

artificial chromosome (BAC) transgenic mouse line with stable expression of the 

channelrhodopsin-2 (ChR2) variant H134R specific for GABAergic neurons [VGAT-

ChR2(H134R)-EYFP]. This model enables optogenetic light stimulation of specific 

 

* This chapter is re-printed with permission from “Amitriptyline decreases GABAergic 

transmission in basal forebrain neurons using an optogenetic model of aging” by Bang 

E, Tobery A, Montgomery KS, Fincher AS, Earnest DJ, Murchison DA, Griffith WH, 

2021. Frontiers in Aging Neuroscience, 13, 673155, Copyright [2021] by Creative 

Commons license (“CC BY”).   
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GABAergic synaptic terminals across aging. Age-related impairment of circadian 

behavior was used to confirm predictable age-related changes associated with this 

model. Our results suggest that low concentrations of amitriptyline act presynaptically to 

reduce neurotransmitter release and that this action is maintained during aging. 

2.2 Introduction 

Amitriptyline (AMI) is a tricyclic antidepressant used for various neurological 

disorders such as anxiety, depression, neuropathic pain disorders and migraine 

(Baldessarini, 2006; Couch et al., 2011; Moore et al., 2015; Urquhart et al., 2018). 

Because of its diverse therapeutic applications, AMI continues to be used throughout life 

span, and overall antidepressant use among patients over 65 years of age has more than 

tripled from 1995 to 2005 (National Center for Health Statistics, 2007). Although the 

actions of AMI to block reuptake of norepinephrine and serotonin have been studied for 

many years, much less is known about the additional cellular mechanisms of AMI that 

may contribute to its therapeutic efficacy. For example, AMI acts to inhibit ion channels 

such as the voltage-gated sodium, calcium and potassium channels (Nicholson et al., 

2002; Yan et al., 2010; Wu et al., 2012). AMI also acts as an antagonist of the serotonin, 

the α1-adrenergic, the histamine, and the muscarinic acetylcholine receptors (Richelson, 

1979; Kachur et al., 1988; Pandey et al., 2010; Nojimoto et al., 2010; Liu et al., 2012). 

Moreover, it possesses neurotrophic activity by acting as an agonist of TrkA and TrkB 

receptor which BDNF activates (Jang et al., 2009). Many, but not all, of these actions to 

block ion channels occur at higher than therapeutic concentrations of approximately 3-6 

μM (Glotzbach and Preskorn, 1982; Lavoie et al., 1990; Baldessarini, 2006). Importantly 
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chronic low dose AMI, within the therapeutic range, is an effective therapy for lower 

back pain (Urquhart et al, 2018), reducing nicotine-induced increase in C-fiber 

excitability in humans (Freysoldt et al., 2009), and prevention of age-related impairment 

in the water maze task in rats (Yau et al., 2002). However, some human studies 

demonstrate the negative effects of AMI on cognitive function within the therapeutic 

ranges of depression treatment (Peck et al., 1979; Branconnier et al., 1982; Linnoila et 

al., 1983; Curran et al., 1988). Therefore, the purpose of the present study is to 

investigate whether therapeutic concentrations of AMI interfere with synaptic 

transmission in the basal forebrain (BF) using a new synaptic optogenetic model and 

whether these actions are maintained during aging.  

The BF contains a heterogeneous population of cholinergic and noncholinergic 

neurons located in the medial septum, diagonal band, nucleus basalis, ventral pallidum, 

substantia innominata, globus pallidus and the internal capsule (Wainer et al., 1985; 

Zaborszky et al., 1999; Hajszan et al., 2004; Manseau et al., 2005). These neurons play 

an important role in cognitive functions such as attention, arousal, and memory (see 

review, Zaborszky et al., 2018) and our laboratory has been studying calcium 

homeostasis, voltage-gated calcium currents and synaptic transmission in these neurons 

across aging for many years (Griffith and Murchison, 1995; Murchison and Griffith, 

1996, 1998, 2007; Murchison et al., 2009). Using a reduced synaptic preparation, we 

have shown that decreased GABAergic inhibitory synaptic transmission in BF is 

associated with age-related cognitive impairment in rats (Griffith et al. 2014). We have 

recently reproduced many of these earlier results in a new optogenetic aging model 
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utilizing a bacterial artificial chromosome (BAC) transgenic mouse line with stable 

expression of the channelrhodopsin-2 (ChR2) variant H134R specific for GABAergic 

neurons [VGAT-ChR2(H134R)-EYFP] (Montgomery et al., resubmission). In the 

present study, we have used this optogenetic aging model with whole-cell voltage-

clamp, Ca2+-sensitive fluorescent imaging and the reduced synaptic preparation to 

examine the effect of AMI on inhibitory synaptic transmission in the BF. The great 

advantage of the reduced synaptic preparation is that it is possible to selectively 

stimulate GABAergic nerve terminals on well-clamped isolated BF neurons. This model 

allows us to calculate relative changes in quantal content (m) of transmitter release and 

identify presumed presynaptic functions. Finally, age-related changes in circadian 

wheel-running activity were used to further characterize the VGAT optogenetic mouse 

as a viable aging model.  

2.3 Results 

2.3.1 Optogenetic aging model and reduced synaptic preparation 

We recently demonstrated that the expression of ChR2 in mice carrying the 

VGAT-ChR2-EYFP transgene is functionally maintained across aging, thus this mouse 

line is useful for aging neuroscience (Montgomery et al., resubmission). In mice 

hemizygous for VGAT-ChR2-EYFP BAC transgene, the ChR2-EYFP fusion protein is 

expressed in GABAergic neuronal populations by the mouse vesicular GABA 

transporter (VGAT) promoter on the BAC transgene (Figure 2.1A), which enables 

specific optical stimulation of GABAergic neurons. Whole brain coronal images showed 

strong ChR2-EYFP expression in a section of the BF (Figure 2.1C).  
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Figure 2.1. Characterization of ChR2-EYFP expression in VGAT-ChR2(H134R)-

EYFP transgenic mice. (A) Schematic representation of VGAT-ChR2-EYFP transgene 

(top) and an example of PCR gel electrophoresis (bottom). The first lane is the DNA size 

standard and the fragment size is given in base pairs on the left. The genotypes are 

described at the top of each lane. (B) The representative mechanically dissociated BF 

neuron with the illustrations of patch pipette and 470-nm LED light stimulation. (C) 

Confocal images of mouse BF slice show strong ChR2-EYFP expression in GABAergic 

neurons of VGAT-ChR2(H134R)-EYFP transgenic mice.  
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Our ‘reduced synaptic preparation’ was designed to investigate synaptic 

physiology during aging with greater efficiency than in an aged slice preparation. This 

reduced preparation consists of acutely dissociated neurons that are not exposed to the 

usual proteolytic enzyme treatment and therefore retain functional presynaptic inputs on 

somas and proximal dendrites (Akaike and Moorhouse, 2003). Figure 2.1B shows an 

enzyme-free, acutely dissociated BF neuron and an illustration of the patch pipette and 

optogenetic light-stimulation.    

2.3.2 Effects of AMI on calcium 

The effect of AMI on whole-cell high-voltage-activated (HVA) calcium currents 

was investigated by applying a series of concentrations to acutely dissociated BF 

neurons from juvenile rats. The effect of AMI on calcium current inhibition was tested at 

the following five concentrations: 3 μM (n=5), 10 μM (n=8), 30 μM (n=7), 100 μM 

(n=6) and 300 μM (n=3) with AMI inhibiting calcium currents by 1.87 ± 0.65%, 16.02 ± 

6.37%, 30.25 ± 3.42%, 46.29 ± 6.31% and 99.26 ± 0.74%, respectively (Figure 2.2A). 

Increasing concentrations were applied on the same neuron and the concentration-

response curve for AMI is shown in Figure 2.2B. It is well known that high 

concentrations of AMI block voltage-gated Ca2+ channels (see Introduction), so the 

purpose of this experiment was to identify those concentrations of AMI below 

significant Ca2+ inhibition. The curve has a Hill coefficient of 1.2 and an EC50 (effective 

concentration for 50% inhibition) of approximately 100 μM.  

To confirm that AMI acts in a similar manner on calcium signalling in the 

mouse, we used the ratiometric calcium-sensitive fluorescent probe fura-2 and induced  
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Figure 2.2. AMI effect on calcium current and intracellular calcium transients. (A) 

Whole-cell perforated-patch voltage-clamp recordings of calcium currents from a rat BF 

neuron show reduced current amplitude in the presence of increasing concentrations of 

AMI. Currents were elicited by a depolarizing test pulse to -15 mV (Vh = -70mV, 20 s 

between traces). (B) Cumulative concentration-response curve for AMI inhibition of 

calcium current in rat BF neurons. Percent inhibition of calcium current observed at five 

different concentrations (3, 10, 30, 100 and 300 μM) was plotted (± S.E.M.), yielding an 

EC50 of 98.02 μM. (C) Fura-2 microfluorimetric recordings of intracellular calcium 

transients evoked by picospritzer application of 20 mM K+ (blue arrows, top panel: 600 

ms, lower panel: 400 ms duration) show the effects of AMI on mouse BF neurons. The 

upper figure shows no effect of 3 μM AMI on the amplitude of calcium transients. In a 

different cell, the lower figure shows reversible inhibition of calcium transient amplitude 

by 30 μM AMI (n=4). Spontaneous Ca2+ events are seen in the lower panel, as well.  
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robust intracellular calcium transients in acutely dissociated BF neurons by applying 20 

mM KCl (High [K+]) by focal picospritzer. High [K+] depolarizes the membrane and 

activates voltage-gated Ca2+ channels. We then tested the ability of AMI to inhibit these 

transients (Figure 2.2C). AMI (30 μM) significantly inhibited high [K+]-induced calcium 

transients by approximately 72% (Figure 2.2C, bottom panel, control: 238 ± 58.67 nM, 

and 30 μM AMI: 65.5 ± 19.85 nM, n=4, *p<0.05). On the other hand, 3 μM AMI had no 

effect on transient amplitude which is consistent with the previous rat BF data showing 

very little inhibition of Ca2+ currents at that concentration. We next determined the 

concentration-response relationship for AMI inhibition of synaptic transmission. 

2.3.3 AMI decreases inhibitory synaptic transmission in mouse BF neurons 

To study synaptic transmission in mouse BF neurons, we used whole-cell 

voltage-clamp and the reduced synaptic preparation previously described in rats (Griffith 

et al., 2014). Briefly, this preparation utilizes acutely dissociated neurons, without 

enzyme treatment, resulting in isolated cells with functional synapses. The predominant 

spontaneous synaptic events in this preparation are GABAergic IPSCs. These currents 

are easily identified, from the very infrequent spontaneous EPSCs, by their larger 

amplitude (using Cl-filled electrodes, Vh = -60 mV) and long-time course compared to 

the smaller and very fast spontaneous EPSCs (Griffith et al., 2014).  We visually 

identified and measured spontaneous IPSCs in both WT and VGAT mice.  

Six different concentrations of AMI were tested in young mouse BF neurons: 

300 pM (n=6), 1 nM (n=5), 3 nM (n=10), 3 μM (n=10), 10 μM (n=8), and 30 μM 

(n=11). Figure 2.3A shows whole-cell voltage-clamp recordings of sIPSCs from the BF  
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Figure 2.3. Concentration-dependent changes in the frequency and amplitude of 

spontaneous IPSCs using a reduced synaptic preparation of BF neurons. (A) 

Representative whole-cell voltage-clamp recordings (Vh = -60 mV) from young BF 

neurons in control (left) and AMI (right). Concentrations are shown to the left and each 

neuron only received one concentration of AMI. Frequency and amplitude of sIPSCs 

were decreased in a concentration-dependent manner by application of AMI. (B) 

Summary data showing the normalized frequency change in AMI (top, 300pM: 1.038 ± 

0.123, 1nM: 0.460 ± 0.120, 3nM: 0.44 ± 0.06, 3μM: 0.44 ± 0.08, 10μM: 0.58 ± 0.12, 

30μM: 0.41 ± 0.06) and normalized amplitude change in AMI (bottom, 300pM: 1.09 ± 

0.07, 1nM: 1.11 ± 0.16, 3nM: 0.92 ± 0.09, 3μM: 0.74 ± 0.06, 10μM: 0.85 ± 0.11, 30μM: 

0.77 ± 0.07). Results are presented as mean ± SEM. Individual cells (n) were paired for 

control and AMI (paired t-test, *p<0.05). N = 23 mice. 
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neurons in paired control and AMI for each concentration (Vh = -60 mV). The frequency 

of sIPSCs was significantly reduced in the presence of AMI at almost all concentrations 

tested (Figure 2.3B, top). The amplitude of sIPSCs was also significantly reduced by 

most concentrations of AMI (Figure 2.3B, bottom, paired t-test, *p<0.05). We performed 

the remainder of the experiments using 3 μM AMI because this concentration had 

minimal effect on calcium currents and transients but significantly reduced the frequency 

of sIPSCs. Furthermore, 3-6 μM AMI is considered a clinically relevant concentration 

for depression treatment (Glotzbach and Preskorn, 1982; Lavoie et al., 1990; 

Baldessarini, 2006).   

2.3.4 AMI decreases spontaneous IPSCs in both young and aged BF neurons 

The remaining experiments used both young (7-10 mo.) and aged (23-25 mo.) 

VGAT-ChR2-EYFP mice. In addition, these cohorts were monitored for wheel-running 

behavior in order to confirm the well-known age-related changes in patterns of circadian 

entrainment (Figure 2.7). 

In young neurons, both mean frequency and mean amplitude of sIPSCs were 

significantly reduced by 3 μM AMI. Figure 2.4A shows whole-cell voltage-clamp 

recordings of sIPSCs from young BF neurons in control and AMI (Vh = -60 mV). The 

mean sIPSC frequencies were 1.05 ± 0.13 Hz for control and 0.24 ± 0.07 Hz in AMI 

(left in Figure 2.4C, paired t-test, *p<0.05), and the inhibition normalized to control 

frequency is shown on the right (paired t-test, *p<0.05). For sIPSC amplitude, the means 

were 50.06 ± 6.62 pA in control and 31.37 ± 4.44 pA in AMI (left in Figure 2.4E, paired  
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Figure 2.4. The effect of AMI (3 μM) on spontaneous IPSC frequency and 

amplitude in BF neurons from young and aged VGAT mice using the reduced 

synaptic preparation. Representative whole-cell voltage-clamp recordings (Vh = -60 

mV) from a young (A) and aged (B) BF neuron in control (left) and 3 μM AMI (right). 

(C) Scatter plots with mean ± SEM of frequency (left panel, 1.05 ± 0.13 Hz for control, 

0.24 ± 0.07 Hz in 3 μM AMI, paired t-test, *p<0.05) and graph of normalized fold 

change in frequency (right panel, 0.24 ± 0.06 for 3 μM AMI, paired t-test, *p<0.05) 

show that AMI decreases the frequency of sIPSCs in young BF neurons. (D) Scatter 

plots with mean ± SEM of frequency (left, control: 0.92 ± 0.28 Hz, 3 μM AMI: 0.18 ± 

0.02 Hz, paired t-test, *p<0.05) and graph of normalized fold change in frequency (right, 

3 μM AMI: 0.35 ± 0.07, paired t-test, *p<0.05) show that AMI decreases the frequency 

of sIPSCs in aged BF neurons. (E) Scatter plots with mean ± SEM of amplitude (left 

panel, 50.06 ± 6.62 pA in control, 31.37 ± 4.44 pA in 3 μM AMI, paired t-test, *p<0.05) 

and graph of normalized fold change in amplitude (right panel, 0.65 ± 0.07 in 3 μM 

AMI, paired t-test, *p<0.05) show that AMI decreases the amplitude of sIPSCs in young 

BF neurons. (F) Scatter plots with mean ± SEM of amplitude (left, control: 53.75 ± 9.32 

pA, 3 μM AMI: 35.9 ± 4.58 pA, paired t-test, p=0.07) and graph of normalized fold 

change in amplitude (right, 3 μM AMI: 0.78 ± 0.13, paired t-test, p=0.11) show that 
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AMI did not significantly alter the amplitude of sIPSCs in aged BF neurons. (G) 

Cumulative probability plots of sIPSC inter-event intervals in young mouse BF neurons 

(n=10). (H) Cumulative probability plots of sIPSC inter-event intervals in aged mouse 

BF neurons (n=9). In AMI, the cumulative probability curves were significantly different 

from control (*p<0.01, K-S test). N = 5 young and N = 5 aged mice.  
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t-test, *p<0.05), and the normalized change is shown on the right (paired t-test, 

*p<0.05). Figures 2.4G and 2.4H show the cumulative probability curves of young and 

aged sIPSC frequencies in control (black) and in 3 μM AMI (red). These curves are 

significantly different by the Kolmogorov-Smirnov test (*p<0.01). 

The same experiments were repeated in aged BF neurons (Figure 2.4B, D, F, H). 

Whole-cell voltage-clamp recordings (Vh = -60 mV) from the same neuron are shown in 

Figure 2.4B. Similar to young mice, the mean frequency of sIPSCs in aged BF neurons 

was significantly reduced by AMI (Figure 2.4D left, control: 0.92 ± 0.28 Hz, 3 μM AMI: 

0.18 ± 0.02 Hz, paired t-test, *p<0.05). At the right on Figure 2.4D, the normalized 

difference between control and AMI also was significant (paired t-test, *p<0.05). 

Although the mean amplitude of sIPSCs in the aged group was reduced in the presence 

of 3 μM AMI, the change was not significant (left in Figure 2.4F, control: 53.75 ± 9.32 

pA, AMI: 35.9 ± 4.58 pA, paired t-test, p=0.07). The normalized change in the sIPSC 

amplitude between control and AMI in aged BF neurons also was not significant (Figure 

2.4F right, paired t-test, p=0.11). Despite the lack of significant effect of 3 μM AMI on 

aged sIPSC amplitude, the reduction of both young and aged sIPSC frequency suggests 

that AMI remains efficacious during aging.   

2.3.5 AMI decreases light-induced oIPSCs in both young and aged BF neurons 

To examine further synaptic mechanisms of AMI on inhibitory synaptic 

transmission, light-induced oIPSCs were measured before and after treatment with 3 μM 

AMI in BF neurons from young and aged VGAT mice. As seen in superimposed 

voltage-clamp (Vh = -60 mV) recordings in Figure 2.5A, AMI significantly decreased  
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Figure 2.5. The effect of AMI (3 μM) on light-induced optical IPSC (oIPSC) 

amplitude in BF neurons of young and aged VGAT mice in the reduced synaptic 

preparation. (A and B) Superimposed (50 traces) whole-cell voltage-clamp recordings 

(Vh = -60 mV) of evoked oIPSCs from a young (A) and an aged (B) BF neuron in 

control (left) and 3 μM AMI (right). The evoking stimulus was a 5 ms pulse of 470 nm 

light at constant intensity (blue arrow). The black trace represents the mean oIPSC and 

failures were not included in the calculation. (C) Scatter plots with mean data ± SEM of 

oIPSC amplitude (left panel, control: 109.3 ± 19.05 pA, 3 μM AMI: 65.85 ± 14.75 pA, 

paired t-test, *p<0.05) and normalized fold change of oIPSC amplitude (3 μM AMI: 

0.63 ± 0.15, paired t-test, *p<0.05) show that AMI significantly decreases the amplitude 

of light-induced oIPSCs in young BF neurons compared to control. (D) Scatter plots 

with mean ± SEM of oIPSC amplitude (left panel, control: 136 ± 37.88 pA, 3 μM AMI: 

73.8 ± 25.83 pA, paired t-test, *p<0.05) and normalized fold change of oIPSC amplitude 

(3 μM AMI: 0.50 ± 0.11, paired t-test, *p<0.05) show that AMI significantly decreases 

the amplitude of light-induced oIPSCs in aged BF neurons. N = 5 young and N = 4 aged 

mice. 
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the amplitude of light-induced (470 nm, 5 ms, constant intensity at blue arrow) oIPSCs 

in young BF neurons (left in Figure 2.5C, control: 109.3 ± 19.05 pA, AMI: 65.85 ± 

14.75 pA, paired t-test, *p<0.05) and the normalized amplitude (Figure 2.5C right, 

paired t-test, *p<0.05). Parallel experiments on oIPSCs using BF neurons from aged 

VGAT mice are seen in Figure 2.5B and D. Similarly, the amplitude of light-induced 

oIPSC (Figure 2.5B) was significantly decreased by 3 μM AMI (left in Figure 2.5D, 

control: 136 ± 37.88 pA, 3 μM AMI: 73.8 ± 25.83 pA, paired t-test, *p<0.05). The 

normalized amplitude change is shown on the right of Figure 2.5D (paired t-test, 

*p<0.05). In Figure 2.5A,B, the superimposed gray traces represent 50 repetitions of the 

stimulus and the black trace is the average. Failures were not included in the 

measurement of the mean amplitudes. 

