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Abstract 

Glucose hypometabolism and mitochondrial dysfunction are early deficits in Alzheimer’s 

disease (AD) brains that precede cognitive decline. Rescuing bioenergetic failure by providing 

an alternative fuel substrate is an attractive therapeutic strategy that may be beneficial in treating 

neurodegenerative disease. The ketogenic diet (KD) has been suggested as a treatment for AD. 

The KD is theorized to support the brain through the generation of ketone bodies that serve as an 

alternative fuel to glucose and possibly through other unknown mechanisms. KD and related 

neuroketotherapeutics have been shown to demonstrate molecular signaling effects including 

activating histone acetylation, increased BDNF signaling, reducing reactive oxygen species 

formation, and inhibiting the NLRP3 inflammasome. Historically many studies examine CNS 

function as though it is a homogenous bioenergetic compartment and under value how different 

CNS cell populations may respond to metabolic interventions or contribute to disease.   

In these collected works, we investigate the bioenergetic and molecular response of two 

primary CNS cell types, neurons and astrocytes, to ketogenic diet and ketone salt interventions 

both in vivo and in vitro. While neuronal response recapitulates many previously described 

effects in vitro by increasing mitochondrial respiration and histone acetylation, astrocytes exhibit 

no response to ketone body availability in these domains. Interestingly, neuronal response also 

was found to include reduced signaling through pro-growth PI3K-Akt-mTORC1 pathways 

indicating that ketone bodies concurrently support energy production while signaling nutrient 

scarcity and inducing cellular quiescence. We further expanded on these findings by performing 

cell type enrichment for neurons and astrocytes via magnetic assisted cell sorting and 

transcriptomic profiling of these cell populations following 90-day ketogenic diet intervention in 

16-week-old C57BL6/N mice. RNAseq and KEGG pathway analysis revealed that neuronal 
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transcription was generally increased in response to ketogenic diet while astrocytic transcription 

was largely suppressed as compared to animals maintained on standard chow diet. Findings of 

KEGG pathway analysis indicated that the three most implicated pathways affected by KD in 

neurons by significance were Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease 

indicating KD may have important disease modifying properties regarding these 

neurodegenerative diseases. Finally, we sought to develop a new model to study the effects of 

persistent stable ketosis on brain health through the development of a new mouse model, the 

conditionally expressing malonyl-CoA insensitive carnitine-palmitoyl transferase 1A transgenic 

mouse. Early studies indicate that the CPT1AM593S mouse exhibits increased hepatic ketone body 

levels when crossed to Albumin-Cre strains, but increased ketosis is not observed in the blood. 

Acetyl-CoA generated from increased fatty acid β-oxidation may be increasingly exported as 

citrate in these animals.  

Taken together, these works have characterized that the bioenergetic and molecular 

responses of the CNS to ketone interventions may have important therapeutic effects for the 

treatment of brain aging and neurodegenerative disease, but the specific response is heavily 

modulated as a function of cell type. Understanding and appreciating the consequences of these 

effects, which are often antagonistic in nature, are critical for the development of an effective 

dietary mimetic of the ketogenic diet for the specific targeting of mechanisms of action not only 

by target, but also by target population. 
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Ketogenic therapies include any intervention that intentionally shifts the body into a state 

of ketone body production. Termed ketogenesis or ketosis, achieving a state of heightened 

ketone production has been used to treat epilepsy for nearly a century. The efficacy of ketogenic 

therapies to improve functional outcomes in epilepsy have increased interest in their translational 

potential to treat other neurologic disorders, including Alzheimer’s disease (AD) and stroke 

rehabilitation. 

Ketogenesis can be achieved through multiple strategies including caloric restriction, 

administering medium chain triglycerides (MCT), strenuous exercise, and ketogenic diets (KD) 

which primarily feature fats and minimize carbohydrates (Gano, Patel, & Rho, 2014). These 

generally well-tolerated interventions produce limited adverse effects. Ketotherapeutics still meet 

a considerable amount of scrutiny based on the association of ketones with the pathologic state 

of ketoacidosis, a complication of type I diabetes. It is important to recognize that these 

interventions produce a mild ketonemia, to about 5 mM, whereas ketoacidosis occurs when 

blood ketones enter a range of 10-25 mM. Ketoacidosis has not been found to manifest within 

the central nervous system microenvironment (Al-Mudallal, LaManna, Lust, & Harik, 1996). 

While ketones can confer neurologic benefits, the mechanisms that underlie these 

benefits remain elusive. Here, we review the history of ketotherapeutics, potential mechanisms 

for their effects, and their therapeutic potential. 

History of Ketotherapeutics 

Ketogenic medicine perhaps dates back to ancient Greece. Most of the earliest writings 

on epilepsy were collected in On the Sacred Disease, part of the Hippocratic collection of works 

(Temkin, 1994; Wheless, 2008). This text illustrates that due to fears of demonic forces, society 

ostracized community members that suffered from fits, which today we understand to be 
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epileptic seizures. Forced to fend for their meals in the wilderness, and being unequipped to 

accomplish this task, these persons would struggle to obtain adequate caloric intake. 

Interestingly, after undergoing forced prolonged fasts they experienced reduced seizure 

frequency and severity.  

 The Book of Matthew from the New Testament provides a similar account.   In one 

passage, a father requested help from Jesus and his apostles in curing his son of fits. They 

advised him to pray and have the child fast, which resulted in the child’s recovery. The lower 

register of Raphael’s The Transfiguration depicts this story. This painting possibly represents the 

earliest graphical depiction of bioenergetic medicine in the historical record, even if that was not 

the intended purpose of the work. 