To investigate further a possible presynaptic contribution of AMI to reduced oIPSCs, we 

performed quantal analysis using the method of failures. Quantal content (m) was 

determined by m=ln(N/N0) as described in the methods. The power of this analysis is 

that no assumptions concerning synaptic number are necessary.  Figures 2.6A and 6B 

show that minimal light stimulation (5 ms, blue arrow) generates both light-evoked 

currents and failures in both young and aged neurons. In the presence of AMI (3 μM), 

the number of failures increased in both age groups. Analysis revealed that quantal 

content was significantly decreased by 3 μM AMI in both young (left in Figure 2.6C, m 

= 2.46 ± 0.32 for control and 0.54 ± 0.11 for AMI) and aged (left in Figure 2.6D, m = 

1.61 ± 0.47 for control and 0.26 ± 0.10 for AMI; paired t-test, *p<0.05). The normalized  
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Figure 2.6. AMI (3 μM) decreases quantal content of inhibitory synaptic 

transmission in both young and aged BF neurons in the reduced synaptic 

preparation of VGAT mice. (A and B) Representative whole-cell voltage-clamp 

recordings (Vh = -60 mV) of oIPSCs superimposed (top) and expanded (below) in young 

and aged mice (left: control, right: 3 μM AMI). Blue arrow indicates 470nm light 

stimulation with 5-ms duration and constant minimal intensity. The expanded traces 

show 16 representative sweeps of the 50-100 stimulus repetitions recorded for each cell. 

(C) Scatter plots showing mean quantal content (m) in control and 3 μM AMI at left (m 

= 2.46 ± 0.32 for control, 0.54 ± 0.11 for 3 μM AMI, paired t-test, *p<0.05) and on the 

right panel showing normalized fold change of quantal content by AMI in young BF 

neurons (3 μM AMI: 0.24 ± 0.05, paired t-test, *p<0.05). (D) Graphs showing quantal 

content (m) in control and 3 μM AMI in aged BF neurons (left, m = 1.61 ± 0.47 for 

control, 0.26 ± 0.10 for 3 μM AMI, paired t-test, *p<0.05) and normalized fold change 

of quantal content by 3 μM AMI in aged BF neurons (right, 3 μM AMI: 0.15 ± 0.05, 

paired t-test, *p<0.05). Quantal content (m) of inhibitory synaptic transmission was 

significantly decreased by application of AMI both in young and aged BF neurons. Bars 

represent mean ± SEM. N = 5 young and N = 4 aged mice. 
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fold change in quantal content between control and AMI is shown to the right in Figure 

2.6C,D (paired t-test, *p<0.05).   

2.3.6 Effect of age on daily circadian wheel-running entrainment 

For our electrophysiology experiments described above using VGAT mice (Figures 2.4-

2.6), we utilized the well characterized circadian wheel-running entrainment model to 

validate our optogenetic aging model. During exposure to LD 12:12, entrainment of the 

activity rhythm was observed in all WT and VGAT mice. Representative actograms of 

young and aged animals from both WT (Figure 2.7A) and VGAT (Figure 2.7B) mice are 

shown and constitute the raw data from which the analysis (Figure 2.7C-E) was 

conducted. During entrainment to LD 12:12, young and aged mice of both genotypes 

were distinguished by robust differences in the total amount of daily wheel-running 

activity. Daily activity levels (wheel revolutions/24hr) were significantly and up to 8-

fold greater in young WT and VGAT mice compared to aged subjects (Figure 2.7C, two-

way ANOVA, age effect; F (1,28) = 51.02, *p<0.0001). No effect of genotype was 

observed in daily wheel-running activity (two-way ANOVA, genotype effect; F (1,28) = 

0.85, p = 0.36). In both WT and VGAT mice, the young and aged cohorts were 

characterized by clear differences in their patterns of circadian entrainment. In the young 

mice, daily onsets of activity occurred near or shortly after lights-off such that the 

average phase angle () between the activity onsets and the offset of the photoperiod 

was −7.70 ± 2.63 for WT and −4.97 ± 0.97 min for VGAT (Figure 2.7D). In contrast, the 

activity rhythms of aged mice were distinguished by an altered phase angle of 

entrainment to LD 12:12 such that their daily onsets of activity were delayed and 
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occurred at later times relative to young animals, commencing more than 20 minutes 

after lights-off for most animals (Figures 2.7A, B and D). In the aged WT and VGAT 

groups, the average phase angles were –28.76 ± 3.94 and –30.93 ± 3.57 min, 

respectively. These values were significantly greater than those observed in young 

animals for each genotype (Figure 2.7D, two-way ANOVA, age effect; F (1,28) = 41.74, 

*p<0.0001). There was no effect of genotype on phase angle of activity (two-way 

ANOVA, effect of genotype; F (1,28) = 0.01, p = 0.95). In addition to the delayed onsets 

of daily activity, aged WT and VGAT animals showed unstable patterns of entrainment 

to LD 12:12 as indicated by high variability in the timing of their activity onsets between 

successive days (Figures 2.7A, B and E). During exposure to LD 12:12, the activity 

onsets in individual aged WT and VGAT mice occurred at (earlier or later) times that 

differed on average respectively by 54.88 ± 5.70 and 61.21 ± 6.49 minutes from the 

preceding day. Whereas the average day-to-day variability in activity onset times of 

young animals was only 18.38 ± 5.03 (WT) and 24.33 ± 5.84 (VGAT) minutes (Figure 

2.7E). The values for day-to-day variation in the onsets of activity in the aged WT and 

VGAT groups were significantly greater (two-way ANOVA, age effect; F (1,28) = 

33.29, *p<0.0001) than those observed in their young counterparts. No significant 

difference in day-to-day variability in activity onset times was observed between age-

matched WT and VGAT mice (two-way ANOVA, effect of genotype; F (1,28) = 0.93, p 

= 0.34). 

 

 



 

98 

 

 
Figure 2.7. Effects of aging on light-dark entrainment and other properties of the 

circadian rhythm of wheel-running activity in WT and VGAT mice. Representative 

records of circadian wheel-running behavior in WT (A) and VGAT (B) mice comparing 

the activity rhythms of young (left) and aged (right) animals during entrainment to LD 

12:12. Actograms are double-plotted over a 48-hour period. Each dot on the actogram 

represents 50-wheel rotations per 10-minute window. The closed bars at the top and 

shading on the records signify the timing of the dark phase in the LD 12:12 cycle. (C) 

Total daily wheel-running activity of young and aged mice for each genotype (WT, 

VGAT). Bars depict average wheel revolutions per 24hr (±SEM) (Young WT: 14695 ± 

2387, Young VGAT: 15410 ± 1740, Aged WT: 5358 ± 1744, Aged VGAT: 1655 ± 

382.7, two-way ANOVA, age effect; F (1,28) = 51.02, *p<0.0001, genotype effect; F 

(1,28) = 0.85, p = 0.36). (D) Phase angle between daily activity onsets and lights-off 

during LD 12:12 entrainment in young and aged WT and VGAT mice. Bars represent 

the mean (± SEM) phase angle of entrainment (Ψ) to LD 12:12 in minutes. Negative 

values indicate that daily onsets of activity occur after lights-off whereas positive values 

denote that activity onsets precede the end of the light phase (Young WT: -7.70 ± 2.63 

min, Young VGAT: -4.97 ± 0.97 min, Aged WT: -28.76 ± 3.94 min, Aged VGAT: -

30.93 ± 3.57 min, two-way ANOVA, age effect; F (1,28) = 41.74, *p<0.0002, effect of 

genotype; F (1,28) = 0.01, p = 0.95). (E) Absolute day-to-day variability in daily onsets 

of activity. Absolute differences in the timing of activity onsets on successive days were 

analyzed in individual animals and bars represent mean (± SEM) determinations in 

minutes (Young WT: 18.38 ± 5.03 min, Young VGAT: 24.33 ± 5.84 min, Aged WT: 

54.88 ± 5.70 min, Aged VGAT: 61.21 ± 6.49 min, two-way ANOVA, age effect; F 

(1,28) = 33.29, *p<0.0001, effect of genotype; F (1,28) = 0.93, p = 0.34). There were no 

significant differences between genotypes. N = 6 young and N = 10 aged mice for each 

genotype.  
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2.4 Discussion 

In the present study, we show that therapeutic concentrations of AMI decrease 

spontaneous and light-evoked IPSCs in BF neurons at concentrations below those that 

block HVA Ca2+ currents. Importantly, this synaptic inhibition is preserved during 

aging. The therapeutic concentrations of AMI for the treatment of depression are 3-6 M 

(Lavoie et al., 1990; Glotzbach and Preskorn, 1982), while lower concentrations are also 

effective for chronic pain and migraine  (Suga et al., 2019; Riediger et al., 2017; 

Urquhart et al., 2018). These therapeutic actions of AMI are maintained in the elderly 

(Barber and Gibson, 2009).  Our data suggest that inhibition of GABAergic synaptic 

transmission may be one of the mechanisms by which AMI acts therapeutically across 

aging. In our model, a low concentration of AMI, in the therapeutic range, reduced 

inhibitory synaptic transmission, whereas higher concentrations were required to block 

HVA Ca2+ currents and high K+ induced intracellular Ca2+ transients. 

AMI has a broad profile of pharmacological actions, including inhibition of 

biogenic amine reuptake, antagonism of serotonin, muscarinic, α1-adrenergic, and 

histamine receptors (Pandey et al., 2010; Nojimoto et al., 2010; Liu et al., 2012; 

Richelson, 1979; Kachur et al., 1988). It also acts to block Ca2+ and Na+ channels (Brau 

et al., 2001; Nicholson et al., 2002; Yan et al., 2010; Wu et al., 2012). Additional actions 

of AMI are described for the NMDA receptor ion channel complex that may contribute 

to efficacy against neuropathic pain, including the enhancement of Ca2+-dependent 

receptor desensitization and acting as an open channel blocker of NMDARs (Stepanenko 

et al., 2019). The enhancement of NMDA receptor desensitization shows a strong 
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dependence on extracellular [Ca2+] concentrations with an e-fold shift in IC50 achieved 

by a [Ca2+] change of 0.63 mM (Stepanenko et al., 2019). These actions on the NMDA 

receptor provide a likely mechanism for results showing that AMI inhibited the NMDA-

dependent LTP in the hippocampus (Watanabe et al., 1993).  Also, the Stepanenko study 

reported an IC50 value of 4.9 M in [2mM] Ca2+ that is very similar to the concentration 

used in our experiments (Figures 2.4-2.6) and suggests that AMI may mediate important 

actions to regulate neurotransmitters by a mechanism that does not involve voltage-gated 

channels. However, a slight inhibition of presynaptic ICa cannot be ruled out, as 

concentrations of AMI as low as 1 M have been shown to modestly inhibit ICa in 

trigeminal ganglion neurons (Wu et al., 2012).  

The probability of neurotransmitter release is directly proportional to the Ca2+ 

change within the synaptic terminal (Zucker, 1993; Wu and Saggau, 1997) and AMI 

regulation of synaptic transmission by this mechanism has been shown using 

mechanically isolated medullary dorsal horn neurons (Cho et al., 2012). Here, 

glycinergic neurotransmission is enhanced by higher concentrations of AMI (30 M) 

through a suggested presynaptic mechanism to increase neurotransmitter release. These 

authors provide evidence that AMI increases spontaneous miniature glycinergic IPSCs 

onto acutely isolated neurons by increasing the interterminal Ca2+ concentration, which 

might be mediated by the Ca2+ release from the Ca2+ stores rather than the Ca2+ influx 

from the extracellular space. (Cho et al., 2012). Chronic AMI (and other antidepressant) 

treatments have been shown to affect synaptic plasticity in the hippocampus (Zarei et al., 

2014; Zhang et al., 2020) with fewer studies focusing on the acute actions of AMI to 



 

101 

 

regulate synaptic transmission (Watanabe et al., 1993).   It is interesting to speculate 

that, in our study, AMI may decrease the frequency of sIPSCs by a mechanism that 

regulates intraterminal Ca2+ stores. We did not measure directly the change in 

intraterminal Ca2+ concentrations induced by AMI but did not observe a change in 

somatic baseline [Ca2+] on exposure to either 3 or 30 M AMI (Figure 2.2). Whereas, 

presynaptic modulation of neurotransmitter release has been long tied to modulating 

terminal Ca2+ channels, other mechanisms may also come into play to modulate synaptic 

transmission including fast acting neurotropic factors (Berninger and Poo, 1996; 

Kovalchuk et al., 2004) and transmembrane regulation of synapses (Tang et al., 2016; 

Biederer et al., 2017; Han et al., 2021).    

Neurotrophins have been implicated in the therapeutic effects of antidepressants 

with brain derived neurotrophic factor (BDNF) acting as one of the most popular 

candidates (reviewed Dwivedi 2009; Colucci-D’Amato et al., 2020). Interestingly, AMI 

possesses neurotrophic effects by acting directly as an agonist of TrkA and TrkB 

receptors which BDNF triggers (Jang et al., 2009). AMI may exert neurotrophic effects 

in primary cortical neurons by activation of a Trk/MAPK signaling pathway and 

possibly alleviating the loss of synaptic connections under conditions where atrophy and 

loss of synaptic connections may contribute to progression of neurological diseases 

(O’Neill et al., 2016). Because BDNF has been proposed as a key transducer of the 

effects of antidepressants (Björkholm et al., 2016), it is no surprise that the ability of 

BDNF to rapidly modulate synaptic transmission has been studied extensively (Kim et 

al., 1994; Berninger and Poo, 1996; Kovalchuk et al., 2004; Poo, 2001). In the 
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hippocampus, BDNF decreases inhibitory GABAergic transmission (Tanaka et al., 1997; 

Frerking et al., 1998) whereas BDNF increases excitatory transmission (Tyler et al., 

2006).  This bidirectional control of synaptic transmission by BDNF would be consistent 

with the observed effects of AMI if it was acting on synaptic transmission through Trk 

receptors. While our results showed that acute AMI can decrease synaptic transmission 

by a presynaptic mechanism to decrease quantal release, in cultured organotypic slices of 

brainstem noradrenergic neurons in the A1 and A2 area, one-week treatment of 10 M 

AMI increased quantal size and shifted the distribution of events (Chiti and 

Teschemacher, 2007). It is possible that AMI either acts directly or indirectly through 

neurotrophins to regulate synaptic transmission depending upon the specific synapses 

and releasable pools of transmitter (Tyler et al., 2006). 

Previously, we found that sIPSC frequency in cholinergic BF neurons is reduced 

during aging and is associated with cognitive impairment in rats (Griffith et al., 2014). In 

the present study, AMI decreased the frequency of sIPSCs in young and aged BF 

neurons of mice. This suggests that AMI could have a negative influence on cognitive 

function, particularly in the aged.  There are numerous studies reporting the effects of 

AMI on memory and cognitive functions both in humans and in rodent models, however, 

conclusions differ depending on the experimental conditions. For studies reporting 

cognitive impairment following AMI treatment, in most cases, a single dose of AMI was 

administered (Branconnier et al., 1982; Curran et al., 1988; Parra et al., 2002). On the 

other hand, chronic treatment with AMI demonstrated beneficial effects on cognitive 

function in clinical and in animal studies (Sternberg and Jarvik, 1976; Staton et al., 1981; 
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Yau et al., 2002; Chadwick et al., 2011). Chronic AMI has been shown to prevent age-

related decline and impairment in the water maze task in rats when treatment was 

initiated at 16 months of age and then tested at 24 months (Yau et al., 2002). These 

authors suggest that the use of antidepressants may serve as a useful therapeutic 

approach possibly to ameliorate cognitive impairments in aged individuals.  

In our study, we demonstrated that the actions of AMI to reduce synaptic 

transmission continued during aging in our optogenetic model. We utilized circadian 

behavioral activity to establish that a parameter of normal aging occurred in this model.  

Circadian rhythm alterations and disturbances are part of the normal aging process in 

humans, and these changes in circadian function are further amplified in patients with 

symptomatic Alzheimer disease (AD) (Witting et al., 1990; Harper et al., 2005). Age- 

and AD-related changes in circadian rhythms are most pronounced in the sleep-wake 

cycle (Olivier-Martin et al., 1975; Peter-Derex et al., 2015). Circadian disturbances of 

sleep-wake rhythms in aging and AD include rhythm fragmentation over the entire cycle 

with increased nighttime and decreased daytime bouts of activity in conjunction with a 

decrease in rhythm amplitude (Weitzman et al., 1982; Satlin et al., 1995; Harper et al., 

2005; Peter-Derex et al.,2015, Musiek et al., 2018). In AD, these changes in the sleep-

wake cycle are often accompanied by a phase delay in peak daily activity that is 

associated with an increased risk of moderate to severe dementia (Tranah et al., 2011). 

The effects of aging on rodent circadian rhythms are comparable to those observed in 

human aging and AD. Common alterations in the circadian activity of aged rodents 

include alterations in the amplitude and day-to-day accuracy of the activity rhythm and 
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in its entrainment to light-dark cycles (Rusak and Zucker, 1979; Ingram et al., 1982). 

Consistent with the age-related changes in sleep-wake rhythms reported in humans and 

rodents, aged WT and VGAT mice in the present study were distinguished by phase 

delays and increased day-to-day variability in the activity onsets during entrainment to 

the daily light-dark cycle. Consequently, these findings establish the utility of the 

VGAT-ChR2 optogenetic mouse as a model to study the relationship between aging and 

circadian rhythm disturbances. As such, future studies will determine whether this 

circadian dysfunction precedes cognitive impairment during aging and thus provide a 

biomarker of preclinical dementia.  

Our laboratory recently developed a new optogenetic aging model which 

demonstrated that expression of the channelrhodopsin in the VGAT mouse line remained 

functional throughout the lifespan of the mice and there is no effect of genotype (wild 

type versus VGAT-ChR2-EYFP) on aging-related physiological and behavioral 

properties (Montgomery et al., resubmission).  Here we present data showing that 

therapeutically relevant concentrations of AMI inhibited sIPSC frequency in the mouse 

BF neurons regardless of animal age. Given that changes in the frequency reflect 

changes in probability of neurotransmitter release from presynaptic sites, reduction in 

sIPSC frequency by AMI suggests that AMI is likely to act presynaptically to decrease 

the probability of spontaneous GABA release on BF neurons. AMI also significantly 

decreased the amplitude of sIPSCs in young BF neurons but not quite significantly in 

aged BF neurons. This indicates that AMI may work on both pre- and post-synaptic 

sites, perhaps with a greater impact at pre-synaptic sites. This conclusion was supported 
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by the findings that AMI significantly decreased the amplitude of light-induced oIPSCs 

as well as the quantal content in both young and aged BF neurons without age-related 

differences. Future studies will be needed to investigate further possible pre-and 

postsynaptic mechanisms of AMI. 