Fasting therapies were more formally adopted for the treatment of epilepsy in 1911 by the 

French physicians Guelpa and Marie (Guelpa, 1911). Similar revivals were spearheaded in the 

United States by the physician Hugh Conklin and fitness celebrity Bernarr Macfadden (Wheless, 

2008). H. Rawle Geyelin, an endocrinologist, was the first to report cognitive improvements 

occurred in patients adhering to fasting regimens (Geyelin, 1921). In the same year, fasting and 

low carbohydrate/high fat diets were found to increase levels of the ketone bodies β-

hydroxybutyrate and acetoacetate in normal, healthy subjects and were suggested to mediate 

neurologic benefits in children (Wilder, 1921; Woodyatt, 1921). Later investigations into the 

efficacy of KDs to treat epilepsy in adults demonstrated seizures were completely controlled or 

improved in 56 of 100 patients (Barborka, 1928). 

The KD remained a popular epilepsy treatment until the 1980’s, although its use 

gradually diminished with the advent of pharmaceutical therapies such as diphenylhydantoin, 

phenobarbital, and valproic acid. The KD enjoyed a resurgence in popularity following release of 
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a made-for-TV movie, First Do No Harm, in 1997 and national media coverage on a television 

news program, Dateline, in 2000 (Wheless, 2008).  

Increased popularity has expanded the number of ketogenic-related therapies. An 

increasing number of reports note the impact of ketotherapeutics on clinical phenotypes, cell 

physiology, and molecular physiology. 

Molecular and Biochemical Ketone Biology 

Ketogenesis 

In mammals, ketosis results following prolonged periods of profound, reduced dietary 

intake. In this state, carbohydrate intake is low which results in decreased serum insulin and 

increased serum glucagon (Apfelbaum, Lacatis, Reinberg, & Assan, 1972). This hormonal shift 

promotes hepatic glycogenolysis and gluconeogenesis to maintain euglycemia (Garber, Menzel, 

Boden, & Owen, 1974; Rui, 2014). A decline in insulin also promotes increased white adipose 

tissue lipolysis, which increases fatty acid circulation and β-oxidation (Vazquez-Vela, Torres, & 

Tovar, 2008). 

Avid fatty acid β-oxidation occurs in liver mitochondria, where it generates increased 

levels of acetyl-CoA as shown in Figure 1-1 (Drysdale & Lardy, 1953; Randle, Garland, Hales, 

& Newsholme, 1963). Once the added acetyl-CoA surpasses the ability of the tricarboxylic acid 

(TCA) cycle to degrade it, it diverts to other needs such as cholesterol synthesis or ketogenesis 

(Baird, Heitzman, & Hibbitt, 1972; Garber et al., 1974). With ketogenesis, two molecules of 

acetyl-CoA are joined by thiolase to generate acetoacetyl-CoA (Middleton, 1972). A third 

molecule of acetyl-CoA is then added to produce β-hydroxy-β-methylglutaryl-CoA (HMG-CoA) 

in a reaction mediated by HMG-CoA synthase (Hegardt, 1999). This HMG-CoA synthase-

catalyzed reaction represents the rate-limiting step of the ketogenesis pathway. HMG-CoA lyase 
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then liberates a two-carbon group to produce one molecule each of acetyl-CoA and acetoacetate. 

Acetoacetate, therefore, represents, the first ketone body produced in the pathway (Puisac et al., 

2012). Acetoacetate is further reduced by a molecule of NADH in a reaction mediated by β-

hydroxybutyrate dehydrogenase 1 (BHD1) (Lehninger, Sudduth, & Wise, 1960). This step 

produces the most abundant ketone found in circulation, β-hydroxybutyrate Figure 1-2.  

Deficiencies in HMG-CoA lyase prevent ketogenesis and HMG-CoA lyase deficiency 

produces the pathologic state of hypoketotic hypoglycemia following periods of fasting. 

Interestingly, this condition also commonly associates with seizures (Fernandes et al., 2013; 

Fernandes et al., 2015).  

Of minor note, a small portion of acetoacetate undergoes non-enzymatic decarboxylation 

to form acetone (Kalapos, 2003). Acetone, while toxic in large concentrations, undergoes liver 

conversion via the methylglyoxal pathway. As acetone is highly volatile, when acetone 

production rates exceed conversion rates it is readily excreted by the pulmonary system. As a 

result, it does not reach appreciable levels under states of fasting or nutritional ketosis.  

The net reaction is the synthesis of the two primary ketone bodies, β-hydroxybutyrate and 

acetoacetate, from two molecules of acetyl-CoA and the oxidation of one molecule of 

nicotinamide adenine dinucleotide (NADH). While the liver is certainly the primary organ for 

total body ketogenesis, though, other sites also produce ketone bodies. Increasing evidence 

reveals astrocytes perform ketogenesis when treated with medium chain triglycerides in vitro, 

which could play a role in regulating food intake (Le Foll, Dunn-Meynell, & Levin, 2015; Le 

Foll, Dunn-Meynell, Miziorko, & Levin, 2014, 2015; Le Foll & Levin, 2016). Ketones produced 

by astrocytes in response to increased dietary fat mediate this feedback by acting on 
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ventromedial hypothalamic (VMH) neurons (Le Foll et al., 2014) that monitor nutrient status, 

including levels of glucose, lactate, and fatty acids. 

Guzman and Blazquez proposed astrocyte-generated ketone bodies transfer to neurons 

(Guzman & Blazquez, 2001). Astrocytes are already known to perform a similar function, called 

the astrocyte-neuron lactate shuttle (ANLS), in which glucose is processed to lactate that then 

undergoes neuron consumption (Dienel, 2013). The possibility of an astrocyte-neuron ketone 

shuttle is certainly intriguing and underscores the need to investigate how metabolites influence 

distinct cell populations in the brain.  

Ketolysis and bioenergetics 

Once produced by the liver, monocarboxylic acid transporters mediate the export of 

ketone bodies to the blood.  This renders them available for extrahepatic catabolism and energy 

production (Hugo et al., 2012).  The brain, heart, and muscle utilize ketone bodies (Fukao et al., 

1997). Upon crossing the blood brain barrier, ketones are transported across cell plasma 

membranes via MCTs 1 and 2 in astrocytes and neurons, respectively (Vijay & Morris, 2014). 