2.5 Materials and Methods 

2.5.1 Animals and Treatments 

Preliminary experiments to construct a concentration response curve for AMI 

inhibition of high voltage-activated (HVA) calcium currents utilized juvenile Fischer 

344 rats. We have experience studying the physiology and pharmacology of Ca2+ 

currents in basal forebrain neurons of Fischer 344 rats (Murchison and Griffith, 1996, 

1998), and therefore, used juvenile rats to confirm the concentration range for Ca2+ 

current inhibition by AMI. Pregnant F344 dams were obtained (Harlan, Indianapolis, IN) 

and allowed to give birth. Juveniles of both sexes were used between 10 and 30 days of 

age. For all other experiments we used VGAT-ChR2(H134R)-EYFP and wildtype (WT) 

C57 Bl/6 mice. Breeding pairs were purchased from Jackson Labs (Stock 014548; Zhao 

et al., 2011) and we established an aging colony where mice of all ages and both 

genotypes could be obtained. Mice were identified as WT or VGAT by standard tail-clip 

genotyping methods after weaning. Genotyping was done on a MJ PTC-100 

Thermocycler (Bio-Rad Laboratories, Hercules, CA) using the EZ BioResearch Fast 

Tissue/Tail PCR Genotyping Kit (EZ BioResearch, St. Louis, MO) with value oligo 

primers from ThermoFisher (Waltham, MA) and sequence from Jackson Lab (Bar 

Harbor, ME): transgene (~400 bp): forward primer 11678: 5′-ACC CTT CTG TCC TTT 
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TCT CC-3′, reverse primer 10493: 5′-GCA AGG TAG AGC ATA GAG GG-3′ and 

internal control (324 bp): forward primer oIMR7338: 5′-CTA GGC CAC AGA ATT 

GAA AGA TCT-3′, reverse primer oIMR7339: 5′-GTA GGT GGA AAT TCT AGC 

ATC C-3′. Samples were run with Bulldog Bioflex S50 DNA ladder (Portsmouth, NH) 

on 2% Agarose gel using 1 X TBE buffer with SYBR Safe DNA gel stain for 1.5hr and 

imaged either on a Flourchem Q or an Accuris Smartdoc. 

For the data in Figure 2.3, to determine the concentration response relationship 

for AMI inhibition of spontaneous synaptic transmission, young mice were between 2 

and 7 months of age (N=23). For all other studies for age and AMI comparisons (Figures 

2.4-2.6) all mice underwent circadian wheel-running prior to drug testing. For wheel-

running behavior, young wildtype (WT, N=6) and VGAT (N=6) mice were 7-10 months 

while aged WT (N=10) and VGAT (N=10) mice were 23-25 months. ‘N’ refers to the 

number of mice, while ’n’ is the number of neurons. All rodents were maintained in the 

AAALAC-accredited vivarium at the Texas A&M University Health Science Center 

under controlled conditions (22 – 25℃; lights 0700-1900 h; mouse chow and water ad 

lib) in accordance with policies of the Texas A&M University Laboratory Animal Care 

Committee and NIH guidelines. TAMU animal protocol number 2019-0362. 

2.5.2 Immunohistochemistry 

Mice were deeply anesthetized with isoflurane and transcardially perfused with 

ice-cold phosphate-buffered saline (PBS, 0.01 M, pH 7.4) followed by a fixative, 4% 

paraformaldehyde (PFA) in PBS. Brains were quickly removed from the skull and post-

fixed overnight in the same solution at 4 °C followed by dehydration in 30% sucrose 
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solution overnight at 4 °C. The brain was cut into 40-μm coronal sections using a 

freezing microtome. Sections were washed 3 times in Tris-buffered saline (TBS, 100 

mM Tris-HCl, 150 mM NaCl, pH 7.5) and then permeabilized with TBST (0.1% Triton 

X-100 in TBS) for 30 minutes at room temperature (RT). After permeabilization, 

sections were blocked (1.5 hr at RT) with 5% normal donkey serum in TBST and were 

incubated in primary antibody with blocking solution overnight at 4 °C. After incubation 

with primary antibody, sections were washed in TBS three times and incubated in 

secondary antibody with blocking solution for 2 hr at RT followed by three-time wash in 

TBS. Lastly, they were mounted in Vectashield (Vector Laboratories, Burlingame, CA) 

and examined under a confocal laser-scanning microscope (FV1200, Olympus, Shinjuku 

City, Tokyo). Antibodies targeting the following proteins were used: GFP (1:5000; 

Abcam, Cambridge, MA) and NeuN (1:1000; Millipore, Burlington, MA). The Alexa 

Fluor 488-conjugated goat anti-chicken IgY (H+L) antibody (1:300; Invitrogen, 

Carlsbad, CA) and Alexa Fluor 647-conjugated donkey anti-mouse IgG (H+L) antibody 

(1:300; Invitrogen, Carlsbad, CA) were used for secondary antibodies. 

2.5.3 Circadian wheel running measurements 

For circadian measurements of wheel- running activity, mice were housed 

individually in cages equipped with running wheels. Animals were maintained on a 

standard 12h light/12h dark cycle (LD 12:12; lights-on at 0600 h) and their circadian 

rhythms of wheel-running were continuously recorded for 30 days. Revolutions were 

summed and stored in 10-min bins, graphically depicted in actograms and analyzed 

using a computer running ClockLab data collection and analysis software (ActiMetrics, 
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Evanston, IL). Entrainment and qualitative parameters of the activity rhythm were 

measured over the same interval for all animals. During entrainment to LD 12:12, the 

onset of activity for a given cycle was identified as the first bin during which an animal 

attained 10% of peak running-wheel revolutions (i.e. intensity). To measure angle of 

entrainment, least squares analyses was used to establish a regression line through the 

daily onsets of activity during the period of entrainment (30 days), and then the number 

of minutes before (positive) or after (negative) the time of lights-off in the LD cycle 

(1800 h) was determined for each animal. Total daily activity was calculated by 

averaging the number of wheel revolutions per 24 h over the 30-day interval of analysis. 

2.5.4 Acutely dissociated neurons and reduced synaptic preparation 

Rats and mice, were decapitated after isoflurane anesthetization and brain slices 

(400 μm for rats, 320 μm for mice) were micro dissected to isolate the medial septum 

and nucleus of the diagonal band (MS/nDB), as described previously (Murchison and 

Griffith, 1996; Griffith et al., 2014). This tissue was kept suspended in a holding solution 

(mM): 140 NaCl, 2.7 KCl, 0.5 CaCl2, 1.2 MgCl2, 10 HEPES, and 33 D-glucose (pH 7.4 

with NaOH, 310-330 mOsm) by a small magnetic stir bar and was continuously 

oxygenated with 100% O2 in a holding chamber. Individual tissue pieces were triturated 

in a pair of fire-polished glass pipettes, and the dissociated cells were dispersed and 

allowed to settle onto the glass floor of a recording chamber containing bath solution 

(mM): 140 NaCl, 2.7 KCl, 2 CaCl2, 1.2 MgCl2, 10 HEPES, and 33 D-glucose, then 

perfused at a rate of about 2ml/min. Experiments were performed at room temperature 

within 5 h of dispersal. For the rat whole-cell Ca2+-current experiments and mouse fura-2 
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experiments depicted in Figure 2.2, the pieces of BF slices were treated with trypsin 

(Sigma, type XI or type I, St. Louis, MO) as described previously (Murchison and 

Griffith 1996, 1998). Importantly, for the synaptic studies in mice, no enzyme was used 

prior to dissociation in order to preserve presynaptic terminals on the reduced synaptic 

preparation (Griffith et al., 2014). This method is similar to that described by Akaike and 

Moorhouse (2003) to obtain a nerve-bouton preparation, however we have refined this 

technique to include aging neurons. 

2.5.5 Electrophysiology 

Whole-cell and perforated-patch voltage-clamp recordings were used. Whole-cell 

recording techniques were used for measuring spontaneous inhibitory postsynaptic 

currents (sIPSCs) and optically-evoked IPSCs (oIPSCs) while perforated-patch 

recordings were used for the calcium current experiment. Voltage-clamp recordings 

were performed using a Multiclamp 700B amplifier or Axopatch 200A (Molecular 

Devices, San Jose, CA), Digidata 1440A interface and pClamp 10 software (Molecular 

Devices, San Jose, CA). Membrane capacitance (pF) was obtained by digital 

cancellation of whole-cell capacitance transients. Recordings for sIPSCs and oIPSCs 

were made from a holding potential of -60mV, low-pass filtered at 2 kHz and digitized 

at 10 kHz. Patch pipettes were pulled from glass capillary tubing (KG-33, 1.5mm OD, 

King Precision Glass, Claremont, CA) on a Flaming/Brown P-87 pipette puller (Sutter 

Instrument ®, Novato, CA) with resistance 4-8 MΩ when filled with a pipette solution. 

The internal pipette solution for whole-cell recordings contained (mM): CsCl, 130; 

ethylene glycol-bis (β-aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA), 10; MgCl2, 
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2; HEPES, 10; Mg-ATP, 4; GTP, 0.1; pH 7.2 with CsOH; 295-300 mOsm, as described 

previously (Murchison and Griffith, 1996). For perforated-patch recordings, the internal 

solution contained (mM): CsAc, 120; CsCl, 15; HEPES, 20; EGTA, 0.4; and 

amphotericin B (240 mg/ml), pH 7.2, 290-300 mOsm. AMI (Sigma, St. Louis, MO) was 

prepared as a 10mM stock solution in distilled water and diluted in external bath solution 

for each experiment just before use. 

2.5.5.1 Measuring Calcium currents from rat BF neurons 

Acutely dissociated neurons from juvenile rats were used for these studies, as 

describe above in section 2.5.4.  For experiments studying calcium currents, barium (2 

mM) was used as the charge carrier and voltage-clamp was obtained by the perforated-

patch method using amphotericin B (240 mg/ml) (Murchison et al., 2009). Amphotericin 

B was included in the patch pipette and neurons were allowed to dialyze (~4 minutes 

after maximum perforation) prior to recording. Cells were held at -70 mV and a test 

pulse (to -15 mV, 90 ms duration) was applied every 20 s. Barium replaces calcium as 

the charge carrier in the bath recording solution to prevent calcium-dependent processes 

and was used throughout the experiment as described in our previous studies (Murchison 

et al., 2009).  Increasing concentrations of AMI were applied by focal drug barrel until a 

stable current was obtained. Currents were measured from 0 mV to peak, and the percent 

inhibition of HVA calcium current by AMI was plotted. 

2.5.5.2 Optically-induced current recordings and quantal content analysis 

Neurons in the reduced synaptic preparation were mechanically dissociated from 

small sections of basal forebrain as describe above and dispersed onto a recording 
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chamber. Optical stimulation was applied using 5-ms duration of 470 nm light at 15 s 

intervals using an optogenetic illumination system (DC2100, Thor Labs, Ann Arbor, MI) 

and 50-100 traces of optically-induced inhibitory postsynaptic currents (oIPSCs) were 

recorded. For the quantal content analysis, minimal stimulation was used in order to 

ensure a sufficient number of failures. LED intensity was controlled by adjusting the 

drive current (1mA-1A). Power density was calculated by dividing the measured power 

by the measured illuminated area using a PM200 optical power and energy meter 

(ThorLabs, Ann Arbor, MI) connected to an S120C photodiode sensor (ThorLabs, Ann 

Arbor, MI). Initial measurements using a 400 μm cannula revealed a maximum power 

density of approximately 10 mW/mm2, and a power density of 1.76 mW/mm2 

corresponding to 100mA drive current. For the quantal content analysis, using the 

method of failures (m = ln(N/N0)) in the Poisson model, quantal content (m) was 

calculated where N is total number of stimuli, and N0 is the number of failures where 

stimulation failed to evoke a synaptic response. 

2.5.5.3 Electrophysiological analysis 

Mini Analysis (6.0.7; Synaptosoft, Decatur, GA) and Clampfit 10 (Molecular 

Devices, San Jose, CA) software were employed for the analysis. The evoked response 

was calculated as the peak current over 20 ms from the time when response begins. 

Mean data were compared using a paired t-test with significance determined by p< 0.05 

(GraphPad, San Diego, CA). Values were expressed as mean ± S.E.M. 
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2.5.6 Calcium imaging 

Standard fura-2 ratiometric microfluorimetry (Murchison and Griffith, 1998, 

2007; Murchison et al., 2009) was used to measure intracellular calcium changes in 

enzyme-treated mouse BF neurons. Neurons were acutely dissociated and dispersed onto 

a cover slip and were loaded with ratiometric fluorescent Ca2+-indicator fura-2AM (1 

μM, Molecular Probes, Eugene, OR) from the bath for 12 min in the presence of 10 μM 

pluronic acid (Invitrogen, Carlsbad CA) followed by 40-45 min washout to allow for 

fura de-esterification. The resulting fluorescence is equivalent to ~100 μM impermeable 

salt of fura-2 (pentapotassium salt, fura-2 K+
5). Fluorescence was recorded with 340 nm 

and 380 nm excitation and the 340/380 ratio, which increases with increasing [Ca2+] was 

calculated. In order to achieve an adequate sampling rate for the fura-2 data shown in 

Figure 2.2, the pixels were binned and the fluorescent intensities were measured from a 

region of interest, centered on and smaller than the cell soma. Intracellular calcium 

concentrations ([Ca2+]i) were estimated as described previously (Murchison and Griffith, 

1998). Ca2+-transients (∆[Ca2+]i) were triggered by focal picospritzer (Picospritzer II, 

General Valve, Fairfield NJ) application of recording solution with elevated [K+] 

(20mM) solution (High [K+]). Fluorescent signals were recorded using a Sutter lambda 

DG-4 excitation switcher (Sutter Instrument ®, Novato, CA), a Hamamatsu ORCA 

flash2.8 CCD camera (Hamamatsu Photonics, Bridgewater Township, NJ), an Olympus 

IX70 fluorescent scope and Metafluor imaging software (Molecular Devices, San Jose, 

CA).  
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2.5.7 Statistical analysis 

Comparisons were performed using a paired t-test with significance determined 

by p<0.05 (GraphPad, San Diego, CA). Values are expressed as means ± S.E.M. For 

wheel-running statistical analyses, raw data were analyzed using a two-way ANOVA to 

determine the significance of age and genotype effects on circadian properties and 

quantitative parameters of the activity rhythm. In each case, differences in circadian 

behavior were considered significant at p<0.05. 
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CHAPTER III  

LATE-ONSET SHORT-TERM INTERMITTENT FASTING REVERSES AGE-

RELATED CHANGES IN CALCIUM BUFFERING AND INHIBITORY SYNAPTIC 

TRANSMISSION BUT NOT COGNITIVE FUNCTION IN MOUSE BASAL 

FOREBRAIN NEURONS  

 

3.1 Abstract 

Aging is often associated with cognitive decline and recurrent cellular and 

molecular impairments. While life-long caloric restriction (CR) has been shown to delay 

age-related cognitive deterioration as well as the onset of neurological disease, recent 

studies suggest that late-onset, short-term intermittent fasting (IF), may show comparable 

beneficial effects as those of life-long CR to improve brain health. We used a new 

optogenetic aging model to study the effects of late-onset (>18 months), short-term (4-6 

weeks) IF on age-related changes in GABAergic synaptic transmission, intracellular 

calcium (Ca2+) buffering and cognitive status. We utilized a bacterial artificial 

chromosome (BAC) transgenic mouse line with stable expression of the 

channelrhodopsin-2 (ChR2) variant H134R [VGAT-ChR2(H134R)-EYFP] in a reduced 

synaptic preparation that allows for specific optogenetic light stimulation on GABAergic 

synaptic terminals across aging. We performed quantal analysis using the method of 

failures in this model and show that short-term IF reverses the age-related decrease in 

quantal content of GABAergic synapses. Likewise, short-term IF also reversed age-related 

changes in Ca2+ buffering and spontaneous GABAergic synaptic transmission in basal 
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forebrain (BF) neurons of aged mice. Although age-related cognitive impairment was 

reduced following short-term IF, it was not prevented. Our findings suggest that late-onset 

short-term IF can reverse age-related physiological impairments in mouse BF neurons but 

that 4 weeks IF is not sufficient to reverse age-related cognitive decline.    

3.2 Significance statement 

Here we demonstrate plasticity of the aging brain and reversal of well-defined hallmarks 

of brain aging using short-term intermittent fasting initiated later in life. Few therapeutics 

are currently available to treat age-related neurological dysfunction while synaptic 

dysfunction during aging and neurological disease is a topic of intense research. Using a 

new reduced synaptic preparation and optogenetic stimulation we are able to study age-

related synaptic mechanisms in greater detail. Several neurophysiological parameters 

including quantal content were altered during aging and were reversed with short-term 

intermittent fasting. These methods can be used to identify potential therapies to reverse 

physiological dysfunction during aging.  

3.3 Introduction 

Age-related cognitive impairment is a substantial burden on society today. The 

number of individuals over the age of 65 is projected to rise to 88.5 million in 2050, 

which is more than double that from 2010 (Vicent & Velkoff, 2010). Approximately 4.2 

million adults were suffering from dementia in the United States in 2010 and more than 

135 million worldwide (Hurd et al., 2013; Prince et al., 2013). The estimated cost 

attributable to cognitive decline was $200 billion per year in the United States (Hurd et 
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al., 2013) and $600 billion worldwide (Wimo et al., 2013). It is critical to understand the 

mechanisms of brain aging and to identify potential therapeutics.  

Calorie restriction (CR), whether resulting from reduced calorie intake or 

intermittent fasting (IF), is a well-established paradigm to promote healthy brain aging 

and possibly, delay or prevent age-related cognitive dysfunction (Cauwenberghe et al., 

2016)). CR may induce beneficial effects by various cellular/molecular mechanisms 

such as delayed oxidative damage (Merry, 2004; Hunt et al., 2006), increased protein 

chaperone activity (Arumugam et al., 2010), reduced inflammation (Spaulding et al., 

1997; Bhattacharya et al., 2006; Ugochukwu and Figgers, 2007), or by increased 

neurogenesis and upregulation of neurotrophic factors (BDNF, IGF-1, VEGF; Lee et al., 

2002; Cheng et al., 2003; Joseph D’Ercole and Ye, 2008; Mattson, 2010). Interestingly, 

synaptic function was shown to improve following only days (Campanelli et al., 2021) 

or months (Dasgupta et al., 2018) of diet restriction or IF.  In the hippocampus, short-

term dietary restriction increased the number of glutamate receptors at synapses 

responsible for an enhanced long-term potentiation (Babits et al.,2016) and increased 

AMPA receptor membrane incorporation (Ribeiro et al., 2014). The beneficial effects of 

CR on cognition also have been reported in human subjects after only 3 to 24 months 

(Witte et al., 2008; Horie et al., 2016; Leclerc et al., 2019). Healthy elderly individuals 

on CR (30% reduction) for three months showed a significant increase in their verbal 

memory performance (Witte et al., 2008). Other studies have shown that late-onset 

short-term dietary regimens may produce comparable benefits to life-long CR (Goto 

2006, 2007; Kaur et al., 2008; Witte et al., 2009; Sharma et al., 2010; Singh et al., 2012).  
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Although it is known that CR can reduce age-associated cognitive decline in 

animals and humans, the cellular/molecular mechanisms underlying these effects remain 

unclear. We have been studying calcium (Ca2+) homeostasis, synaptic physiology and 

cognitive status during aging of rat basal forebrain (BF) neurons for many years (Griffith 

and Murchison, 1995; Murchison and Griffith, 1996, 1998, 2007; Murchison et al., 2009, 

2014). The BF plays an important role in cognitive functions such as attention, arousal, 

and learning and memory and projects to widespread brain areas such as neocortex and 

hippocampus where it modulates cortical and hippocampal neurons (Zaborszky et al., 

2018). We have previously reported that enhanced Ca2+ buffering during aging is 

associated with age-related deficits in the frequency of spontaneous inhibitory 

postsynaptic currents (sIPSCs) in rat BF neurons, and that these changes were most 

prominent in cognitively impaired subjects (Murchison et al., 2009; Griffith et al., 2014). 

An increase in Ca2+ buffering was prevented in aged rats by life-long 40% reduced 

calorie intake (Murchison and Griffith, 2007).  

We have extended these studies to mice using a bacterial artificial chromosome 

(BAC) transgenic line with stable expression of the channelrhodopsin-2 (ChR2) variant 

H134R (VGAT-ChR2(H134R)-EYFP) specific for GABAergic neurons (Zhao et al., 

2011; Bang et al., 2021). We used acutely dissociated BF neurons and a reduced 

synaptic preparation (Griffith et al., 2014; Bang et al., 2021), to examine the effect of 

late-onset short-term IF diet (24hr-alternate day fasting for 4-6 weeks) on age-related 

changes in inhibitory synaptic transmission and Ca2+ buffering in behaviorally 

characterized mice. This optogenetic aging model enabled us to selectively stimulate 
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GABAergic nerve terminals on voltage-clamped BF neurons, and calculate quantal 

content (m) of inhibitory neurotransmitter release. We report that age-related changes in 

Ca2+ homeostasis and inhibitory synaptic transmission are correlated with cognitive 

status. We show that this IF protocol can reverse age-related neurophysiological 

changes, but it is not efficacious on cognitive function.  

3.4 Result 

3.4.1 Optogenetic mouse model and reduced synaptic preparation  

Experiments were conducted using WT C57/Bl6 mice and VGAT-

ChR2(H134R)-EYFP optogenetic mice on a C57/Bl6 background. The expression of the 

channelrhodopsin-EYFP construct is under control of the vesicular GABA transporter 

(VGAT) promotor and is only expressed in GABAergic neurons (Figure 3.1A). This 

permits specific excitation of GABAergic neurons by 470 nm light stimulation and light-

evoked optogenetic IPSCs (oIPSCs) can be recorded in post-synaptic targets, as shown 

in Figure 3.1B. For our experiments we employed a reduced synaptic preparation that 

consists of acutely dissociated BF neurons that receive no enzyme treatment and 

presynaptic terminals remain attached. In this preparation, GABAergic neurons can be 

identified by their bright EYFP fluorescence, while non-GABAergic neurons 

(presumably cholinergic) feature fluorescent puncta that are putatively GABAergic 

terminals (Figure 3.1C). 

3.4.2 Changes in body weight and food consumption by intermittent fasting (IF) diet  

Young and aged mice were maintained on ad libitum (AL) diets prior to the start 

of the experimental protocols. Control subjects continued on the AL diet for the duration  
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Figure 3.1. Reduced synaptic preparation in VGAT-ChR2-EYFP BAC optogenetic 

mice allows stimulation of light-evoked inhibitory postsynaptic currents (oIPSCs). 

(A) Schematic diagram of the transgenic construct present in the GABAergic neurons of 

these mice. (B) Examples of light-induced oIPSCs (Vh = -60mV). Top records show 

superimposed traces with individual responses and failures below. Minimal intensity 

light stimulation of 5 ms duration (470 nm) is indicated at blue arrow. A stylized 

diagram of a dissociated neuron with blue light excitation is shown also. Presynaptic 

GABAergic terminals are depicted in red to illustrate how they can be activated with 

light. (C) Confocal DIC and fluorescent images of GABAergic and non-GABAergic 

acutely dissociated neurons in the reduced synaptic preparation. Top panels show a DIC 

image of a live (non-GABAergic) neuron and colored arrows point out the position of 

presumed presynaptic terminals. The EYFP fluorescence image to the right shows more 

clearly the location of the fluorescent puncta that are thought to be GABAergic synaptic 

terminals (arrows). In this preparation non-GABAergic neurons are likely cholinergic 

and display only very dim autofluorescence. In contrast below, live GABAergic neurons 

are seen as DIC images (left) and displaying bright EYFP fluorescence (right). Note that 

in this single confocal plane scan, ChR2-EYFP fluorescence is predominately located 

around the cell surface where functioning ChR2 channels are located. 
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of the protocols, while mice on IF diets commenced 4 weeks prior to Barnes maze 

training and continued during the remaining protocol (6 weeks total), as shown in Figure 

3.2A. Therefore, aged cohorts received late-onset IF that was started six weeks before 

they were utilized for experimental studies. Body weight and food consumption were 

monitored throughout the experiment. Aged mice on IF diet gradually decreased their 

body weight during the 6-week IF and showed 7% reduction in body weight after the 6-

week IF period compared to their initial body weight, while aged control maintained 

their body weight throughout the 6-week diet period. Young control mice showed a 

gradual increase of their body weight during the 6-week period, resulting in a 3% 

increase of body weight. The young IF group also increased body weight during the first 

2-weeks of the IF diets, however, their body weights eventually began to decrease and 

were reduced by 1.4% at the end of 6 weeks. This change in body weight was 

significantly different for the aged IF diet group (Figure 3.2B). Both young and aged 

mice placed on IF diet were observed to binge on feeding day, and their daily food 

intake on feeding day was 67% and 63% higher than young and aged control, 

respectively (Figure 3.2C, left). Despite binge eating behavior, total food consumption 

during the 6-week diet period was reduced by 14% and 17% in young and aged IF mice 

compared to respective controls (Figure 3.2C, right). 

3.4.3 IF reverses age-related alterations in calcium buffering in WT mouse BF 

neurons 

In order to determine the functional consequences of a 6 week IF diet, we started 

by testing the previously described age-related enhancement of rapid intracellular Ca2+  
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Figure 3.2. The effect of intermittent fasting (IF) on body weight and food 

consumption. (A) Overview of the timeline and experimental design of the IF 

experiments. All mice were initially fed ad libitum (AL) then maintained for 6 weeks on 

either an IF diet or continued on the AL (control) diet. To assess cognitive function, all 

mouse groups (young control and IF, aged control and IF) were trained in the Barnes 

maze task starting 4 weeks after the implementation of the IF diets. Barnes maze training 

continued for 2 weeks before mice were utilized to measure either calcium buffering or 

synaptic transmission. Diets were maintained until sacrifice. (B) Plot of percent (%) 

change in body weights of control and IF mice in both young and aged during the 6-

week diet period (weeks: F3.084, 163.4 = 10.29, p < 0.0001, age: F1, 53 = 13.53, p < 0.001, 

diet: F1, 53 = 5.070, p < 0.05, interaction (weeks x age): F6, 318 = 4.701, p < 0.001, 

interaction (weeks x diet): F6, 318 = 7.810, p < 0.0001, interaction (age x diet): F1, 53 = 

3.109, p = 0.083, interaction (weeks x age x diet): F6, 318 = 1.070, p = 0.3806, N = 12-16 

per group). For IF mice, the body weights were measured after feeding days. (C) Graphs 
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of average of daily food intake per mouse (left, interaction: F1,53 = 0.09763, p = 0.7559; 

age: F1,53 = 11.47, p < 0.01; diet: F1,53 = 395.4, p < 0.0001, N = 12-16 per group) and 

average of total food consumption per mouse during the 6-week diet period (right, 

interaction: F1,53 = 0.45, p = 0.5052; age: F1,53 = 7.986, p < 0.01; diet: F1,53 = 29.72, p < 

0.0001, N = 12-16 per group). All data are expressed as mean ± SEM and are pooled 

from the WT and VGAT cohorts. The data in panel B were analyzed by a repeated-

measures three-way ANOVA with Fisher’s LSD post hoc test. The data included in 

panel C were analyzed by a two-way ANOVA with Fisher’s LSD post hoc test. *p < 

0.05. Values of ‘N’ indicate number of mice. 
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buffering that occurs in rat BF neurons and is associated with age-related cognitive 

impairment (Murchison et al., 2009) and reversed by life-long caloric restriction 

(Murchison and Griffith, 2007). We first replicated the reversal of the age-related 

increase in Ca2+ buffering in life-long CR mice (Supplementary Figure 3.1). These mice 

were obtained from the NIA aging colony and were maintained on a 60% of control diet 

starting in adolescence. We then hypothesized that age-related increases in rapid Ca2+ 

buffering can be reversed by late-onset short-term IF diet. We used a simplified method 

(Bang et al., 2021) to assess the relative Ca2+ buffering of the young and aged mice in 

each diet group. Acutely dissociated BF neurons from behaviorally characterized 

(Barnes maze) WT mice were loaded with the ratiometric calcium-sensitive fluorescent 

probe fura-2 AM and Ca2+ transients were evoked by focal picospritzer application of 

elevated [K+] (20mM) solution (High [K+]), as shown in Figure 3.3A. Representative 

Ca2+ transients from visually identified neurons of each diet group are shown in Figure 

3.3B. Transients of increasing amplitude were generated by stimuli of increasing 

duration. The amplitude of the transients (peak Δ[Ca2+]i - baseline [Ca2+]i) was plotted 

against the stimulus intensity (stimulus duration X 10) to calculate buffering slopes 

(Figure 3.3C). The stimulus intensities in these plots are in arbitrary units and a greater 

slope value is indicative of lower rapid Ca2+ buffering. The calculated slopes for all 

neurons from each group were plotted in Figure 3.3D (left) and the slope values 

averaged from individual animals is shown at right. Consistent with our earlier findings, 

Ca2+ buffering in aged control is significantly greater (lower slope) compared to young  
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Figure 3.3. Increased Ca2+ buffering in WT mouse basal forebrain neurons during 

aging is reversed by late-onset short-term intermittent fasting. (A) DIC image of an 

acutely dissociated mouse BF neuron with an illustration of the focal picospritzer 

method for application of elevated [K+] (20 mM) solution (High [K+]). The red circle 

depicts the region of interest from which the fura-2 fluorescent intensity data is 

collected. (B) Representative traces of ratiometric fura-2 Ca2+-sensitive fluorescence in 

BF neurons from young and aged control and IF mice. Ca2+-transients were generated by 

depolarizing the neurons with picospritzer applications of high [K+] with increasing 

durations (red arrows). Note that smaller transients in aged neurons indicate increased 

[Ca2+]i buffering. Estimated [Ca2+]i was determined using standard in vitro calibration 

(see methods) (C) Summary data of buffering slope plots for BF neurons from each 

mouse group (n = 19-38 per group). The stimulus duration was multiplied by 10 in order 

to avoid fractional slopes. Greater slopes indicate lower calcium buffering. The dashed 

line depicts the aged IF data. (D) Bar graphs and scatter plots show the mean buffering 

slopes in both young and aged control and IF diet groups (left panel from individual 

neurons, interaction, F1,116 = 4.216, p < 0.05, n = 19-38 per group; right panel by 

animals, interaction, F1,21 = 6, p < 0.05, N = 4-8 per group). All data are mean ± SEM. 

The data in panel D were analyzed by a two-way ANOVA with Fisher’s LSD post hoc 

test. *p < 0.05. Values of ‘n’ indicate number of neurons and values of ‘N’ indicate 

number of mice. 
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control. However, Ca2+ buffering plots in aged late onset IF showed significantly higher 

slope when compared to aged control but was not different from young control and IF. 

This demonstrates that increased calcium buffering during aging was reversed by late-

onset short-term IF diet. There was no significant difference in calcium buffering values 

between young control and young IF. In addition, we did not observe any differences in 

somatic baseline [Ca2+]i between groups both in neurons and animals: Young control: 

88.18 ± 3.85 nM, Young IF: 83.74 ± 5.15 nM, Aged control: 89.84 ± 3.95 nM, Aged IF: 

84.83 ± 4.83 nM, interaction, F1, 116 = 0.004037, p = 0.9494, age, F1, 116 = 0.0928, p = 

0.7612, diet, F1, 116 = 1.092, p = 0.2983, n = 19-38 per group. 

3.4.4 Age-related decrease in frequency of spontaneous inhibitory postsynaptic 

currents (sIPSCs) is reversed by late-onset IF in VGAT optogenetic mice 

Our laboratory has reported that the frequency of sIPSCs in BF neurons is 

reduced with age both in rats (Griffith et al., 2014) and mice (Bang, et al., 2021) and that 

this reduction in sIPSC frequency is associated with cognitive impairment in rats 

(Griffith et al., 2014). We further proposed that increased intracellular calcium buffering 

contributes to cognitive impairment by affecting synaptic function during aging 

(Murchison et al., 2009; Griffith et al., 2014). In order to examine whether late-onset 

short-term IF can reverse the age-related decrease in sIPSC frequency, we utilized 

standard whole-cell voltage-clamp (Vh = -60 mV) in the reduced synaptic preparation 

and measured sIPSCs in BF neurons from VGAT mice that had been behaviorally 

characterized by Barnes maze training. Figure 3.4 shows that late-onset IF reverses the 

decline in frequency of  
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Figure 3.4. The effect of late-onset short-term intermittent fasting on frequency and 

amplitude of spontaneous inhibitory postsynaptic currents (sIPSCs) in basal 

forebrain neurons of VGAT optogenetic mice in the reduced synaptic preparation. 

(A) Representative whole-cell voltage-clamp recordings (Vh = -60mV) from an acutely 

dissociated basal forebrain neuron in each group of mice. (B) Cumulative probability 

plots of sIPSC inter-event intervals (n = 17-23 neurons per group * p < 0.01, K-S test). 

(C) Bar graphs and scatter plots show mean ± SEM of sIPSC frequency (left panel from 

individual neurons, interaction, F1,76 = 4.484, p < 0.05, n = 17-23 per group; right panel 

by animals, interaction, F1,28 = 4.645, p < 0.05, N = 8 per group). (D) Bar graphs and 

scatter plots with mean ± SEM of sIPSC amplitude (left panel from individual neurons, n 

= 17-23 per group; right panel by animals, N = 8 per group). There were no significant 

differences in sIPSC amplitudes in either neurons (left) or animals (right) regardless of 

age and diet. The data included in panels C and D are expressed as mean ± SEM and 

were analyzed by a two-way ANOVA with Fisher’s LSD post hoc test. *p < 0.05. 

Values of ‘n’ indicate number of neurons and values of ‘N’ indicate number of mice. 
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sIPSCs observed during aging with no significant effect on amplitude. Example currents 

from each test group are shown in Figure 3.4A, while Figure 3.4B shows cumulative 

probability plots of sIPSC inter-event intervals (n = 17-23 neurons per group * p<0.01, 

K-S test) along with reversal of the age-related increases in inter-event duration by late-

onset IF.  Figure 3.4C shows scatter plots and mean ± SEM of sIPSC frequency (left 

panel from individual neurons, interaction, F1,76 = 4.484, p < 0.05, n = 17-23 per group; 

right panel by animals, interaction, F1,28 = 4.645, p < 0.05, N = 8 per group). The sIPSC 

frequencies of aged late-onset IF diet mice were not significantly different from that of 

young mice of either diet regimen, while showing a significantly higher sIPSC frequency 

than aged controls. Figure 3.4D shows scatter plots with mean ± SEM of sIPSC 

amplitude (left panel from individual neurons, n = 17-23 per group; right panel by 

animals, N = 8 per group). There were no significant differences in sIPSC amplitudes in 

either neurons or animals regardless of age and diet. The data included in Figure 3.4C 

and D were analyzed by a two-way ANOVA with Fisher’s LSD post hoc test. Our 

results demonstrate that late-onset short-term IF can reverse age-related reductions in 

sIPSC frequency in the mouse BF.  

3.4.5 Late-onset short-term IF restores age-related changes in quantal content 

of VGAT optogenetic mice BF neurons 

Changes in the frequency of synaptic transmission are often mediated by changes 

in the probability of neurotransmitter release at the presynaptic sites. Therefore, we next 

examined whether there are observable presynaptic changes in inhibitory synaptic 

mechanisms during aging and if these alterations can be restored by late-onset short-term 
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IF diet. We used whole-cell voltage-clamp (Vh = -60 mV) to record light-evoked oIPSCs 

in the reduced synaptic preparation of BF neurons from behaviorally characterized 

VGAT mice. By applying 5 ms minimal intensity light stimulation, quantal content (m) 

was calculated using the method of failures (see Methods) Figure 3.5A shows 

representative traces of oIPSCs from each test group with traces superimposed (top) and 

distributed (below). Note the failures (lack of response) visible in the individual traces. 

Figure 3.5B shows scatter plots and mean quantal content (m) data calculated by the 

method of failures for both young and aged diet groups. The data on the left is from 

individual neurons (interaction, F1, 51 = 4.085, p < 0.05, n = 9-19 per group) and data on 

the right is averaged by individual animals (interaction, F1, 24 = 1.947, p = 0.1757, age, 

F1,24 = 2.42, p = 0.1329, diet, F1, 24 = 2.871, p = 0.1031, N = 6-8 per group). The m-

values are significantly reduced in the BF neurons of aged control as compared to young 

control and late-onset IF, suggesting that there is an age-related decrease in quantal 

content at GABAergic synapses in mouse BF neurons and that this decrease is reversed 

by late-onset IF. The data averaged by animals (Figure 3.5B, right) did not show 

statistical significance of either interaction between aging and diet or main effects for 

aging and diet on quantal content, possibly due to the small number of animals and the 

large scatter. None-the-less, the animal data very much resembles the individual neuron 

data. Overall, these results suggest that late-onset short-term IF diet can reverse the age-

related reduction in presynaptic quantal content (m) of BF neurons. We observed no 

significant changes in the amplitude of light-induced oIPSCs (Figure 3.5C). The data in  
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Figure 3.5. Late-onset short-term intermittent fasting reverses an age-related 

reduction in quantal content of inhibitory synaptic transmission in basal forebrain 

neurons of VGAT optogenetic mice in the reduced synaptic preparation. (A) 

Representative whole-cell voltage-clamp recordings (Vh = -60 mV) of oIPSCs 

superimposed (top) and distributed (below). Blue arrow indicates minimal intensity light 

stimulation (470 nm, 5 ms). (B) Graphs showing mean quantal content (m) calculated by 

the method of failures for both young and aged diet groups. The data on the left is from 

individual neurons (interaction, F1, 51 = 4.085, p < 0.05, n = 9-19 per group) and data on 

the right is averaged by individual animals (interaction, F1, 24 = 1.947, p = 0.1757, age, 

F1,24 = 2.42, p = 0.1329, diet, F1, 24 = 2.871, p = 0.1031, N = 6-8 per group). (C) 

Amplitude data of similar bar graphs for oIPSCs show no significant differences for age 

or diet. All data are mean ± SEM. The data in B and C were analyzed by a two-way 

ANOVA with Fisher’s LSD post hoc test. *p < 0.05. Values of ‘n’ indicate number of 

neurons and values of ‘N’ indicate number of mice. 
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Figure 3.5B and C were analyzed by a two-way ANOVA with Fisher’s LSD post hoc 

test. *p < 0.05. 