Ketones are subsequently trafficked through the cytoplasm to the mitochondria, which serves as 

the primary site of ketone catabolism. Ketone catabolism largely features the reverse reactions 

that occur in ketogenesis, although specific parts of these opposing cycles are unique (Fukao et 

al., 1997).  

The first step of ketone body catabolism is the oxidation of β-hydroxybutyrate to 

acetoacetate, with the concurrent reduction of NAD+ to produce NADH (Figure 1-1).  BDH1 

mediates this reaction. Acetoacetate is then converted to acetoacetyl-CoA by succinyl-CoA:3-

ketoacid transferase (SCOT), also known as 3-oxoacid CoA-transferase 1 (OXCT1). As the 

name of this enzyme suggests, a CoA group is requisitioned from succinyl-CoA, thereby 
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generating a molecule of succinate. The liver, which lacks SCOT, cannot consume ketones and 

this ensures its role as an exclusive ketone body producer. Lastly, acetoacetyl-CoA undergoes 

processing to two molecules of acetyl-CoA, which can then enter the tricarboxylic acid (TCA) 

cycle. 

Ketones, upon contributing carbon to the TCA cycle, influence cell physiology in a 

number of ways. Forward progression through the TCA cycle generates the high-energy electron 

carriers NADH and flavin adenine dinucleotide (FADH2), which serve as substrates for the 

electron transport chain (ETC) and are necessary for the production of ATP from ADP in 

oxidative phosphorylation. This allows for a greater degree of nervous system bioenergetic 

plasticity, as it reduces glucose dependence and shifts the cell towards aerobic respiration. 

Indeed, ketone bodies have been shown to reduce glycolysis flux (LaManna et al., 2009). This 

likely occurs as part of a glycolysis negative feedback effect that arises due to increased NADH 

production.  

Additionally, by supplying carbon to the TCA cycle ketone bodies increase TCA cycle 

anaplerosis (Owen, Kalhan, & Hanson, 2002). This in turn affects neurotransmitter levels as 

several TCA cycle intermediates serve as substrates for neurotransmitter synthesis. For example, 

α-ketoglutarate can exit the TCA cycle and undergo conversion to the major excitatory 

neurotransmitter, glutamate, or undergo decarboxylation to form an inhibitory neurotransmitter, 

γ-amino butyric acid (GABA). Acetyl-CoA itself combines with choline in the mitochondrial 

matrix to synthesize acetylcholine. Introducing ketone bodies to the nervous system not only 

effects bioenergetics, but also neurotransmitter levels. 
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Ketone bodies and mitochondrial function 

How ketones influence mitochondrial efficiency is worth considering. In one study, 

supplementing the diet of C57BL/6J mice with a β-hydroxybutyrate-(R)-1,3-butanediol 

monoester ketone ester (KE) for 1 month was sufficient to induce ketonemia. The mice 

demonstrated increased expression of electron transport chain proteins, uncoupling protein 

(UCP) 1, and mitochondrial biogenesis signaling pathways in brown adipose tissue (Srivastava et 

al., 2012). Increased UCP expression in turn has multiple effects on mitochondrial physiology. 

First, in brown fat it increases heat production by shifting electron transfer energy away from 

ATP production. Second, increasing proton leak into the matrix can attenuate the generation of 

reactive oxygen nitrogen species (RONS) by helping to avoid matrix hyperpolarization. Data 

suggests that even a modest increase in proton leak can reduce hydrogen peroxide (H2O2) 

generation by as much as 70% (Echtay, 2007; Hansford, Hogue, & Mildaziene, 1997; Votyakova 

& Reynolds, 2001).  

A similar study examined the effects of a KE on the expression of brain UCPs 4 and 5 in 

Wistar rats. Brains of KE-supplemented rats exhibited a 1.5-fold increase in UCPs 4 and 5 

(Kashiwaya et al., 2010). Further, caloric restriction increased UCP 4 expression in rat brain cells 

with neurons and astrocytes exhibiting the greatest and least expression of UCP4 respectively (D. 

Liu et al., 2006; Sullivan et al., 2004). Similarly, the KD upregulated expression of UCPs 2 and 4 

in C3HeB/FeJ mouse brain with the greatest effect observed upon the dentate gyrus of the 

hippocampus (Sullivan et al., 2004). Upregulation of UCP 4 and 5 in vitro were also shown to 

protect against the complex I inhibitor 1-methyl-4-phenylpyridinium  (MPP+), and the complex 

II inhibitor 3-nitroproprionic acid (3-NP) (Chu et al., 2009; Ho et al., 2006; Kwok et al., 2010; 

Ramsden et al., 2012; Wei, Chigurupati, Bagsiyao, Henriquez, & Chan, 2009). It appears that 
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UCP-mediated neuroprotection requires signaling through the NF-κB pathway, and increased 

ATP production through increased complex II flux (J. W. Ho et al., 2012; P. W. Ho et al., 2012).  

Ketotherapeutic-induced RONS attenuation extends beyond the upregulation of UCPs. 

Maintaining rats on a KD for 3 weeks increased levels of glutathione (GSH), a free radical 

scavenger. This increase was associated with an increase in glutamate cysteine ligase (GCL), the 

rate-limiting enzyme in GSH synthesis (Jarrett, Milder, Liang, & Patel, 2008). It appears that 

KD-related increases in oxidative stress infrastructures are activated by initial increases in 

RONS, which induce oxidative stress response pathways through activation of its master 

regulator, nuclear factor erythroid 2-related factor (Nrf2) (Milder, Liang, & Patel, 2010). 

In rats, a KD increases brain expression of genes that accommodate oxidative 

phosphorylation and the TCA cycle including subunits of ATP synthase, cytochrome oxidase, 

cytochrome c, NADH dehydrogenase, succinate dehydrogenase, isocitrate dehydrogenase, and 

malate dehydrogenase. This was associated with an electron microscopy-demonstrated increase 

in the number of hippocampal dentate gyrus mitochondria (Bough et al., 2006). It was unclear 

from this study, though, whether increased mitochondrial mass was due to enhanced 

mitochondrial biogenesis, reduced mitophagy, or a combination of both.  