3.4.6 Late-onset short-term IF did not reverse age-associated decline in cognitive 

function 

After 4 weeks on the IF diets, Barnes maze training was performed to assess 

cognitive function in all mice (young and aged, VGAT and WT). In order to familiarize 

mice with the room and maze table, as well as to decrease their anxiety which may affect 

their behavior, all the mouse subjects went through habituation and pre-training prior to 

the acquisition and reversal training sessions (Figure 3.6A). The Barnes maze diagrams 

for acquisition and reversal training are shown in Figure 3.6B. Note that the location of 

the escape hole in reversal training is 180° opposite of the acquisition location. During 

the acquisition and reversal training days, distance traveled (cm) was measured and 

analyzed with repeated measurements ANOVA. In the acquisition training (Figure 3.6C, 

left), all four tested groups showed a decrease in the distance traveled to reach the escape 

hole from the start position (maze center) between days 1 and 4. However, the aged 

controls took significantly longer path-lengths than young controls. Although both IF 

groups displayed path-lengths generally intermediate between the young and aged 

controls, the aged IF was not different from aged control.  Both aged control and aged IF 

showed delayed learning but eventually acquired the task such that there were no 

significant differences in distance travelled between the groups by day 4. Interestingly, 

young IF showed significantly longer distance on day 1 and day 2. when compared to 

young control, suggesting that the IF regimen in this study may be stressful and have  
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Figure 3.6. Age-related learning delay is not reversed by late-onset short-term 

intermittent fasting. (A) Diagram of the experimental timeline for Barnes maze training 

is shown. Numerals represent days of training. (B) Schematic representation of Barnes 

maze is depicted. Acquisition training (T) is shown on the left and reversal training is 

shown on the right. Note that escape hole position in the reversal training is changed 

180˚ from its previous location in the acquisition training. The non-escape holes lack the 

escape compartment. (C) Graphs are shown of distance traveled per day to the escape 

hole in acquisition training (left, day, F2.211, 117.2 = 69.14, p < 0.0001; age, F1, 53 = 8.281, p 

< 0.01; diet, F1, 53 = 0.9082, p = 0.3449; no interaction between day and age, day and 

diet, age and diet, or day, age and diet) and reversal training (right, day, F2.376, 125.9 = 

7.445, p < 0.001; age, F1, 53 = 9.125, p < 0.01; diet, F1, 53 = 0.3886, p = 0.5357; no 

interaction between day and age, day and diet, age and diet, or day, age and diet). All 

data are mean ± SEM and are pooled from WT and VGAT cohorts. The data included in 

panel C were analyzed by a repeated measure three-way ANOVA with Fisher’s LSD 

post hoc test. Significance (p < 0.05) is shown in the figure with multiple comparisons 

indicated by letters a-f. Values of ‘N’ indicate number of mice. 
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some detrimental effect on the cognitive function in young animals. On the other hand, 

in the reversal training where animals are required to learn the new location of the 

escape box (Figure 3.6C, right), there was no difference in the performance of young 

control and young IF. Aged controls took longer paths than young controls or young IF 

during reversal training, and this deficit was only marginally improved by IF diet. These 

data suggest that aged mice showed delayed learning and less cognitive flexibility as 

compared to young mice and that the IF regimen in the present study was not sufficient 

to fully reverse age-related cognitive impairment. Graphs in Figure 3.6C show distance 

traveled per day to the escape hole in acquisition training (left, day, F2.211, 117.2 = 69.14, p 

< 0.0001; age, F1, 53 = 8.281, p < 0.01; diet, F1, 53 = 0.9082, p = 0.3449; no interaction 

between day and age, day and diet, age and diet, or day, age and diet) and reversal 

training (right, day, F2.376, 125.9 = 7.445, p < 0.001; age, F1, 53 = 9.125, p < 0.01; diet, F1, 53 

= 0.3886, p = 0.5357; no interaction between day and age, day and diet, age and diet, or 

day, age and diet). All data are mean ± SEM and are pooled from WT and VGAT 

cohorts. The data included in Figure 3.6C were analyzed by a repeated measure three-

way ANOVA with Fisher’s LSD post hoc test. Significance (p < 0.05) is shown in the 

figure with multiple comparisons indicated by letters a-f. Values of ‘N’ indicate number 

of mice. 

We also investigated possible age-related differences in search strategy to 

navigate to the escape hole. Search strategies are defined in the Materials and Methods, 

but basically, different search strategies were divided into 2 categories: spatial and non-

spatial, as shown in Figure 3.7. During the acquisition training, all four groups gradually  
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Figure 3.7. Spatial search strategies in mouse Barnes maze test. Examples shown 

range from highly spatial (top) to non-spatial and failures. Spatial strategies are shown in 

the box and include Direct, Corrected, Focused search, Long correction. Non-spatial 

strategies include Serial search, Random search, and Failure. Each strategy was scaled to 

quantitate cognitive score and values are shown in parentheses. Higher total cognitive 

scores indicate greater use of spatial search strategies. The focused search strategy is 

distinguished from the serial search when the mouse does not visit holes on the opposite 

side from the escape hole. 
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used a more spatial strategy across the training days, although both aged diet groups 

relied less frequently on spatial strategies than young groups throughout the training 

(Figure 3.8A, left). The pattern of search strategies was very similar between the aged IF 

and aged control. Young IF showed a delay in acquiring spatial search strategies relative 

to young control and continued to show a slight relative deficit throughout acquisition 

training. During the reversal training (Figure 3.8A, right), similar to the acquisition 

phase, all four groups displayed an increased use of a spatial strategy between days 1 

and 4, although the aged control and aged IF did not achieve the levels of spatial 

strategies observed in the young diet groups. Both aged control and aged IF showed 

more random searches and failures throughout reversal training. Young IF displayed a 

slight delay in switching to a predominately spatial strategy relative to young control. 

These results show that the 4-week IF diet does not appear to improve cognitive 

performance in aged mice.  

To quantify the cognitive capacity of individual mice, a cognitive score was 

calculated based on the data from Figure 3.8A and the cognitive score numerical values 

shown in Figure 3.7 (further details in Materials and Methods). All four tested groups 

showed an increase in their cognitive score between days 1 and 4 of acquisition and 

reversal training (Figure 3.8B). Young controls showed significantly higher cognitive 

scores than aged control and/or aged IF on the day 1, 2, and 4 in acquisition and on day 1 

of reversal training, with young IF showing intermediate scores (Figure 3.8B), indicating 

age-related deficits in spatial learning. In addition, aged IF showed higher cognitive 

score on most of days in acquisition and reversal training when compared to aged  
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Figure 3.8. Late-onset short-term intermittent fasting did not improve an age-

related reduction in the use of spatial search strategies. (A) The percentage of search 

strategy for each mouse group in the Barnes maze task was recorded during the 

acquisition training (left) and the reversal training (right). The percentages for the spatial 

search strategies (blue hues) are pooled. (B) Line graphs show cognitive scores for each 

mouse group per day during acquisition training (left, day, F2.953, 156.5 = 62.91, p < 

0.0001; age, F1, 53 = 13.20, p < 0.001; diet, F1, 53 = 0.1104, p = 0.7410; no interaction 

between day and age, day and diet, age and diet, or day, age and diet ) and during 

reversal training (right, day, F2.542, 134.7 = 5.256, p < 0.01; age, F1, 53 = 3.655, p = 0.0613; 

diet, F1, 53 = 0.02204, p = 0.8826; no interaction between day and age, day and diet, age 

and diet, or day, age and diet). Values are mean ± SEM and are pooled from WT and 

VGAT cohorts. The data in panel B were analyzed by a repeated measure three-way 

ANOVA with Fisher’s LSD post hoc test. Significance (p < 0.05) is indicated by letters 

a-f in the figure. Values of ‘N’ indicate number of mice.  
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control, but it was not statistically significant, suggesting that short-term IF diet regimen 

on aged animals is not sufficient to reverse age-related cognitive impairment. In contrast, 

by day 4 in the reversal training, there were no statistically significant differences in 

cognitive score between all tested groups (Figure 3.8B, right). The legend for Figure 3.8 

contains the summarized statistical analysis. 

3.4.7 Correlation between cognitive behavioral scores and age-related changes 

in Ca2+ buffering and inhibitory synaptic transmission 

Previously, we reported that age-related changes in calcium buffering and in 

sIPSC frequency are associated with cognitive impairment during aging in rats 

(Murchison et al., 2009; Griffith et al., 2014). We therefore examined the relationship 

between three cellular parameters that we measured in the present study (intracellular 

Ca2+ buffering slope, sIPSC frequency and quantal content) and cognitive function 

(cognitive score) across aging. Only control animals of both ages were used in this 

analysis to eliminate the effects of the IF diet. In addition, we used the cognitive score 

from the day 1 of acquisition and reversal training which showed the most significant 

age-related differences in cognitive function. Figure 3.9 shows the correlation plots for 

both acquisition (top graphs) and reversal training (bottom graphs). Each point on the 

graphs represents an individual animal. The intracellular Ca2+ buffering slope values 

were positively correlated with cognitive scores, suggesting that higher slopes (less 

buffering) are beneficial for cognitive function (Figure 3.9A, top, acquisition, r = 0.5355, 

p = 0.0346; bottom, reversal, r = 0.7861, p = 0.0005). Likewise, Figure 3.9B shows a  
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Figure 3.9. Cognitive scores in the Barnes maze task correlate with physiological 

measures of calcium buffering and synaptic transmission. (A) Intracellular calcium 

buffering slopes show a significant correlation with cognitive scores, such that greater 

slopes (lower buffering) are associated with higher cognitive scores (top, acquisition, r = 

0.5355, p = 0.0346; bottom, reversal, r = 0.7861, p = 0.0005). (B) Scatter plots show that 

sIPSC frequency is significantly positively correlated with cognitive score (top, 

acquisition, r = 0.6468, p = 0.0083; bottom, reversal, r = 0.6900, p = 0.0040). (C) Scatter 

plots show that quantal content of inhibitory synaptic transmission is not significantly 

correlated with cognitive score (top, acquisition, r = 0.1643, p = 0.5397; bottom, 

reversal, r = 0.4821, p = 0.0608). All data were analyzed by Spearman’s correlation with 

significance p < 0.05. Values of ‘N’ indicate number of mice. 
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positive correlation between sIPSC frequency and cognitive score. (top, acquisition, r = 

0.6468, p = 0.0083; bottom, reversal, r = 0.6900, p = 0.004). No correlation between 

quantal content and cognitive score was found (Figure 3.9C, top, acquisition, r = 0.1643, 

p = 0.5397; bottom, reversal, r = 0.4821, p = 0.0608). When all animals (control and IF 

diet) were included in the analysis, there were no correlations (data not shown). This is 

predictable in that the aged IF diet reversed the changes in the neurophysiological 

parameters, but not the cognitive score deficits. Consistent with the previous rat data, we 

observed significant positive correlation between calcium buffering slope/sIPSC 

frequency and cognitive score. It is unclear why quantal content (m) from GABAergic 

synapses failed to correlate significantly with cognitive score (Figure 3.9C), other than 

that the aged mice had similar m-values regardless of cognitive score. Future studies are 

required to test whether IF may affect different releasable pools of neurotransmitter as an 

explanation for the differences between sIPSC frequency and evoked quantal release. 

Overall, our results suggest that changes in intracellular Ca2+ buffering and sIPSC 

frequency in the mouse BF are relevant to age-related changes in cognitive function.       

3.5 Discussion 

The substantial burden of age-related cognitive impairment associated with an 

aging population has led to increased interest in potential therapeutics and lifestyle 

changes intended to alleviate this mental deterioration. Caloric restriction (CR) is one 

such intervention that has been shown to ameliorate cognitive deficits during aging 

(Idrobo et al., 1987; Ingram et al, 1987; Stewart et al., 1989; Pitsikas and Algeri, 1992; 

Pitsikas et al, 1992; Eckles et al, 1997; Eckles-Smith et al, 2000; Fontán-Lozano et al., 
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2007; Singh et al., 2012; Mattson, 2012; Mattson and Arumugam, 2018). In this study, 

we investigated the hypothesis that late-onset short-term intermittent fasting (IF) could 

have benefits similar to those imparted by long-term CR. We show that aged mice 

displayed cognitive decline and increased intracellular Ca2+ buffering, decreased sIPSC 

frequency and decreased quantal content of GABA release from presynaptic terminals. 

Late-onset short-term (4-6 weeks) IF reverses all of these age-related physiological 

changes, but fails to prevent cognitive impairment in aged mice. These results are 

consistent with other studies reporting the beneficial effects of short-term dietary 

interventions on age-related impairments (Cao et al. 2001; Kaur et al., 2008). Because 

we have shown that life-long CR can prevent enhancement of Ca2+ buffering in aged rat 

BF neurons (Murchison et al., 2009) and in aged mice BF neurons (Supplementary 

figure 3.1), we suggest that late-onset IF may have several beneficial effects on age-

related function without the need for a long-term commitment to a CR diet. 

In BF neurons, enhancement of Ca2+ influx was observed during aging. This 

increase occurred through larger amplitude low-voltage activated (LVA) currents, and 

reduced current inactivation of high-voltage activated (HVA) currents (Murchison and 

Griffith, 1995, 1996).  Interestingly, basal [Ca2+]i of aged BF neurons was unaltered, and 

the peak amplitude of Ca2+ transients (Δ[Ca2+]i) induced by either High K+ or Ca2+ 

current stimulation was decreased in BF cholinergic neurons of aged rats (Murchison 

and Griffith, 1998, 1999; Griffith et al., 2000).  These findings suggest that the age-

related increase in rapid Ca2+ buffering in aged BF neurons may be a possible 

compensatory mechanism to limit the rise of intracellular Ca2+ concentrations. However, 
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it is unclear if this potential compensatory increase in Ca2+ buffering is beneficial or 

detrimental, as it is associated with cognitive impairments in aged rats (Murchison et al., 

2009. Alterations in Ca2+ dependent physiology during aging contributes to altered 

synaptic function and is believed to account for much age-related cognitive impairment 

(Disterhoft et al., 1996; Thibault and Landfield, 1996; Foster and Norris, 1997; Foster, 

1999, 2007, 2012; Tombaugh et al., 2005; Murphy et al., 2006; Gant et al., 2015, 2018; 

Kumar and Foster, 2019; Abu-Omar et al., 2018).  

The contribution of Ca2+ buffering to the synaptic functions in rat BF neurons 

was demonstrated indirectly with the addition of the exogenous Ca2+ buffer, BAPTA-

AM. In these experiments using the reduced synaptic preparation, increased Ca2+ 

buffering with BAPTA-AM in synaptic terminals reduced the frequency of sIPSCs in the 

young BF neurons, suggesting that increased Ca2+ buffering at synaptic terminals could 

mediate the deficit in BF synaptic transmission with age and contribute to cognitive 

impairment (Griffith et al., 2014). Our current study demonstrated that the late-onset 

short-term IF diet regimen could reverse the age-related increase in Ca2+ buffering in 

aged mouse BF neurons with no change in baseline [Ca2+]i. Although the precise 

mechanisms underlying the impact of late-onset short-term IF on Ca2+ buffering in aged 

BF neurons have not been determined at this time, several alternatives may be possible. 

Given that increased Ca2+ buffering may be a compensatory mechanism against 

increased Ca2+ entry, the IF diet may prevent age-related enhancement of Ca2+ influx, 

thereby eliminating the stimulus for increased buffering. Alternatively, IF may interact 

more directly with rapid Ca2+ buffers, preventing their age-related upregulation. In 
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hippocampal CA1 pyramidal neurons, increased spike-mediated Ca2+ accumulation and 

slow after-hyperpolarization (sAHP) with age were prevented by CR, independent of 

Ca2+ clearance mechanisms (Hemond and Jaffe, 2005).  Another study reported that CR 

offers neuroprotective effects under excitotoxic conditions by increasing both calcium 

uptake rates and maximal uptake capacity in mitochondria (Amigo et al., 2017).  

It has been well established that CR attenuates age-related synaptic dysfunctions 

(Hori et al., 1992; Eckles-Smith et al., 2000; Mattson et al., 2003; Fusco and Pani, 2013; 

Wahl et al., 2016). In the current study, the IF regimen restored the age-related reduction 

in sIPSC frequency to levels observed in young BF neurons. Because changes in 

spontaneous frequency may represent changes in probability of neurotransmitter release 

from presynaptic sites, we further investigated possible presynaptic mechanisms with 

age and IF by measuring quantal content of inhibitory synaptic transmission. Quantal 

content is significantly reduced with age and reversed by IF. A reduction in quantal 

content alone however, is unlikely to explain reduced sIPSC frequency with age even 

though both are restored by IF. Because the probability of neurotransmitter release is 

directly affected by the level of Ca2+ within the synaptic terminal (Zucker, 1993; Wu and 

Saggau, 1997), the restoration of youthful Ca2+ buffering by IF may be the most 

important influence on presynaptic function in the BF neurons. It is noteworthy that both 

Ca2+ buffering and sIPSC frequency were significantly correlated with cognitive 

performance, while quantal content was not.  

Despite the attractive link between Ca2+ buffering and sIPSC frequency, other 

targets for IF modulation cannot be ruled out. For instance, our laboratory has shown 
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that sIPSCs in aged rat BF are more dependent on tetrodotoxin-sensitive Na+ channels 

than in young rat (Griffith et al., 2014) and this mechanism could be modulated by IF. 

Also, it was previously reported in animals with obesity-induced diabetes, that CR 

improved diabetes-induced cognitive deficits by reversing high-fat diet-induced 

expression of neurogranin which regulates Ca2+/calmodulin-dependent synaptic function 

(Kim et al., 2016). Additional mechanisms could be involved as well, such as 

modulating synaptic function by changes in neurotrophic factors or oxidative stress, both 

of which have been studied extensively with CR (Granger et al., 1996; Lee et al., 2002; 

Merry, 2002, 2004; Mattson et al., 2004; Gredilla and Barja, 2005; Hunt et al., 2006; 

Hyun et al., 2006; Rex et al., 2006; Tapia-Arancibia et al., 2008; Kishi et al., 2015). A 

recent electrophysiological study also provides another possible mechanism of influence 

on GABAergic inhibitory synaptic transmission by IF. In this study, the CA1 

hippocampal neurons from mice on IF diets for 1 month showed up-regulation of 

GABAergic synaptic activity via a mechanism requiring the mitochondrial protein 

deacetylase sirtuin 3 (SIRT3) and involving a reduction in mitochondrial oxidative stress 

(Liu et al., 2019). SIRT3 protects mitochondria and neurons against metabolic and 

excitotoxic stress (Cheng et al., 2016).  

One of the most consistent synaptic plasticity-associated impairments during 

aging is the reduction in the neurotrophic factors and their signaling. However, CR 

protects against age-related deficits in synaptic plasticity and neuronal networks via 

upregulation of brain derived neurotrophic factor (BDNF)/TrkB (Rex et al., 2006; 

Granger et al., 1996; Tapia-Arancibia et al., 2008; Mattson et al., 2004; Kishi et al., 
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2015). Our findings on the presynaptic mechanisms of IF may be explained by either 

direct or indirect BDNF modulation of synaptic transmission (Porcher et al., 2018; 

Crozier et al., 1999; Tanaka et al., 1997; Frerking et al., 1998; Tyler et al., 2006). 

Furthermore, BDNF is negatively correlated to oxidative stress (Jain et al., 2013). In 

hypertensive rats, CR alone could not improve cognitive decline (Kishi and Sunagawa, 

2012) but administration of antioxidant reagent could protect against cognitive decline 

via BDNF/TrkB in the hippocampus of hypertensive rats (Kishi et al., 2012), indicating 

that CR coupled with reduction of oxidative stress could be efficacious against cognitive 

decline. Another finding showed that the beneficial effect of CR on cognitive function 

was attenuated by blockade of BDNF receptors in the hippocampus of metabolic 

syndrome model rats but CR-mediated improvements in BDNF expression and oxidative 

stress were not altered (Kishi et al., 2015). In the present study, our data demonstrated 

the beneficial effect of short-term IF on calcium homeostasis and synaptic transmission, 

even started later in life. However, this late-onset short-term IF regimen could not fully 

improve age-related cognitive decline. The aged group that was on IF for 4 weeks 

showed only marginally better performance in the Barnes maze compared to aged 

control group. Our findings therefore suggest that the IF regimen in the current study 

may require a longer duration or supplementation in order to reverse age-related deficits 

in cognitive function.   

In conclusion, our findings provide evidence that late-onset short-term IF can 

reverse age-related changes in calcium homeostasis and inhibitory synaptic function in 

mouse BF neurons. However, only 4 weeks of IF may not have been long enough to 
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reverse age-related impairment in cognition. Importantly, we also show that intracellular 

Ca2+ buffering and sIPSC frequency in the mouse BF are correlated with cognitive 

performance in mice. Notably, reductions in quantal content (m) of GABAergic 

synapses were not correlated with cognitive status, which might be attributed to various 

pools of synaptic vesicles participated differently in spontaneous and evoked quantal 

release of IPSCs. Together these results suggest that short-term IF, even initiated late in 

life, is a promising avenue on which to pursue therapeutic interventions designed to 

improve age-related alterations in cognitive function. 

3.6 Materials and Methods 

3.6.1 Animals and Treatments  

Male wildtype (WT) C57 Bl/6 mice and VGAT-ChR2(H134R)-EYFP 

optogenetic mice of two ages, young (4-8 months) and aged (18-25 months) were used 

for all experiments.  Breeding pairs were purchased from Jackson Laboratory (Stock 

014548, Bar Harbor, ME; Zhao et al., 2011; Bang et al., 2021) and an aging colony was 

maintained for both genotypes. For the intermittent fasting (IF) experiments, mice were 

singly housed and were identified as WT or VGAT by standard tail-clip genotyping 

methods after weaning (EZ tissue/tail PCR genotyping kit, EZ BioResearch, St. Louis, 

MO) as described by Bang et al., 2021. In aged animals, IF was initiated later in life. 