Ketone bodies and post-translational modification of protein 

Increasing evidence suggests ketone bodies influence cell physiology independently, or at 

least indirectly, of their bioenergetic effects. Specifically, metabolites produced during ketone 

catabolism influence intracellular signaling by inducing changes in protein post-translational 

modifications (PTMs) (Newman & Verdin, 2014a, 2014b).  

This phenomenon was initially considered after it was recognized that butyrate, a short 

chain fatty acid whose structure differs from a ketone body only by the absence of a beta carbon 
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hydroxyl group, affects histone acetylation (Stilling et al., 2016). In HEK293 cells and rodent 

kidney, increasing β-hydroxybutyrate levels inhibits histone deacetylases (HDACs) 1, 3, and 4 

and consequently increases acetylation of key histone residues. This acetylation enhances 

FOXO3A-mediated gene transcription. A subset of the effected genes includes those responsible 

for mitigating oxidative stress such as manganese superoxide dismutase (MnSOD) and catalase 

(Shimazu et al., 2013). Similarly, in vitro exposure to β-hydroxybutyrate promotes activity of the 

EP300 family of lysine acetyltransferases (KATs) (Marosi et al., 2016).  Since ketones appear to 

modulate a number of enzymes that control the cycling of protein acetylation in the cytoplasm 

and nucleus, it is likely that ketones alter other compartments in a similar manner. Ketones could 

influence activity of Sirtuin 3, the major mitochondrial deacetylase, especially considering their 

recognized trafficking into the mitochondrial matrix (Rardin et al., 2013).  

Another exciting recent development in the area of ketone body-PTM relationships is the 

discovery that β-hydroxybutyrate itself can modify lysine residues (Xie et al., 2016). β-

hydroxybutyrylation of lysine has been demonstrated to occur on histones and produce changes 

in gene expression that are similar to those of histone acetylation. It may also be possible that 

TCA intermediates generated through anaplerosis from ketogenic metabolites could serve as 

substrates for epigenetic modification. Changes in protein succinylation status mediated by α-

ketoglutarate dehydrogenase or other succinylation enzymes under ketotic conditions may be 

worth investigating (G. E. Gibson et al., 2015). 

Ketone bodies as extracellular signaling ligands 

In addition to its ability to influence intracellular signaling, β-hydroxybutyrate may also 

function as an extracellular receptor ligand. It has been demonstrated to have agonistic effects on 

hydrocarboxylic acid receptor 2 (HCA2), otherwise known as the niacin receptor or G-Coupled 
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Protein Receptor (GPR) 109A (Rahman et al., 2014). β-hydroxybutyrate is able to activate 

HCA2 with an EC50 near 700 μM, well below the approximately 5 mM concentrations observed 

in nutritional ketosis. HCA2 expression primarily occurs on the surface of cells derived from 

monocytes, including macrophages and microglia. Functioning as an inhibitory GPR, HCA2 

activation suppresses cAMP levels, which ultimately reduces the production of pro-inflammatory 

cytokines. This suggests ketogenic therapies can produce a beneficial anti-inflammatory effect, a 

prediction that has been experimentally verified (Selfridge et al., 2015). Other authors provide a 

more comprehensive review of the effects of HCA2 activation (Offermanns & Schwaninger, 

2015). 

Outside of the CNS, β-hydroxybutyrate has ligand effects on GPR41, also known as free 

fatty acid receptor 3 (FFA3). GPR41 is a Gi/o receptor previously shown to respond to the short 

chain fatty acid butyrate (Stilling et al., 2016; Won, Lu, Puhl, & Ikeda, 2013). Its expression is 

primarily restricted to sympathetic chain ganglia. Upon exposure to β-hydroxybutyrate, GPR41 

suppresses the activity of the sympathetic nervous system through the Gβγ-PLCβ-MAPK 

signaling pathway (Kimura et al., 2011). Through this mechanism, ketones are able to modulate 

body energy expenditure and metabolic homeostasis.  

Ketone bodies and activation of signaling pathways 

Exogenous administration of ketones and ketones produced through vigorous exercise 

increase the expression of brain derived neurotrophic factor (BDNF) (Marosi et al., 2016; 

Sleiman et al., 2016; Swerdlow, 2014b). BDNF acts as a ligand for TrkB family nerve growth 

factor (NGF) receptors and exhibits weak agonistic effects on the p75 receptor. Upon binding 

TrkB, BDNF activates protein kinase B (Akt), phospholipase C gamma (PLCγ), and cAMP 

response element binding protein (CREB) signaling pathways (Baydyuk & Xu, 2014). 
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Interestingly, BDNF expression increases following histone deacetylase inhibition in cortical 

neurons (I. Koppel & Timmusk, 2013). The deacetylase inhibition properties of ketones may in 

fact induce BDNF expression. The extent to which ketosis activates such pathways remains 

relatively understudied, and investigations into these interactions could potentially explain some 

ketotherapeutic effects. 

Akt regulates cell growth through its downstream targets tuberous sclerosis (TSC) 1, 

TSC2, and mammalian target of rapamycin complex (mTORC) 1.  It also enhances cell survival 

by inhibiting Bad, a pro-apoptotic factor. Akt interacts with the GABA receptor, ataxin-1, and 

the huntingtin protein (Manning & Cantley, 2007). Akt levels are typically low in the adult brain, 

but expression increases following injury in some models (Owada, Utsunomiya, Yoshimoto, & 

Kondo, 1997). Akt is protective in the setting of reduced trophic support, exposure to reactive 

oxygen species, and DNA damage (Chong, Kang, & Maiese, 2002, 2003; Chong, Li, & Maiese, 

2005; Henry, Lynch, Eapen, & Quelle, 2001; Kang, Chong, & Maiese, 2003; Matsuzaki et al., 

1999). 

PLCγ activation by BDNF signaling generates inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG). IP3 and DAG, respectively, mobilize internal calcium stores and activate 

protein kinase C (PKC). Activation of these pathways has multiple effects including modulation 

of cell proliferation, migration, neurite outgrowth, synaptic plasticity, and survival. PLCγ 

expression primarily occurs in the cortex and hippocampus (Jang et al., 2013; Suh et al., 2008). 

PLCγ regulates N-methyl-D-aspartate (NMDA) receptor biology through neuregulin 1 (NRG1) 

(Gu, Jiang, Fu, Ip, & Yan, 2005). PLCγ facilitates hippocampal long-term potentiation (LTP), a 

process that facilitates the acquisition and storage of information at the synapse (Kandel, 2001; 

Minichiello et al., 2002). Given the role of PLCγ in cell survival and molecular mechanisms of 
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learning, activation of PLCγ by ketone induced BDNF signaling represents an intriguing 

potential mediator of ketotherapeutic effects. 

CREB, typically activated by increases in cytosolic calcium or cAMP, has a recognized 

role in the regulation of circadian rhythms and memory formation (A. J. Silva, Kogan, 

Frankland, & Kida, 1998). Disruption of CREB signaling pathways induces neurodegeneration 

of the hippocampus and dorsolateral striatum in mice lacking the related protein cAMP response 

element modulatory protein (CREM) (Mantamadiotis et al., 2002). Certain CREB isoforms are 

critical in learning and memory processes (A. J. Silva et al., 1998). For instance, on food 

preference tasks mice lacking CREBα show competent immediate memory but reduced memory 

at 24 hours (Kogan et al., 1997). Ketone-mediated modulation of CREB activity through BDNF 

could have important translational potential in age-related dementias. 

It has recently been shown that BDNF is also able to induce the expression of inhibin β-A 

via its action on synaptic NMDA receptors and nuclear calcium signaling. Increased inhibin β-A 

expression inhibits calcium currents generated by extrasynaptic NMDA receptors that are known 

to inhibit mitochondrial function and induce cell death following glutamate excitotoxicity (Lau, 

Bengtson, Buchthal, & Bading, 2015). This neuroprotective signaling pathway would offer great 

benefit to diseases that feature reduced BDNF signaling such as Huntington’s disease, 

Alzheimer’s disease, or age-related neurodegeneration. 

Relevance to Development and Neurologic Disease 

Ketones in Development 

Ketone bodies play a critical role during normal brain development (Cotter, d'Avignon, 

Wentz, Weber, & Crawford, 2011; S. C. Cunnane, Courchesne-Loyer, St-Pierre, et al., 2016). 

Oxidation of ketones by the brain begins during fetal development (Adam, Raiha, Rahiala, & 



14 
 

Kekomaki, 1975). Mammalian neonates are largely reliant on maternal breast milk as their 

primary nutrition source. Maternal milk is rich in dietary fats and has a high ketogenic ratio due 

to its abundance of medium chain fatty acids (Breckenridge & Kuksis, 1967; Hilditch, 1944; 

Insull & Ahrens, 1959; Nehlig, 1999). Unlike adult ketosis, neonatal ketosis occurs 

independently of whether or not the infant is in a fed state (Lindblad, Settergren, Feychting, & 

Persson, 1977). Despite the fact that long chain fatty acids do not freely diffuse into the brain, a 

robust amount of neonate brain energy production relies on ketone metabolism (Nehlig & Pereira 

de Vasconcelos, 1993). Blocking ketogenesis enhances seizure severity in rat pups (Minlebaev & 

Khazipov, 2011). 

The importance of ketones to the developing brain extend well beyond their role in 

bioenergetics. Ketones serve as the primary substrate for lipid synthesis during periods of rapid 

brain growth (S. C. Cunnane & Crawford, 2003; Freemantle et al., 2006). Indeed, neonatal 

ketogenesis appears so essential to development that even the neonatal intestine is capable of 

ketogenesis (Bekesi & Williamson, 1990). 

Epilepsy 

Epilepsy involves the aberrant, synchronous depolarization of neurons in the central 

nervous system.  It generally manifests as paroxysmal disruptions of awareness, consciousness, 

and motor activity. Epilepsy affects 1% of the United States population and up to as many as 50 

million people globally (Hirtz et al., 2007; Kobau et al., 2008; McNally & Hartman, 2012). As 

described previously, epilepsy represents the first condition that intentionally utilized 

ketotherapeutics. A modern randomized clinical trial in humans demonstrated that the KD was 

able to reduce seizures in 75% of pediatric epileptics over a three-month period (Neal et al., 
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2008). Despite their modern use extending back by as much as a century, its therapeutic 

mechanism remains a matter of much debate. 

Anticonvulsant properties of acetoacetate were first demonstrated in rabbits administered 

thujone to produce seizures (Keith, 1935). Given that glutamate excitotoxicity represents one 

possible cause of neuronal damage from seizures, efforts were made to investigate whether 

ketotherapeutics worked by attenuating neuronal excitation by modulating neurotransmitter 

balance or release. There is some evidence to suggest that ketotherapies increase GABA. In rats, 

acetoacetate and β-hydroxybutyrate increased the accumulation of GABA in rat presynaptic 

vesicles (Erecinska, Nelson, Daikhin, & Yudkoff, 1996). Magnetic resonance spectroscopy of 

humans maintained on a KD also showed increased brain GABA levels (Z. J. Wang et al., 2003). 

Further, ketotic rats exhibit lower levels of glutamate in neurons but stable amounts of GABA. 

Since GABA is synthesized from glutamate, this indicates a greater proportion of glutamate may 

be converted to GABA, and thereby shift the total balance of these neurotransmitters towards 

inhibition (Melo, Nehlig, & Sonnewald, 2006).  