Calcium imaging experiments utilized WT mice, while VGAT mice were used for 

whole-cell patch-clamp recordings. Mice were randomly assigned to a control diet (ad 

libitum, AL) or an IF diet (alternate-day fasting) and diet groups were age-matched. IF 

mice received the AL diet until the initiation of the IF diet and for 24 h on alternate days 
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during the fasting regimen. After 4 weeks from the start of the diet, mice underwent two 

weeks of behavioral testing for a total of 6 weeks of diet treatment.  Individual mice 

were then used daily for either calcium imaging or whole-cell patch-clamp experiments 

and this required approximately two weeks. During this time, mice were maintained on 

their respective diets. Mice were fed the NIH-31 chow which contained crude protein 

(18%), crude fat (5%), crude fiber (5%), minerals and vitamins. Water was available ad 

libitum. The body weight and food consumption were recorded daily in both IF and 

control groups. Food intake was calculated on feeding days for IF mice.  All mice were 

maintained in the AAALAC-accredited vivarium at the Texas A&M University Health 

Science Center under controlled conditions (22 – 25℃; lights 0700-1900 h) in 

accordance with policies of the Texas A&M University Laboratory Animal Care 

Committee and NIH guidelines.  

3.6.2 Enzyme-treated, acutely dissociated neurons for calcium imaging  

Mice were euthanized after isoflurane anesthetization and the brain quickly 

removed and sectioned at 320-μm thickness in a coronal plane. Slices were cut using a 

carbogen-equilibrated ice-cold cutting solution containing (in mM): 120 NaCl, 2.7 KCl, 

0.5 CaCl2, 6 MgCl2, 5 HEPES, 26 NaHCO3, 11 D-glucose, and 0.3 kynurenic acid (pH 

7.4 with NaOH, 310-330 mOsm). BF slices were then micro dissected to isolate the 

medial septum and nucleus of the diagonal band (MS/nDB) and enzymatically treated 

(trypsin, Sigma, type XI or type I, St. Louis, MO), as described previously (Murchison 

and Griffith, 1996, 1998; Murchison et al., 2009). Enzyme-treated tissues were 

continuously suspended in a holding solution (in mM): 140 NaCl, 2.7 KCl, 0.5 CaCl2, 
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1.2 MgCl2, 10 HEPES, and 33 D-glucose (pH 7.4 with NaOH, 310-330 mOsm) by 

agitation of a small magnetic stir bar and were kept oxygenated with 100% O2. MS/nDB 

slices were then gently triturated using a series of increasingly smaller diameter fire-

polished glass pipettes. The dissociated cells were plated on the glass floor of a 

recording chamber containing bath solution (in mM): 140 NaCl, 2.7 KCl, 2 CaCl2, 1.2 

MgCl2, 10 HEPES, and 33 D-glucose, then perfused at a rate of about 2 ml/min. 

Experiments were performed at room temperature within 5 h of dispersal.  

3.6.3 Calcium imaging   

In order to measure intracellular Ca2+ buffering in mouse BF neurons, we utilized 

a dual wavelength ratiometric fura-2 microfluorimetry system (Murchison and Griffith, 

1998, 2007; Murchison et al., 2009). Enzyme-treated, acutely dissociated mouse BF 

neurons were loaded with ratiometric fluorescent Ca2+-indicator fura-2AM (1 μM, 

Molecular Probes, Eugene, OR) for 12 min in the presence of 10 μM pluronic acid 

(Invitrogen, Carlsbad CA), after which they were washed for 40-45 min to allow for fura 

de-esterification. The Fura-2 fluorescence was excited using alternating 340 nm and 380 

nm wavelengths and the resulting 340/380 intensity ratio was determined.  The 

intracellular calcium concentrations ([Ca2+]i) were estimated using in vitro calibration as 

described previously (Murchison and Griffith, 1998). The Ca2+-transients (∆[Ca2+]i) 

were triggered by pressure application of elevated [K+] (20 mM) solution (High [K+]), 

using a focal picospritzer (Picospritzer II, General Valve, Fairfield NJ).  Application of 

different stimulus durations (0.2-1.2s) resulted in increasing amplitudes of ∆[Ca2+]i. The 

amplitude of the transients was then plotted against the stimulus intensity to calculate a 
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buffering slope. Unlike the traditional buffering curve generated by voltage-clamp 

stimulation (Murchison et al., 2009), this less invasive technique produces plots of 

transient amplitude vs. stimulus intensity calculated in arbitrary units (stimulus duration 

X 10) with a greater slope value indicating less intracellular Ca2+ buffering.  Fluorescent 

signals were recorded using a Sutter lambda DG-4 excitation switcher (Sutter Instrument 

®, Novato, CA), a Hamamatsu ORCA flash2.8 CCD camera (Hamamatsu Photonics, 

Bridgewater Township, NJ), an Olympus IX70 fluorescent scope and Metafluor imaging 

software (Molecular Devices, San Jose, CA). The resting [Ca2+]i was determined before 

any stimulation of the cell. 

3.6.4 Reduced synaptic preparation using enzyme-free, acutely dissociated neurons to 

study synaptic transmission across aging 

We used a reduced synaptic preparation to examine synaptic transmission in 

acutely dissociated BF neurons across aging (Griffith et al., 2014; Bang et al., 2021; 

Montgomery et al., in submission). In this preparation, there is a very low frequency of 

glutamatergic spontaneous excitatory postsynaptic currents (sEPSCs) which show rapid 

kinetics with decay time constant (τd =~5 ms). In contrast, much slower GABAergic 

spontaneous IPSCs are easily identifiable with decay constants of τd = 20-30 ms. With 

CsCl in the recording pipette, the IPSCs have a reversal potential of 0 mV and are often 

larger than the faster, occasional sEPSCs. No excitatory amino acid antagonists were 

used. All recordings were visually inspected and analyzed. Slices from the MS/nDB 

region (320-μm) were cut and neurons were acutely dissociated as described above, but 
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without enzyme pre-treatment. These neurons retain functional presynaptic boutons 

(Figure 3.1).  

3.6.5 Electrophysiology 

Standard whole-cell patch voltage-clamp recording was used for measuring 

spontaneous inhibitory postsynaptic currents (sIPSCs) and optically-evoked IPSCs 

(oIPSCs). Recordings for sIPSCs and oIPSCs were made from a holding potential of -60 

mV, low-pass filtered at 2 kHz and digitized at 10 kHz with Digidata 1440A interface, 

Multiclamp 700B amplifier (Molecular Devices, San Jose, CA), and pClamp 10 software 

(Molecular Devices, San Jose, CA). Membrane capacitance (pF) was obtained by digital 

cancellation of whole-cell capacitance transients.  Recording electrodes were pulled 

from glass capillary tubing (KG-33, 1.5mm OD, King Precision Glass, Claremont, CA) 

on a Flaming/Brown P-87 pipette puller (Sutter Instrument ®, Novato, CA) with final 

electrode resistance 4-8 MΩ when filled with a pipette solution. The internal pipette 

solution for whole-cell recordings contained (in mM): CsCl, 130; ethylene glycol-bis (β-

aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 10; MgCl2, 2; HEPES, 10; Mg-

ATP, 4; GTP, 0.1 (pH 7.2 with CsOH; 295-300 mOsm).  

Mini Analysis (6.0.7; Synaptosoft, Decatur, GA) and Clampfit 10 (Molecular 

Devices, San Jose, CA) software were employed for the analysis and we visually 

identified and measured spontaneous IPSCs.  The optically-evoked response was 

calculated as the peak current over 20ms from the time when response begins. Mean data 

were compared using a two-way ANOVA followed by Fisher’s least significant 
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difference (LSD) test (GraphPad Prism 9, GraphPad software, San Diego, CA). 

Cumulative probability curves were compared using a Kolmogorov-Smirnov test. 

3.6.6 Optically-induced current recordings and quantal content analysis 

Optically-induced inhibitory postsynaptic currents (oIPSCs) were recorded using 

whole-cell clamp from a holding potential of -60 mV. Enzyme-free, acutely dissociated 

neurons from VGAT mice were stimulated with 5-ms duration light stimulation (470 

nm) at 15 s intervals using an optogenetic illumination system (DC2100, Thor Labs, Ann 

Arbor, MI). Power density was calculated by dividing the measured power using a 

PM200 optical power and energy meter (ThorLabs, Ann Arbor, MI) connected to an 

S120C photodiode sensor (ThorLabs, Ann Arbor, MI) by the illuminated area. Initial 

measurements using a 400 μm cannula revealed a maximum power density of 

approximately 10mW/mm2, and a power density of 1.76 mW/mm2 corresponding to 

100mA drive current. LED intensity was controlled by adjusting the drive current (1mA-

1A). For the quantal content analysis, 50-100 consecutive traces of oIPSCs were 

recorded, and minimal light stimulation was used to ensure a sufficient number of 

failures. Using the method of failures (m = ln(N/N0)) in the Poisson model, quantal 

content (m) was calculated where, N is the total number of stimuli, and N0 is the number 

of failures where stimulation did not evoke a synaptic response (Bang et al., 2021).    

3.6.7 Barnes Maze 

Cognitive function was assessed using the Barnes Maze (BM) spatial learning 

task (Barnes, 1979; Bizon et al., 2012; Pitts et al., 2018). The apparatus is a circular 

platform (92 cm in diameter) with 20 circular holes (5.1 cm in diameter) evenly spaced 
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around the periphery and an escape box is placed under one of the holes. The platform is 

located 92 cm above the floor to discourage mice from jumping down. Four bright 

floodlights were affixed above the maze as a negative reinforcement to motivate the 

mice to search for the escape chamber using spatial cues which surround the Barnes 

table. Video was acquired using an EQ610 Polestar II Everfocus camera and data were 

quantified using Ethovision XT version 15 video tracking software (Noldus). Mice were 

habituated by allowing each mouse to freely explore the maze without an escape box 

under modest light for 5 minutes to become accustomed to the room, table, and extra- 

and intra-maze layout. On the pre-training day which is 48 hrs after habituation, mice 

learned the presence of the escape hole by exploring the maze under bright light for 3 

minutes and then being guided gently toward the escape hole positioned randomly on the 

maze and allowing the mouse to enter the hole and remain inside for 1 minute. 

Acquisition training began 24 hrs after the conclusion of pre-training and started with 

mice in a 2 L transparent glass beaker in the center of the table. A trial started when the 

beaker was lifted, and mice were allowed 3 minutes to locate and enter the escape box. 

The trial session ended when the mouse entered the escape hole or after 3 minutes had 

elapsed. If the mouse was unable to find the escape box, it was gently guided and 

allowed to remain there for one minute. All mice received 4 trials per day for 4 days. 72 

hrs after the last acquisition training, reversal learning trials were performed in which the 

escape chamber position was changed 180˚ from its previous location in the acquisition 

training. Similar to the acquisition training, all mice were given 4 trials per day for 4 

days. The platform and escape box were cleaned with 70% ethanol and water to prevent 
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odor cues between subsequent trials. Distance travelled to the escape hole and search 

strategies used per trial during acquisition and reversal training were measured from the 

recorded video. Search strategies were determined by examining each mouse’s daily 

session and separating them into six main categories (Illouz et al.,): (1) Direct (spatial), 

navigating directly to target hole, (2) corrected (spatial), making a minor correction (± 1 

hole away from the target hole), (3) long-correction (spatial), re-angulating from a distal 

region of environment and making a direct movement toward the target, (4) focused 

search (spatial), searching the region surrounding the target (± 3 holes away from the 

target hole) (5) serial search (non-spatial), systematic sequential hole searches; and (6) 

random search (non-spatial), localized searches of holes separated by paths crossing the 

maze center. Strategies during each trial session were scored with a numerical value to 

quantify a cognitive score for each animal: direct = 1, corrected = 0.75, focused search = 

0.5, long-correction = 0.5, serial = 0.25, random = 0. Failure of a mouse to find the target 

hole was also assigned a score of “0” (Figure 3.7). 

3.6.8 Statistical analysis 

Aa Comparisons were performed using a two-way or repeated measures three-way 

ANOVA with Fisher’s least significant difference (LSD) post hoc test using GraphPad 

Prism 9 (GraphPad software, San Diego, CA). Values are expressed as means ± S.E.M. 

Differences were considered significant at p < 0.05. 
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3.8 Supplementary information 

3.8.1 Supplementary Materials and Methods 

3.8.1.1 Animals and treatments  

We acquired male wildtype (WT) C57 Bl/6 mice of aged lifelong CR (aged CR, 

21 months, N = 6), aged AL (aged control, 21 months, N = 6) and young AL (young 

control, 3 months, N = 6) from the National Institute of Aging (NIA) colony. Upon 

arrival at Texas A&M, we continued the same dietary regimen until mice were sacrificed 

for experiments, including at least 3 weeks of habituation. According to NIA protocol, 

both CR and control mice were individually housed. CR was initiated at 14 weeks of age 

at 10% restriction, increased to 25% restriction at 15 weeks, and to 40% restriction at 16 

weeks where it was maintained throughout the life of the animal. Control animals were 

given NIH-31, the autoclavable form of a commonly used open formula feed, or NIH-31 

fortified with extra vitamin supplementation (1.67 times standard) for CR animals. 

Water was available ad libitum in individual water bottles in each cage. All mice were 

maintained in the AAALAC-accredited vivarium at the Texas A&M University Health 

Science Center under controlled conditions (22 – 25℃; lights 0700-1900 h) in 

accordance with policies of the Texas A&M University Laboratory Animal Care 

Committee and NIH guidelines. 

3.8.1.2 Enzyme-treated, acutely dissociated neurons and calcium imaging  

Mice were euthanized after isoflurane anesthetization and the brain quickly 

removed and sectioned at 320-μm thickness in a coronal plane. Slices were cut using a 

carbogen-equilibrated ice-cold cutting solution containing (in mM): 120 NaCl, 2.7 KCl, 
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0.5 CaCl2, 6 MgCl2, 5 HEPES, 26 NaHCO3, 11 D-glucose, and 0.3 kynurenic acid (pH 

7.4 with NaOH, 310-330 mOsm). BF slices were then micro-dissected to isolate the 

medial septum and nucleus of the diagonal band (MS/nDB) and enzymatically treated 

(trypsin, Sigma, type XI or type I, St. Louis, MO), as described previously (Murchison 

and Griffith, 1996, 1998; Murchison et al., 2009). Enzyme-treated tissues were 

continuously suspended in a holding solution (in mM): 140 NaCl, 2.7 KCl, 0.5 CaCl2, 

1.2 MgCl2, 10 HEPES, and 33 D-glucose (pH 7.4 with NaOH, 310-330 mOsm) by 

agitation of a small magnetic stir bar and were kept oxygenated with 100% O2. Sections 

were then gently triturated using a series of fire-polished glass Pasteur pipettes of 

successively smaller tip diameters. The dissociated cells were plated on the glass floor of 

a recording chamber containing bath solution (in mM): 140 NaCl, 2.7 KCl, 2 CaCl2, 1.2 

MgCl2, 10 HEPES, and 33 D-glucose, then perfused at a rate of about 2 ml/min. 

Experiments were performed at room temperature within 5 h of dispersal.  

In order to measure intracellular calcium buffering in mouse BF neurons, we utilized a 

dual wavelength ratiometric fura-2 microfluorimetry system (Murchison and Griffith, 

1998, 2007; Murchison et al., 2009). Enzyme-treated, acutely dissociated mouse BF 

neurons were loaded with ratiometric fluorescent Ca2+-indicator fura-2AM (1 μM, 

Molecular Probes, Eugene, OR) for 12 min in the presence of 10 μM pluronic acid 

(Invitrogen, Carlsbad CA), after which they were washed for 40-45 min to allow for fura 

de-esterification. The Fura-2 fluorescence was excited using 340 nm and 380 nm 

alternating excitation and the resulting 340/380 ratio was determined.  The intracellular 

calcium concentrations ([Ca2+]i) was calculated using in vitro calibration as described 
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previously (Murchison and Griffith, 1998). The Ca2+-transients (∆[Ca2+]i) were triggered 

by pressure application of elevated [K+] (20 mM) solution (High [K+]), using a focal 

picospritzer (Picospritzer II, General Valve, Fairfield NJ).  Application of different 

stimulus durations (0.2-1.2s) resulted in increasing amplitudes of ∆[Ca2+]i. The 

amplitude of the transients was then plotted against the stimulus intensity (duration X 

10) to calculate a buffering slope, as described in the general methods.  Using this 

minimally invasive technique (compared to patch-clamping), greater buffering slopes are 

indicative of reduced buffering.  Fluorescent signals were recorded using a Sutter 

lambda DG-4 excitation switcher (Sutter Instrument ®, Novato, CA), a Hamamatsu 

ORCA flash2.8 CCD camera (Hamamatsu Photonics, Bridgewater Township, NJ), an 

Olympus IX70 fluorescent scope and Metafluor imaging software (Molecular Devices, 

San Jose, CA). 
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Supplementary figure 3.1. Increased Ca2+ buffering during aging is prevented by 

life-long caloric restriction. Bar graphs and scatter plots show mean (± SEM) buffering 

slopes in young control, aged control and aged CR groups (Young control: 49.49 ± 3.92, 

Aged control 34.43 ± 5.58, Aged CR 78.45 ± 10.42, n = 17-20 per group, *p < 0.05, 

unpaired t-test). 

 



 

177 

 

CHAPTER IV  

AGING ALTERS SYNAPTIC EXCITATION/INHIBITION BALANCE IN THE 

MOUSE BASAL FOREBRAIN  

 

4.1 Abstract 

Imbalance between synaptic excitation and inhibition within neural circuits has 

been implicated in age-related brain dysfunction. Previously, we used a reduced synaptic 

preparation in the mouse basal forebrain (BF), to demonstrate a decreased frequency of 

spontaneous inhibitory postsynaptic currents (sIPSCs) with age (Chapter III). It is 

unknown if excitatory synaptic transmission changes in the BF across aging. Because the 

frequency of spontaneous excitatory postsynaptic currents (sEPSCs) is low in the BF 

reduced synaptic preparation, we recorded from neurons in brain slices where neuronal 

circuits are more intact and the frequencies of sEPSCs are much higher. Using whole-

cell patch clamp recordings, the frequency and amplitude of sEPSCs and sIPSCs were 

measured in neurons from both young (2-3 months) and aged (19-23 months) C57/Bl6 

mice. We observed no change in mean sEPSC frequency or amplitude with age and 

confirmed the reduced frequency of sIPSCs in aged brain slices. Moreover, there was no 

correlation between action potential firing frequencies and sEPSC frequencies in slices. 

All of these data suggest that there is no change in spontaneous excitatory synaptic 

transmission across aging in the BF, although decreased inhibition results in the overall 

excitatory/inhibitory (E/I) balance increasing with age. A disinhibition of cholinergic 
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neurons could serve as a compensatory mechanism for the diminished cholinergic 

signaling during aging.              

4.2 Introduction 

The balance of excitatory and inhibitory synaptic inputs (E/I balance) to neurons 

and circuits are fundamental for neuroplasticity and normal brain function. However, 

significant disruption in E/I balance has been described during aging with this imbalance 

variable across different brain regions. In the dentate gyrus, an increased 

excitation/inhibition ratio results in reduced cognitive performance in aged rats (Tran et 

al., 2019). While in the hippocampus, there was a selective upregulation of tonic 

inhibition in CA1 pyramidal cells only in aged-unimpaired rats, with neither the 

mEPSCs nor mIPSCs changing with age (Tran et al., 2018). These data suggest that 

maintaining adequate levels of inhibition could be a requirement for unimpaired 

cognitive performance during aging. In the hippocampus, the frequency but not the 

amplitude of spontaneous and miniature GABA IPSCs was reduced in aged rats, 

suggesting a presynaptic alteration (Potier et al., 2006). Furthermore, upregulation of 

excitatory synapses at depolarizing potentials is suggestive of an upregulation of 

hippocampal synaptic NMDA receptors once rats reach advanced age (Sametsky et al., 

2010). In addition to these studies showing increased excitation with age, others have 

described increased inhibition. In the prefrontal cortex of rats and monkeys, synaptic 

inhibition was increased while synaptic excitation was decreased with age (Bañuelos et 

al., 2014; Luebke et al., 2004). Carpenter et al. (2016) have suggested that the age-

related increase in cortical tonic inhibition may contribute to impaired executive function 
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during aging. These examples indicate that there is no single pathway to explain E/I 

imbalance in aging brain. 