Reducing glutamate release could also potentially reduce seizure-associated glutamate 

excitotoxicity. Acetoacetate reversibly inhibits glutamate release in mouse hippocampal slices 

and cultured rat neurons at high concentrations of 10 mM (Juge et al., 2010). Others have noted 

this effect may not have physiologic relevance as extracellular levels of β-hydroxybutyrate in the 

hippocampal microenvironment were determined to be between 40-50 μM following three weeks 

of KD (McNally & Hartman, 2012; Samala, Klein, & Borges, 2011). In light of this, the role of 

ketotherapeutics in modulating neurotransmitter balance remains speculative. 

Ketotherapeutics may modulate neuronal excitability independent of influencing 

neurotransmitter levels. As previously discussed, following their entry into the TCA cycle 
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ketones enhance the production of ATP. ATP levels could influence the activity of membrane 

ion pumps and thus alter neuron membrane potential. In this regard, ATP-sensitive potassium 

(KATP) channels are of particular interest given their recognized activation upon changes in the 

ATP/ADP ratio, and their effects on membrane polarization. Tanner et al. demonstrated that β-

hydroxybutyrate enhances KATP channel opening in cultured mouse hippocampal neurons 

(Tanner, Lutas, Martinez-Francois, & Yellen, 2011). Cultured GABAergic substantia nigra pars 

reticulata (SNpr) neurons exhibited reduced firing rates in the presence of either acetoacetate or 

β-hydroxybutyrate. However, this effect disappeared following knockout of the potassium 

inward rectifier channel Kir6.2 or in the presence of the KATP channel inhibitor tolbutamide 

(Deransart et al., 2003). Consequently, it is possible that neuroprotection from seizure events 

could be mediated through reduced cell firing rates that result from changes in neuron membrane 

potential, and not the suppression or alteration of total neurotransmitter concentrations. 

Voltage sensitive potassium channel Kv1.1 knockout mice maintained on a KD exhibited 

increased nuclear localization of the peroxisome proliferator activated receptor-γ 2 (PPARγ2) 

splice variant. This was associated with a 70% reduction in seizure frequency. The PPARγ 

antagonist GW9662 eliminated this benefit. Further, the anti-seizure effects of the KD were 

mimicked in Kv1.1 KO mice when administered the PPARγ agonist pioglitazone (Simeone, 

Matthews, Samson, & Simeone, 2017). Modulation of PPARγ activity presents an attractive and 

readily available target for novel epilepsy therapeutics. 

Alzheimer’s Disease 

AD is the most common form of dementia and involves progressive neurodegeneration 

that causes impaired memory and a reduced ability to perform activities of daily living. Theories 

vary regarding the underlying etiology of the overall disease process, but glucose 
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hypometabolism, mitochondrial dysfunction, extracellular amyloid-β (Aβ) plaque accumulation, 

and intracellular tau protein neurofibrillary tangles are recognized biochemical and histological 

hallmarks (Swerdlow, 2011, 2012a, 2012b). 

Emerging evidence suggests defects in mitochondrial function and a consequential 

decline in respiratory chain function alter amyloid precursor protein (APP) processing to favor 

the production of the pathogenic Aβ fragment (Wilkins & Swerdlow, 2016a). Several groups 

have shown that both APP and Aβ co-localize with mitochondria, suggesting the possibility that 

mitochondrial function and APP biology interact (Devi, Prabhu, Galati, Avadhani, & 

Anandatheerthavarada, 2006; Hansson Petersen et al., 2008). Ketone bodies block mitochondrial 

amyloid entry and improve cognition (Yin et al., 2016). This ability would predictably 

ameliorate Aβ-mediated suppression of respiratory chain function and could perhaps to some 

rescue the bioenergetic hypometabolism observed in AD brains (Swerdlow, 2012c). 

Alternatively, improving mitochondrial performance outright could reduce the production of Aβ 

and increase the production of soluble APPα, a molecule with trophic properties capable of 

binding the BDNF receptor p75 to promote neurite growth (Hasebe et al., 2013). 

Fluorodeoxyglucose positron emission tomography (FDG-PET) studies find 

asymptomatic individuals with an increased AD risk show less prefrontal cortex, posterior 

cingulate, entorhinal cortex, and hippocampal glucose uptake than normal-risk individuals (de 

Leon et al., 2001; Ishii et al., 1997; Mosconi et al., 2011; Mosconi, De Santi, Brys, et al., 2008; 

Mosconi, De Santi, Li, et al., 2008; Mosconi et al., 2009; Mosconi, Tsui, et al., 2008; O'Dwyer et 

al., 2011; Reiman et al., 2004; Rosenbloom et al., 2011; Spulber et al., 2010; Villain et al., 2010; 

Vlassenko et al., 2010). This reduction associates with the downregulation of the glucose 

transporter GLUT1 in the AD brain (Winkler et al., 2015). Further, increasing evidence suggests 
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that increased insulin resistance contributes to the development of sporadic AD (de la Monte, 

2009).  

Clinical studies suggest ketogenic therapies may benefit AD patients. Medium chain 

triglyceride and ketone ester supplements raised plasma ketone levels and improved cognition in 

AD subjects (Henderson, 2008; Newport, VanItallie, Kashiwaya, King, & Veech, 2015; Reger et 

al., 2004). This is in agreement with epidemiological studies that report positive associations 

between ketotherapeutic use and reduced AD risk (Henderson, 2008; Morris, 2005).  

Preclinical studies performed using the triple transgenic mouse model of AD 

demonstrated reduced pathology following the administration of the ketogenic modulator 2-

deoxy-D-glucose (2-DG), which inhibits glycolysis and increases cell reliance on respiratory 

chain oxidative phosphorylation (Yao, Chen, Mao, Cadenas, & Brinton, 2011; Yao, Rettberg, 

Klosinski, Cadenas, & Brinton, 2011). Further, PET studies using radiolabeled acetoacetate and 

β-hydroxybutyrate demonstrated single compartment kinetics of brain ketone body utilization, 

matching levels and uptake over a large range of concentrations (Blomqvist et al., 2002; 

Blomqvist et al., 1995). Importantly, brain uptake of acetoacetate did not significantly differ 

either globally or regionally in early stage AD patient brains, as compared to age-matched 

controls (Castellano et al., 2015). Of note, increased astrocyte metabolism appeared to mitigate 

Aβ-related impairment of memory function in day old chicks, which implies bioenergetic 

benefits require astrocyte function (Gibbs, Gibbs, & Hertz, 2009). It remains unclear if the 

brain’s capacity to utilize ketones in general declines with age. 