The BF is a critical modulator of hippocampal and cortical areas of the brain that 

are important for cognitive function. Reduced BF volume (Grothe et al., 2012) and 

degeneration of BF cholinergic neurons (Davies and Maloney, 1976; Bartus et al., 1982; 

Whitehouse et al., 1982; Mufson et al., 2008; Schliebs et al., 2011) are well-established 

characteristics of normal aging and Alzheimer’s disease (AD). Accordingly, altered 

synaptic inputs in the BF during aging may exacerbate the diminished BF cholinergic 

signaling in the brain. Degeneration and dysfunction of BF cholinergic neurons are one 

of the most studied aspects of brain aging, and a theory has been proposed that 

GABAergic dysfunction and subsequent E/I imbalance drives the pathogenesis of AD 

(Bi et al., 2020).  Previously, we have reported that GABAergic IPSCs in rat cholinergic 

BF neurons are decreased with age and associated with cognitive impairment (Griffith et 

al., 2014), and we show here (Chapter III) as well, that in mouse BF, synaptic inhibition 

is decreased. It is unknown whether the excitatory glutamatergic synaptic transmission 

in the BF is altered during aging. To address this, the present study was designed to 

determine whether the excitatory glutamatergic synaptic signaling in the BF is altered 

with age and to examine the E/I synaptic balance during aging, using the ex vivo mouse 

brain slice preparation. 

4.3 Results 

The aim of the study is to assess excitatory glutamatergic synaptic transmission 

in young and aged mouse BF neurons and to determine how excitation contributes to the 
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E/I balance during aging. Previously, we have utilized the reduced synaptic preparation 

which consists of enzyme-free, acutely dissociated neurons, in order to investigate 

inhibitory synaptic physiology more efficiently from aged subjects. However, in the 

reduced synaptic preparation, sEPSCs are rarely observed. In bicuculline, the mean 

frequency of sEPSCs from the reduced synaptic preparation was 0.016 ± 0.011 Hz 

(Griffith et al., 2014). Therefore, in this present study, experiments were performed in 

BF brain slices prepared from young and aged mice using whole-cell patch clamp 

recordings. We recorded sIPSCs in the presence of the NMDA receptor antagonist, APV 

(40 μM) and in AMPA/kainate receptor antagonist, DNQX (10 μM). We recorded 

sEPSCs in the presence of GABAA receptor antagonist, bicuculline (30 μM). Figure 4.1 

shows representative examples of sIPSCs and sEPSCs obtained from BF slices both 

before (control) and after the application of antagonists, either APV/DNQX, bicuculline 

or both. In APV/DNQX, sEPSCs were blocked as shown in the bottom of Figure 4.1A. 

Bicuculline blocked sIPSCs (Figure 4.1B). Bath application of both bicuculline and 

APV/DNQX completely blocked both sIPSCs and sEPSCs in BF neurons of brain slices 

(Figure 4.1C, bottom), suggesting that these concentrations of antagonists are sufficient 

to enable us to selectively record either sIPSCs or sEPSCs in the BF slices. 

4.3.1 Age-related decrease in sIPSC frequency in the BF neurons 

To confirm our findings from the reduced synaptic preparation (Chapter III) that 

sIPSC frequency was reduced in aged BF neurons, sIPSCs were measured in 

APV/DNQX in BF neurons from young and aged mouse brain slices. As seen in voltage-

clamp (Vh = -60 mV) recordings in Figure 4.2A, the frequency of sIPSCs in aged BF  
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Figure 4.1. Antagonist sensitivity of spontaneous inhibitory postsynaptic currents 

(sIPSCs) and spontaneous excitatory postsynaptic currents (sEPSCs) from BF 

neurons in mouse brain slices. Examples from three different cells are shown. (A) 

Whole-cell voltage-clamp recordings (Vh = -60mV) of mixed spontaneous PSCs (top, 

control) and of sIPSCs in the presence of APV (40 μM)/DNQX (10 μM, bottom) are 

shown. (B) Control recordings (Vh = -75mV) of sPSCs are shown in another BF neuron 

(top) and below, recordings in bicuculline (30 μM). (C) Trace shows sEPSCs recorded 

(Vh = -75mV) in bicuculline (30 μM, top). Following the addition of APV/DNQX 

(bottom) all sPSCs were blocked. 
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Figure 4.2. Changes in sIPSC amplitude and frequency in BF neurons from mouse 

brain slice during aging. (A) Representative whole-cell voltage-clamp recordings (Vh = 

-60mV) of sIPSCs in the presence of APV (40 μM)/DNQX (10 μM) are shown from 

both young (left) and aged (right) BF neurons. (B) Bar graphs and scatter plots show 

mean ± SEM of sIPSC amplitude (left, young: 33.88 ± 4.34 pA, aged: 33.66 ± 3.67 pA, 

unpaired t-test, p = 0.97) and frequency (right, young: 27.27 ± 5.27 Hz, aged: 10.14 ± 

2.39 Hz, unpaired t-test, *p<0.01) for young and aged BF neurons. (C) Plots show 

cumulative probability distribution of sIPSC amplitude (left) and inter-event-intervals 

(right) for young and aged BF neurons. The data in panel C were analyzed by a 

Kolmogorov-Smirnov test (*p<0.05). n = number of neurons. 
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neurons were significantly decreased (right in Figure 4.2B, young: 27.27 ± 5.27 Hz, 

aged: 10.14 ± 2.39 Hz, unpaired t-test, *p<0.01). In contrast, the sIPSC amplitude was 

not significantly different between young and aged BF neurons (Figure 4.2B left, young: 

33.88 ± 4.34 pA, aged: 33.66 ± 3.67 pA, unpaired t-test, p = 0.97)). Figure 4.2C show 

the cumulative probability plots of sIPSC amplitude (left) and inter-event interval (right) 

in young and aged BF neurons. These plots showed a significant age-related reduction in 

sIPSC frequency and a subtle difference in sIPSC amplitude (Kolmogorov-Smirnov test, 

*p<0.0001). 

4.3.2 No age-related changes in the amplitude and frequency of sEPSCs in the BF 

neurons  

To assess the effect of aging on excitatory synaptic activity, we performed 

whole-cell voltage-clamp recordings on BF neuron from young and aged mouse brain 

slices. Recordings were performed in the presence of bicuculline to isolate sEPSCs from 

a holding potential of -75 mV. Figure 4.3A shows recordings of sEPSCs from both 

young and aged BF neurons. Aged mice showed no change from young mice in the 

mean amplitude or frequency of sEPSCs. The mean sEPSC amplitudes were 13.23 ± 

3.25 pA for young and 13.65 ± 0.66 pA for aged (left in Figure 4.3B, unpaired t-test, p = 

0.65). For sEPSC frequency, the means were 5.09 ± 0.57 Hz in young and 5.04 ± 0.57 

Hz in aged (right in Figure 4.3B, unpaired t-test, p = 0.95). Cumulative probability plots 

of sEPSC amplitudes and inter-event intervals comparing between young and aged are 

shown in the left and right panels of Figure 4.3C, respectively (amplitude: *p<0.0001,  
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Figure 4.3. Amplitude and frequency of sEPSCs in BF neurons of mouse brain slice 

are unchanged during aging. (A) Representative whole-cell voltage-clamp recordings 

(Vh = -75mV) of sEPSCs in the presence of bicuculline (30 μM) from young (left) and 

aged (right) mice are shown in BF neurons. (B) Bar graphs and scatter plots show the 

mean (± SEM) amplitude (left, young: 13.23 ± 3.25 pA, aged: 13.65 ± 0.66 pA, unpaired 

t-test, p = 0.65) and frequency (right, young: 5.09 ± 0.57 Hz, aged: 5.04 ± 0.57 Hz, 

unpaired t-test, p = 0.95) of sEPSCs from young and aged mice. Number of cells are 

shown (n). (C) Cumulative probability distribution of sEPSC amplitude (left) and inter-

event interval (right). The data in panel C were analyzed by a Kolmogorov-Smirnov test 

(*p<0.05). 
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frequency: p=0.2739, Kolmogorov-Smirnov test). Despite the significance of the 

amplitude cumulative probability, there is essentially no age-related difference in sEPSC 

amplitude. 

4.3.3 The frequencies of sEPSCs are similar in different BF neuronal cell types  

Our results thus far demonstrated no age-related change in sEPSCs frequency in 

the BF neurons, however, it is unclear whether age-related changes in sEPSCs frequency 

may be specific to different neuronal cell types in the mouse BF. Although we did not 

use molecular techniques to identify neuronal cell types in these experiments, different 

BF cell types are characterized by different action potential firing patterns (Griffith, 

1988; Garrido-Sanabria et al., 2007; Murchison et al., 2009; Komendantov et al., 2019). 

Therefore, we measured action potential (AP) firing frequency for every neuron using 

whole-cell current-clamp recordings in order to differentiate neuron types. In current 

clamp, BF neurons in both young and aged mice demonstrated stereotypical firing 

patterns from slow- to fast-firing, consistent with cholinergic and GABAergic neurons 

respectively. Figure 4.4A shows examples of the range of firing frequencies and there 

was no significant difference in AP firing rate between young and aged BF neurons 

sampled (Figure 4.4B). We examined also, the relationship between sEPSCs and AP 

firing rate in each cell. There was no correlation between sEPSC frequency and AP 

firing rate in either young or aged neurons, suggesting that the frequency of sEPSCs 

during aging are not dependent on the neuronal cell types (Figure 4.4C).      
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Figure 4.4. No significant correlation between action potential (AP) firing 

frequency and sEPSC frequency from BF neurons in mouse brain slices. (A) 

Typical examples of evoked action potentials (APs) from a slow-firing neuron (left) and 

a fast-firing neuron (right). Both examples are from aged mice and show current-clamp 

data of membrane voltage records during a series of current steps with resting membrane 

potential about -60 mV. The slow-firing neurons (<20 Hz) showed membrane properties 

consistent with BF cholinergic neurons, while the fast-firing neurons showed properties 

consistent with GABAergic BF neurons. (B) Bar graphs and scatter plots show mean (± 

SEM) AP firing rate at 60 pA current injection (young: 24.53 ± 4.73 Hz, aged: 25 ± 4.97 

Hz, unpaired t-test, p = 0.95). Note that the distribution between young and aged was 

very similar. (C) Plot shows the correlation between sEPSC frequency and the AP firing 

rate in both young (black circle) and aged (red circle) BF neurons. The data in panel C 

was analyzed by Pearson’s correlation (r = -0.22, p = 0.13).    
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4.4 Discussion 

Understanding alterations in BF neuronal circuitry and E/I balance during aging 

is an important determinant as to how the BF modulates hippocampal and cortical 

activity and eventually influences cognitive function during aging. Age-related 

alterations in the intrinsic neuronal excitability and E/I balance have been implicated in 

cognitive impairment occurring during brain aging but has been studied primarily in 

hippocampus and cortex (Chang et al., 2005; Disterhoft and Oh, 2007; Matthews et al., 

2009; Oh et al, 2010; Wang et al., 2011; Tran et al., 2018, 2019). In the present study, 

we aimed to explore changes in E/I balance in the BF during aging. Although the 

previous studies (Chapter III) demonstrated reduced sIPSC frequency in the BF during 

aging, it was shown in enzyme-free, acutely dissociated neurons with intact synaptic 

boutons, called the “reduced synaptic preparation”. This preparation has many 

advantages but does not preserve cellular architecture and circuitry compared to brain 

slices. In addition, sEPSCs are infrequent in the BF reduced synaptic preparation. 

Therefore, we measured sEPSCs and sIPSCs in BF brain slices and found no change in 

the amplitude or frequencies of sEPSCs and we were able to confirm our previous 

results of an age-related reduction in sIPSC frequency in aged BF brain slices.  

Basal forebrain cholinergic and GABAergic neurons receive synaptic input from 

both intrinsic and extrinsic GABAergic terminals and display spontaneous IPSCs 

(Leranth and Frotscher, 1989; Gaykema et al., 1991; Tóth et al., 1993; Gao et al, 1995; 

Griffith et al., 2014). Previous pharmacological studies which cannot distinguish 

between intrinsic and extrinsic GABA inputs on the BF, shows either facilitation or 



 

188 

 

impairment of learning and memory by intraseptal GABAergic antagonists or 

GABAergic agonists, respectively (Lamour et al., 1984; Henderson and Jones, 2005; 

Manseau et al., 2005), whereas studies with selective activation or lesion of intrinsic BF 

GABAergic neurons demonstrated that the intrinsic BF GABAergic neurons play an 

important role in learning and memory. More specifically, rats with damage to 

GABAergic neurons in the BF were slower to update changes to previous contingencies, 

indicating GABAergic neurons in the BF are critical for controlling proactive 

interference (Pang et al., 2011). In addition, the rats given GABAergic lesions of the BF 

showed reduced evoked hippocampal acetylcholine (ACh) efflux and impaired 

performance under the conditions of high cognitive load even though destruction of 

GABAergic MSDB neurons did not alter baseline hippocampal ACh efflux or ACh 

efflux by baseline behavior such as exploration (Roland et al., 2014). On the other hand, 

optogenetic activation of parvalbumin-positive GABAergic neurons in the BF can 

recruit hippocampal rhythmicity with high temporal precision, which is required for 

hippocampal theta synchronization (Dannenberg et al., 2015). Hippocampal theta 

rhythm is associated with integrative processes required for higher cognitive functions 

(Weiss et al., 2000; Bischof and Boulanger, 2003; Choi et al., 2010; Nuñez A and Buño, 

2021). The underlying circuit mechanisms explaining the role of BF GABAergic 

neurons has been demonstrated also. According to Dannenberg et al. (2015), BF 

cholinergic neurons recruit GABAergic BF neurons which inhibit hippocampal 

inhibitory interneurons, resulting in disinhibition of hippocampal principal cells and 

increase of theta rhythms in the hippocampus. Indeed, disinhibition of hippocampal 
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principal cells by GABAergic BF neurons have long been suggested to be important for 

the generation of hippocampal theta rhythm (Freund and Antal, 1988; Freund, 1989; 

Serafin et al., 1996; Tóth et al., 1997; Hangya et al., 2009). Additionally, projection BF 

cholinergic neurons possess local axon collaterals (Zarborszky and Duque, 2000; Duque 

et al., 2007) and several other studies also demonstrated that BF cholinergic neurons 

excite BF GABAergic neurons (Yang et al., 2014; Damborsky et al., 2017). During 

aging, BF cholinergic neuron loss and dysfunction is well documented (Mufson et al., 

2008; Schliebs and Arendt, 2011; Schmitz et al., 2016; Balu, 2017), which could be one 

plausible cause reducing GABAergic inhibitory tone in the BF via loss of cholinergic 

excitatory inputs on BF GABAergic neurons. Moreover, Damborsky and colleagues 

(2017) suggested that galanin decreases inhibitory synaptic transmission, as well as 

disrupts the ability of endogenous cholinergic activation to increase GABA release onto 

cholinergic neurons. During AD, there is hyperinnervation of BF by galanin-containing 

fibers (Mufson et al., 1993; Bowser et al., 1997), concurrent with an increase of galanin 

receptor expression (Mufson et al., 2000). Taken together, it is plausible that reduced 

inhibitory synaptic transmission during aging may serve as a compensatory mechanism 

via disinhibition of cholinergic neurons to mitigate the age-related dysfunction of BF 

cholinergic circuitry.      

Excitatory synaptic inputs to the BF are also a heterogenous group from intrinsic 

BF glutamatergic neurons to extrinsic glutamatergic sources including the lateral 

hypothalamus, the amygdala, the intralaminar and midline nuclei of the thalamus, and 

the brain stem whereas BF glutamatergic neurons project to local cholinergic and 
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GABAergic neurons in the BF as well as to other brain areas. (Záborszky et al., 1984, 

1991; Wu et al., 2004; Gielow and Zaborszky, 2017).  BF glutamatergic neurons 

participate in the intra-septal mechanism which is responsible for hippocampal theta 

generation by connecting to GABAergic and cholinergic neurons within the BF 

(Robinson et al., 2016). Moreover, optogenetic investigation demonstrated that 

activation of BF VGluT2 neurons promote arousal, conceivably via both the intra-BF 

connections as well as the extra-BF projections to other arousal-promoting regions such 

as cortex, hypothalamus, and thalamic regions (thalamo-cortical nuclei) (Agostinelli et 

al., 2017; Steriade et al., 1993; Van der Werf et al., 2002; Gent et al., 2018; Dolleman-

van der Weel et al., 2019). Both in vivo and in vitro applications of glutamate or 

glutamate agonists increases extracellular adenosine levels in the BF (Wigren et al., 

2007; Sims et al., 2013). However, the elevated adenosine in the BF inhibits local 

glutamate release on local cholinergic and GABAergic neurons by activating A1 

receptor, thus promoting sleep (Hawryluk et al., 2012; Yang et al., 2013). BF 

glutamatergic neurons are also projecting to VTA and lateral habenula which are part of 

the reward system in the brain, promoting avoidance behavior (Geisler et al., 2007; Tian 

and Uchida, 2015; Baker et al., 2016; Tooley et al., 2018; Wulff et al., 2019; McKenna 

et al., 2021) Although there are many studies that investigated the role of BF 

glutamatergic neurons, no research has been conducted to study age-related changes in 

excitatory synaptic transmission. In young mice, the study conducted by Damborsky et 

al. (2017) demonstrated the effect of galanin or β-amyloid peptide on glutamatergic 

excitatory synaptic transmission in the BF. In this study, galanin had no effect on sEPSC 
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frequency or amplitude but there was a significant decrease in mEPSC frequency, but 

not amplitude, suggesting that galanin may inhibit glutamatergic transmission 

presynaptically by a mechanism that acts on action potential-independent glutamate 

release without altering action potential-dependent glutamate release. Amyloid beta (Aβ) 

significantly decreased sEPSC frequency, with no change in amplitude. Additionally, it 

has been reported that BF cholinergic neurons inhibit BF glutamatergic neurons, 

possibly projection neurons (Xu et al., 2015; Yang et al., 2017). Because cholinergic 

neurons in the BF become dysfunctional during aging, it is plausible that the loss of 

cholinergic signaling within the BF may disinhibit BF glutamatergic neurons and 

enhance glutamatergic excitatory signaling in the BF. In the present study, we showed 

that BF sEPSCs amplitude and frequency are not altered during aging, which is 

consistent with the effect of galanin but not Aβ. However, we only showed changes in 

spontaneous (action potential-dependent plus action potential-independent) EPSCs, but 

not in miniature (action potential-independent) EPSCs. Thus, further studies are required 

to distinguish the aging effect on different underlying mechanisms of excitatory synaptic 

transmission and its relationship with behavior. 

In summary, much is known about the circuitry and functions of the rodent BF, 

but much less is known about changes in the E/I balance in response to age, disease or 

drug treatment. As a start, we determined changes in the E/I balance across aging that 

resulted in an overall increase in excitation, due to the reduced sIPSC frequency. Future 

investigations of synaptic mechanisms will be necessary to understand the consequences 

of E/I imbalance on BF circuitry and function during aging. 
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4.5 Materials and Methods 

4.5.1 Mice and Brain slice preparation 

WT C57/BL6 mice of two ages were used, young (2-3 months) and aged (19-23). 