Catabolism of white matter lipids, with the purpose of providing substrate for astrocytic 

ketogenesis, may occur in the aging female brain (Klosinski et al., 2015). This could mitigate 

neurocognitive decline by compensating metabolism defects with ketolysis (Bartzokis, Lu, & 
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Mintz, 2004; Bartzokis, Sultzer, et al., 2004; Brinton, 2008; Carmichael et al., 2010; Kuczynski 

et al., 2010). While ketone compensation may delay the onset of clinical symptoms, this process 

could lead to  white matter demyelination and its associated clinical consequences (Morris, 

2005). It would be interesting to know if providing increased dietary fats sustains ketogenesis 

and reduces white matter scavenging in the aged brain, thereby extending the window of ketone 

compensation and delaying the onset of AD symptoms. In support of this possibility, rats fed a 

high-fat diet rich in lipoic acid reportedly improved their performance on a novel object 

recognition task (Rodriguez-Perdigon, Solas, Moreno-Aliaga, & Ramirez, 2016). 

Stroke 

Stroke typically refers to an acute interruption of blood flow to a region of the brain that 

results in cell injury and cell death. Stroke carries significant morbidity and societal impact, and 

it is currently the fourth leading cause of death in the United States (Ovbiagele & Nguyen-

Huynh, 2011). The majority of approved therapies to prevent and treat stroke focus on the 

prevention and dissolution of blood clots to maintain patent blood vessels. Therapeutics that can 

improve biochemical plasticity and confer resistance to the sequelae of ischemia could provide a 

strategy for reducing injury during and improving rehabilitation after stroke. 

Supplying an oxidative phosphorylation-promoting intermediate would seem unlikely to 

enhance energy production within the ischemic core of an infarct. However, as discussed, the 

physiologic role of ketones extends far beyond their direct role in bioenergetic pathways. 

Providing ketone bodies to the penumbra, the region of brain tissue lying directly adjacent to the 

ischemic core, may spare glucose for the core, thereby helping to sustain energy production in 

the absence of molecular oxygen (C. L. Gibson, Murphy, & Murphy, 2012).  
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Preclinical studies in mice demonstrated that the KD and BHB reduce total infarct 

volume induced by permanent middle cerebral artery occlusion (MCAO) (Puchowicz et al., 

2008; Rahman et al., 2014). Interestingly, this effect does not occur in HCA2 knockout mice, 

which suggests this benefit may rely on anti-inflammation signaling pathways. A similar 

phenomenon was reported in rodent models of ischemic stroke treated with BHB, which led to 

reductions in infarct volume, reduced brain edema, and improvements in motor function (Suzuki 

et al., 2002; Suzuki et al., 2001). This study did not determine, though, whether HCA2 signaling 

mediated these effects. 

Traumatic Brain Injury 

Epidemiologic studies link traumatic brain injury (TBI) to AD, PD, ALS and the recently 

described condition of chronic traumatic encephalopathy (CTE) (Bruce et al., 2015). Current 

therapies for TBI primarily consist of behavioral therapy and the pharmaceutical treatment of 

associated symptoms such as depression. Therapies that can enhance TBI recovery, or can 

precondition high-risk individuals towards lesser injuries, are sorely needed. 

In rats, post-TBI administration of β-hydroxybutyrate reduced contusion volume in an 

age-dependent manner (Prins, Fujima, & Hovda, 2005; Prins & Matsumoto, 2014). This 

associated with a reversal of injury-related ATP reduction (Prins, Lee, Fujima, & Hovda, 2004). 

Recently, activation of the Akt/GSK-3β/β-catenin signaling pathway was found to enhance 

neuron survival in a TBI rat model (S. Zhao et al., 2012). Ketone activation of Akt signaling, 

therefore, could offer a potential strategy for preserving neuron integrity.  

It is important to note a study reported β-hydroxybutyrate increased blood-brain barrier 

permeability in a TBI rat model (Orhan et al., 2016). This may contribute to increased 
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inflammation due to the exposure of brain parenchyma to pro-inflammatory blood components. 

The cost-benefit utility of ketotherapeutics in TBI, therefore, requires careful consideration. 

Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a 

neurodegenerative disorder that features the demise of upper and lower motor neurons (Ji, 

Zhang, Chen, & Huang, 2017). Disease progression manifests as progressive muscle weakness 

and paralysis. Once respiratory muscle involvement occurs, ventilation compromise ensues and 

ultimately the disease concludes in death. As is the case with AD, the majority of ALS cases are 

sporadic but a subset of familial cases arise from autosomal dominant mutations.  One well-

studied causal mutation occurs in the gene that encodes superoxide dismutase 1 (SOD1). Two 

ketogenic therapy studies, which evaluated a KD and an MCT, reported improved motor 

performance in SOD1-G93A transgenic mice. In both studies, ketotherapeutics reduced the loss 

of lower motor neurons in the spinal cord ventral horn. However, neither study appeared to 

benefit survival outcomes (W. Zhao et al., 2012; Zhao et al., 2006). 

Another common feature of the disease, one that it shares with frontotemporal dementia 

(FTD), is a cytoplasmic accumulation of the ubiquitinated nuclear protein transactive response 

DNA-binding protein 43 (TDP-43). Recent studies demonstrate the toxic mechanism of TDP-43 

requires its localization to mitochondria, where it reduces the expression of mitochondrial DNA-

encoded proteins (W. Wang et al., 2016). As ketone bodies seem able to modify mitochondria-

Aβ interactions, it would be interesting to see whether they similarly affect mitochondria-TDP43 

interactions. 
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Huntington’s Disease 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that 

presents with involuntary choreiform movements, impaired cognition, and psychiatric symptoms. 