Mice were euthanized after isoflurane anesthetization and decapitated. The brain was 

quickly removed and placed in a chilled cutting solution containing (in mM): NaCl, 40; 

sucrose, 148.5; KCl, 2; NaH2PO4, 1.25; NaHCO3, 26; CaCl2, 0.5; MgSO4, 7; D-glucose, 

10; Ascorbate, 1; sodium pyruvate, 3; myo-inositol, 3; kynurenic acid, 0.8 and saturated 

with 95% O2 and 5% CO2 (pH 7.4 with NaOH, 310-330 mOsm). After blocking of the 

brain by trimming the cerebellum and olfactory bulb with a razor blade, the brain is 

immediately glued on a cutting stage of a tissue slicer and immersed in carbogen-

equilibrated (95% O2/5%CO2) cutting solution at < 4℃. From rostral to caudal, 250-μm-

thick brain slices containing the medial septum and nucleus of the diagonal band 

(MS/nDB) region are cut using a vibrating tissue slicer. Slices are then incubated in a 1:1 

mixture of cutting solution and external bath solution at 35℃ for 45 min and are allowed 

to return to 25℃. The external bath solution contained the following (in mM): NaCl, 

124; KCl, 3; CaCl2, 2.4; MgSO4, 1.5; NaH2PO4, 1.25; NaHCO3, 26; sucrose, 15; D-

glucose, 15 and saturated with 95% O2 and 5% CO2 (pH 7.4 with NaOH, 310-330 

mOsm). 

4.5.2 Electrophysiology 

Standard whole-cell patch voltage-clamp recording was used for measuring 

spontaneous inhibitory postsynaptic currents (sIPSCs) and spontaneous excitatory 

postsynaptic currents (sEPSCs). The basic action potential firing patterns were assessed 
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by whole-cell current-clamp recordings. Slices were placed in a recording chamber and 

then perfused with the external bath solution at a rate of about 2 ml/min. Recordings for 

sIPSCs and sEPSCs were made from a holding potential of -60 and -75mV, respectively. 

For sIPSC recordings, 2-amino-5-phosphonopentanoic acid (APV, 40 μM) and 6,7-

dinitroquinoxaline-2,3-dione (DNQX, 10 μM) were applied to the external bath solution 

to block excitatory amino acid receptors N-methyl-D-aspartate (NMDA), α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate. The GABAA 

receptor antagonist, bicuculline (30 μM) was present in the external bath solution 

throughout the measurements of sEPSCs. All recordings were conducted at 32°C, low-

pass filtered at 2 kHz and digitized at 10 kHz with Digidata 1440A interface, Multiclamp 

700B amplifier (Molecular Devices, San Jose, CA), and pClamp 10 software (Molecular 

Devices, San Jose, CA). Membrane capacitance (pF) was obtained by digital 

cancellation of whole-cell capacitance transients. Recording electrodes were pulled from 

glass capillary tubing (KG-33, 1.5mm OD, King Precision Glass, Claremont, CA) on a 

Flaming/Brown P-87 pipette puller (Sutter Instrument ®, Novato, CA) with final 

electrode resistance 4-8 MΩ when filled with a pipette solution. The internal pipette 

solution for sIPSC recordings contained (in mM): CsCl, 130; ethylene glycol-bis (β-

aminoethyl ether) N,N,N',N'-tetraacetic acid (EGTA), 10; MgCl2, 2; HEPES, 10; Mg-

ATP, 4; GTP, 0.1; pH 7.2 with CsOH; 295-300 mOsm. For sEPSC and current-clamp 

experiments, the internal pipette solution contained (in mM): K-gluconate, 136; NaCl, 

25; HEPES, 10; MgCl2, 2; ATP, 4 and EGTA, 0.05, pH 7.2, 290 mOsm.  
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4.5.3 Electrophysiological analysis 

Mini Analysis (6.0.7; Synaptosoft, Decatur, GA) and Clampfit 10 (Molecular 

Devices, San Jose, CA) software were employed for the analysis. Mean data were 

compared using a paired t-test, Kolmogorov-Smirnov test or Pearson’s correlation test 

with significance determined by p< 0.05 (GraphPad, San Diego, CA). Values were 

expressed as mean ± S.E.M. 
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CHAPTER V  

CONCLUSIONS 

This research dissertation was designed to utilize our optogenetic BF aging 

model to test the efficacy of a pharmacological treatment across aging and to test the 

effects of late-onset, short-term intermittent fasting (IF) on well-characterized age-

related changes in synaptic and Ca2+ signaling. IF was tested as a possible new 

therapeutic alternative to help offset some the detrimental effects of aging. We focused 

on Ca2+ and synaptic modulation because these parameters are associate with cognitive 

changes during aging. In order to study presynaptic mechanisms in more detail, we also 

developed an optogenetic reduced synaptic preparation that allows measurements of 

quantal content (m) by specific stimulation of GABAergic presynaptic terminals. 

Finally, we explored whether age-related alterations in synaptic excitation and inhibition 

occur in the BF. Results from all of these studies will help advance our knowledge of the 

neurobiology of the aging brain and suggest possible new therapeutic avenues for drug 

research and/or lifestyle changes. Figure 5.1 summarizes the overall results of the 

project. 

In Chapter II, we tested the effects of acute application of AMI on synaptic 

transmission using therapeutic concentrations that are well below those that block 

voltage-gated Ca2+ channels. The major finding is that AMI acts presynaptically to 

reduce neurotransmitter release and that this action is maintained during aging. We used 

a concentration of 3 μM which is within the therapeutic range (3-6 μM) for depression 

treatment (Glotzbach and Preskorn, 1982; Lavoie et al., 1990). In our reduced synaptic  
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Figure 5.1. Overview of Ca2+ and synaptic parameters influenced by late-onset 

short-term intermittent fasting. Summary of our results in the context of the ‘Ca2+ 

hypothesis of aging’, as described in the text. Diagram on the left illustrates that healthy 

aging occurs when intracellular Ca2+ regulation is normal and synaptic mechanisms 

continue to function optimally, as in young subjects. Unhealthy aging is shown to the 

right and results in general Ca2+ dysregulation, which in turn decreases quantal content, 

increases intracellular Ca2+ buffering and decreases inhibitory synaptic transmission. 

Late-onset short-term intermittent fasting reversed or prevented these age-related 

changes.   
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preparation, 3 μM AMI reduced sIPSC frequency in both young and aged mice. The 

amplitude of sIPSCs was reduced also in young mice, and the amplitude of light-evoked 

oIPSCs was reduced in both young and aged. In contrast, the same concentration of AMI 

did not block HVA Ca2+ currents and high K+ induced intracellular Ca2+ transients. 

Considering the clinical effects of AMI are maintained in the elderly (Barber and 

Gibson, 2009), inhibition of GABAergic synaptic transmission is one plausible 

mechanism of action for AMI across aging. These results could have clinical 

implications suggesting that other drugs targeting GABA release presynaptically could 

be useful in treatment of depression in the elderly.  Because AMI decreased sIPSC 

frequency, which represents a presynaptic change, we examined additional presynaptic 

mechanisms of AMI by utilizing quantal analysis. AMI decreased quantal content at 

GABAergic synaptic terminals which is another mechanism by which AMI modulates 

inhibitory transmission. AMI regulation of synaptic transmission has been shown also in 

another study using mechanically isolated medullary dorsal horn neurons (Cho et al., 

2012). In that study, 30 μM AMI increased glycinergic neurotransmission 

presynaptically by increasing the intraterminal Ca2+ concentration, which they suggested 

was mediated by Ca2+ release from the intracellular Ca2+ stores rather than by 

extracellular Ca2+ influx. Although AMI concentrations used by Cho et al., 2012 are 

much higher than the therapeutic concentration that we used in Chapter II, it is 

interesting to speculate that, AMI might reduce the sIPSC frequency by regulating 

intraterminal Ca2+ stores. Although we did not measure intraterminal Ca2+ in this study, 
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we did not observe changes in somatic baseline [Ca2+]i after 3 or 30 μM AMI. Further 

investigation will be required to determine actions of AMI on calcium signaling.  

Another possible mechanism for presynaptic modulation of neurotransmitter 

release by AMI is through BDNF/TrkB signaling as AMI acts as a TrkA and TrkB 

receptor agonist and possesses marked neurotrophic activity (Jang et al., 2009). In the 

hippocampus, BDNF decreases inhibitory GABAergic transmission (Tanaka et al., 1997; 

Frerking et al., 1998) but increases excitatory transmission (Tyler et al., 2006), 

indicating a bidirectional control of synaptic transmission by BDNF. Thus, it is possible 

that AMI either acts directly or indirectly through BDNF/TrkB signaling to modulate 

synaptic transmission depending on the specific synapses and releasable pools of 

neurotransmitter. Future study is required to examine whether AMI modulates 

GABAergic synaptic transmission in the BF via BDNF/TrkB signaling. 

Another interesting aspect of AMI is its influence on cognitive function. Many 

studies have reported the effects of AMI on memory and cognition in both humans and 

rodents, although the conclusions are different depending on the experimental 

conditions. Most studies following administration a single dose of AMI reported 

cognitive impairment (Branconnier et al., 1982; Curran et al., 1988; Parra et al., 2002), 

while chronic treatment with AMI demonstrated benefits to cognitive function 

(Sternberg and Jarvik, 1976; Staton et al., 1981; Yau et al., 2002; Chadwick et al., 2011). 

It would be an interesting future study to compare the effect of acute versus chronic 

treatment of AMI on synaptic transmission in the BF and cognitive function. Taken 

together, in Chapter II we demonstrate that clinically relevant concentrations of AMI 
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decreased sIPSC frequency and the quantal content in the mouse BF neurons and that 

these effects were maintained across aging. AMI also significantly decreased sIPSC 

amplitude in young BF neurons, as well as the amplitude of light-induced oIPSCs in 

both young and aged BF neurons without age-related differences. In general, changes in 

the frequency represent changes in probability of neurotransmitter release from 

presynaptic sites whereas changes in the amplitude could reflect changes in postsynaptic 

response and/or reduced quantal content. AMI may work at both pre- and post-synaptic 

sites, probably with a greater impact at presynaptic sites. Future studies will be needed to 

investigate further plausible mechanisms underlying the action of AMI.    

In Chapter III, we investigated the effect of short-term IF initiated later in life on 

age-related alterations in calcium homeostasis and synaptic transmission in the BF and 

on cognitive impairment. Several studies have reported the beneficial effect of short-

term CR as being comparable to life-long CR (Cao et al., 2001; Kaur et al., 2008). We 

observed age-related cognitive decline, as well as increased intracellular Ca2+ buffering, 

decreased sIPSC frequency, and decreased quantal content (m) of GABA release in the 

aged BF neurons. We demonstrated that late-onset short-term IF could reverse age-

related alterations in calcium homeostasis and inhibitory synaptic transmission of BF 

neurons, but cognitive function was not restored.  

Impairments in calcium homeostasis and synaptic function have been implicated 

during aging. In BF neurons, Ca2+ influx was increased through enhanced amplitude of 

LVA currents and reduced inactivation of HVA current (Murchison and Griffith, 1995, 

1996). However, concomitantly Ca2+ buffering was increased during aging and this may 



 

211 

 

provide a possible compensatory mechanism to limit the rise of intracellular Ca2+ 

concentrations as there was no change in basal [Ca2+]i of aged BF neurons (Murchison 

and Griffith, 1998). Although it is unclear whether this compensatory mechanism is 

beneficial (Murchison et al., 2009), late-onset short-term IF could significantly reverse 

the increased Ca2+ buffering during aging which is consistent with other studies 

reporting neuroprotective effects of CR by preventing or reversing age-related 

impairments in calcium signaling (Hemond and Jaffe, 2005; Amigo et al., 2017). We did 

not examine further mechanisms underlying the effect of late-onset short-term IF on 

Ca2+ homeostasis in aged BF neurons. Future studies are required to investigate the 

precise mechanisms by which IF could reverse age-related increases of Ca2+ buffering in 

the BF.  

IF reversed the decreased quantal content of GABAergic synaptic transmission 

with age, and this change in quantal content was considered a presynaptic mechanism. 

Interestingly though, quantal content was not correlated with cognitive performance, 

although both Ca2+ buffering and sIPSC frequency were significantly associated with 

cognitive performance. Therefore, reduced sIPSC frequency is unlikely to be explained 

by a decrease in quantal content alone, but more likely Ca2+ signaling mechanisms to 

control presynaptic release are involved.   

The calcium hypothesis of aging and AD was postulated decades ago (Gibson 

and Peterson, 1987; Khachaturian, 1994) suggesting that dysregulation of Ca2+ 

homeostasis may be a unifying hypothesis for age-related brain dysfunction and 

neurological diseases. A corollary of this hypothesis is that Ca2+ dysregulation results in 
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synaptic dysfunction that may be a critical mechanism directly contributing to age-

related neurological diseases such as AD. Our results in Chapter III consistently 

demonstrate an age-related decrease in synaptic inhibition, with no change in excitation 

shown in Chapter IV. This age-related plasticity of synaptic inhibition was further 

demonstrated by reversal of these age-related changes by short-term intermittent fasting 

(Chapter III). The exact mechanisms responsible for the interactions of Ca2+ signaling 

and disrupted synaptic function is unknown, but a plausible mechanism for age-related 

synaptic dysfunction is disruption of Ca-dependent synaptic vesicle release and/or 

recycling processes.   

Presynaptic boutons are packed with synaptic vesicles with a small fraction of 

vesicles available for immediate release which are called the readily releasable pool 

(RRP). Additional vesicular pools include a recycling pool and a reserved pool with 

additional molecular heterogeneity of vesicular pools based on the segregation of 

vesicular soluble N-Ethylmaleimide sensitive factor (NSF) attachment protein receptor 

(v-SNARE) proteins (reviewed by Crawford and Kavalali, 2015). During exocytosis, 

SNARE protein complexes bind to the plasma membrane when Ca2+ is available, 

resulting in vesicular fusion (Pang and Südhof, 2010). It is believed that presynaptic 

calcium influx controls neurotransmitter release, in part, by regulating the size of the 

RRP (Neher, 2015). It is thought that newly produced synaptic vesicle proteins are 

preferentially used in synaptic transmission (Truckenbrodt et al., 2018) and that synaptic 

strength is determined by the size of the RRP and the probability of release of each 

vesicle (Kaeser and Regehr, 2017).  Overall, the synaptic vesicle cycle (SVC) is a 
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sophisticated and organized process that has many potential avenues for modulation and 

regulation. Modulation of this presynaptic function could be an underlying mechanism 

for age-dependent impairment and synaptic dysregulation.  

In addition to disruption of the RRP and release mechanisms during aging, 

modulation can occur at additional steps in the process. During development and in 

normal synaptic function, amyloid  (A) functions as a positive regulator of 

neurotransmitter release probability (Abramov et al., 2018), however, pathological 

buildup of A, as seen during AD, results in disruption of numerous steps in the SVC 

including, membrane trafficking, docking, and priming of vesicles for fusion and 

transmitter release (review Ovsepian et al., 2018). In addition, impairments in 

cytoskeleton-based protein-transporter systems often underlie cognitive deficits, such as 

those associated with aging and neurodegenerative diseases (Martin-Peña and Ferrus, 

2020).  One goal for future studies will be to measure directly the size of the RRP across 

aging. In this way, direct measurements of vesicular pools can be determined. Many 

methods are available to test this idea but the best methods are those with the fewest 

experimental assumptions, including measuring the capacitance change within the 

presynaptic terminals in response to vesicle docking, or utilizing newer fluorescence 

measurements that detect changes in vesicle fusion. (reviewed by Kaeser and Regehr, 

2017). 

Other mechanisms for regulating synaptic function may be involved also, 

including changes in neurotrophic activity or oxidative stress which are the well-

established mechanisms of aging and CR (Granger et al., 1996; Lee et al., 2002; Merry, 
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2002, 2004; Mattson et al., 2004; Gredilla and Barja, 2005; Hunt et al., 2006; Hyun et 

al., 2006; Rex et al., 2006; Tapia-Arancibia et al., 2008; Kishi et al., 2015). Future 

studies are needed to investigate mechanisms underlying synaptic changes in greater 

detail during aging and with dietary interventions. 

Although our results in Chapter III demonstrated the beneficial effect of short-

term IF on calcium homeostasis and synaptic transmission, even when started later in 

life, this IF regimen could not fully improve age-induced cognitive impairments. We 

believe reversing cognitive dysfunctions during aging is possible with a longer duration 

of IF. In summary, our findings in Chapter III provide evidence that late-onset short-

term IF can reverse age-related changes in calcium homeostasis and inhibitory synaptic 

function in mouse BF neurons, but reversal of age-related impairment in cognition may 

require a longer period of IF.  

In our final study (Chapter IV), we assessed changes in excitatory glutamatergic 

synaptic transmission in young and aged mouse BF neurons to determine how excitation 

contributes to the E/I balance during aging (Figure 5.2). In Chapters II and III, we 

utilized the reduced synaptic preparation with optogenetics for specific stimulation of 

inhibitory presynaptic terminals. Due to the very low frequency of sEPSCs in that 

preparation, we measured sEPSCs using BF brain slices where cellular architecture and 

circuitry are better represented. The major finding in this Chapter is that there is no 

change in the amplitude or frequency of sEPSCs during aging. We also confirmed our 

previous finding of an age-related decrease in sIPSC frequency, suggesting that the 

reduced synaptic preparation mirrors the results from slices. An imbalance toward 
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excitation results because of decreased inhibition with no change in excitation. 

Significant disruption in E/I balance has been implicated during aging, but with variation 

in E/I ratios between brain regions (Luebke et al., 2004; Potier et al., 2006; Sametsky et 

al., 2010; Bañuelos et al., 2014; Carpenter et al., 2016; Tran et al., 2018, 2019). 

Interestingly, cognitively impaired aged subjects showed distinguishable changes in E/I 

balance, not only from young but also from cognitively unimpaired aged subjects (Tran 

et al., 2019). Further studies are required to distinguish the aging effect on different 

underlying mechanisms of excitatory and inhibitory synaptic transmission and its 

consequences on BF circuitry, projection targets and behavior.  

In conclusion, dysregulation of calcium signaling and synaptic transmission has 

been well described during aging, and abnormal calcium dynamics has been suggested 

as a common cause of synaptic dysfunction. Prolonged fasting and caloric restriction are 

known to extend lifespan and are associated with healthy aging in both human and 

animal models. Here, in this dissertation, we provide evidence that late-onset, short-term 

intermittent fasting can help restore the detrimental effects of aging as a possible new 

therapeutic alternative (Figure 5.1). Late-onset short-term IF can reverse age-related 

alterations in calcium homeostasis and synaptic functions although 4-week short-term 

diet restriction is not sufficient to reverse age-related impairment in cognitive function. 

We also determined changes in E/I balance in the BF neurons during aging. We 

demonstrated that the overall E/I balance increases during aging with reduced inhibition 

and no change in excitation in the BF. Although reduced inhibitory synaptic 

transmission in the BF is associated with cognitive decline during aging, we 



 

216 

 

hypothesized that the origin of the age-related E/I imbalance could be an effort at 

compensating for diminished cholinergic function in the BF by disinhibiting cholinergic 

neurons (Figure 5.2).  This hypothesis can be addressed in future investigations.     
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Figure 5.2. Overview of the simplified circuitry of the BF medial septum/diagonal 

band (MS/DB) and cholinergic projections to the cortex and hippocampus. 

Hypothesized summary of the age-related changes in cholinergic projection pathways 

following excitatory/ inhibitory (E/I) imbalance. Circuitry in young (left) shows inter-

synaptic pathways within the MS/DB nucleus. Note the multiple synaptic connections on 

different cell types. GABAergic and glutaminergic projecting pathways are not included. 

Cholinergic outputs to the cortex and hippocampus are shown with arrows above. 

During aging (right) GABAergic inhibitory synaptic transmission is decreased and 

marked by dashed lines resulting in an overall increase in the E/I ratio because excitatory 

transmission remains unchanged with age. We hypothesize that the net result is 

increased excitation to cholinergic projection systems as a possible compensatory 

mechanism to offset cortical/hippocampal decreases in cholinergic function associated 

with age or disease. 
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