It effects 5 to 8 people per 100,000 in Europe and North America. Disease pathogenesis involves 

trinucleotide repeat expansion of CAG residues in the huntingtin gene. The resulting 

polyglutamine-expanded protein undergoes errors in protein folding and toxic accumulation that 

ultimately leads to impaired neuron function and cell death. It primarily affects structures in the 

basal ganglia, which manifests grossly as caudate atrophy (Ross & Tabrizi, 2011). 

Lim et al. provided initial support for the therapeutic potential of ketone bodies in HD. 

The investigators administered subcutaneous BHB to 3-nitroproprionic acid (3-NP) toxin and 

R6/2 genetic mouse models of HD. BHB attenuated motor dysfunction in both models. BHB-

treated R6/2 mice also saw an extension of lifespan, as well as increased striatal histone 

acetylation (Lim et al., 2011). Further investigation in PC12 cells demonstrated the increase in 

histone acetylation occurred independent of mitochondrial function or HDAC inhibition. 

Additional testing of ketogenic therapies in HD appears warranted. 

Parkinson’s Disease 

Parkinson’s disease (PD) affects between 100 to 200 people per 100,000 over the age of 

40, and its incidence increases with age. Disease pathogenesis involves a progressive 

neurodegeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc). The 

loss of these neurons manifests as progressive bradykinesia, tremors, and rigidity. Late stages of 

disease often feature increasing cognitive dysfunction and dementia (Kalia & Lang, 2015). 

Preclinical studies in the MPTP mouse model show that infusing BHB or a KD reduces 

dopaminergic neuron degeneration, improves motor deficits, reduces microglial activation, and 
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reduces expression of pro-inflammatory cytokines (Tieu et al., 2003; Yang & Cheng, 2010). 

Similarly, a KD reduces dopamine neuron loss in the 6-hydroxydopamine PD rat model (Cheng 

et al., 2009). 

In a five-participant pilot study of PD patients, a 28-day KD improved unified 

Parkinson’s disease rating scale (UPDRS) scores. The small size of this study and the lack of a 

control group, though, precludes conclusive inferences (Vanitallie et al., 2005).  

Multiple Sclerosis 

Multiple sclerosis (MS) features an autoimmune-associated demyelination of CNS axons. 

It most often presents in a relapsing-remitting fashion that can include varying involvement of 

optic, sensory, motor, or coordination systems. After trauma, MS is the next most common CNS-

related cause of young adult permanent disability (Noseworthy, Lucchinetti, Rodriguez, & 

Weinshenker, 2000; Ramagopalan & Sadovnick, 2011).  

Preclinical data from the mouse experimental autoimmune encephalomyelitis (EAE) 

multiple sclerosis model indicate a KD improves outcomes. In their 2012 study, Kim et al. 

demonstrated a KD reduced brain inflammation, mitigated motor disability, preserved CA1 long-

term potentiation, and improved spatial learning and memory as assessed by the Morris water 

maze. The KD also induced a reduction in reactive oxygen species in conjunction with reduced 

pro-inflammatory cytokines (Kim et al., 2012). The anti-inflammatory properties of the KD are 

in line with suggested benefits as discussed previously. It would be interesting to know if the 

HCA2 pathway modulates these effects. 

Conclusions 

Fatty acid β-oxidation by hepatocytes and astrocytes generates the primary ketone bodies, 

β-hydroxybutyrate and acetoacetate. These ketones are taken up and catabolized by neurons and 
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help produce energy via oxidative phosphorylation. Recent work suggests that ketone bodies or 

interventions that serve to produce or introduce ketone bodies provide neurologic benefits that 

extend beyond their direct role in bioenergetic fluxes. Specifically, ketones affect protein post-

translational modifications, attenuate RONS production, increase antioxidant stress response 

pathway expression, modulate GPR and BDNF signaling pathways, contribute to anaplerosis, 

and exhibit anti-inflammatory effects (Figure 1-3).  

Ketotherapeutic approaches, therefore, may influence the nervous system through a 

variety of mechanisms. Their potential for treating a variety of neurologic conditions warrants 

consideration. Further, ketogenic benefits may extend beyond pathologic states and could 

promote healthy aging in general. In doing so, ketotherapeutics would delay and prevent the 

development of age-dependent neurologic disease. 
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Figure 1-1: Ketogenesis and Ketolysis. Hepatic mitochondria serve as the primary site for the 

production of serum ketone bodies. Acetyl-CoA generated as a consequence of acyl-CoA β-

oxidation is converted to HMG-CoA by the rate limiting enzyme HMGCS2. HMG-CoA is 

further processed to the primary ketone bodies acetoacetate and β-hydroxybutyrate which are 

excreted into circulation via MCTs 1 and 2. Ketone bodies enter the CNS via MCTs and are 

oxidized to acetyl-CoA through a series of reactions that require SCOT. Acetyl-CoA undergoes 

terminal oxidation through the TCA cycle to generate the high energy electron carriers NADH 

and FADH2. Electrons enter the ETC leading to the generation of ATP through ATP synthase. 
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Figure 1-2: Chemical Structures of Biologically Relevant Ketone Bodies. The 

physiologically relevant ketone bodies in order of decreasing serum concentrations are β-

hydroxybutyrate (A), acetoacetate (B), and acetone (C). Acetone is highly volatile and is readily 

excreted via the pulmonary system and is not thought to contribute greatly to bioenergetic 

pathways. 
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Figure 1-3: Pleiotropic Effects and Hypothesized Benefits of Ketotherapeutics. Multiple 

ketotherapeutics produce an increase in serum ketone bodies. Ketone bodies have been shown to 

increase oxidative metabolism, reduce oxidative stress, alter epigenetic protein post-translational 

modifications, increase BDNF signaling, and signal through GPRs in various model systems. 

Many of these effects require further study to determine the underlying mechanism of action and 

ultimate therapeutic value. Observed and hypothesized effects are indicated with solid and 

dashed lines respectively. 
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Signaling Nutrient Scarcity and Cellular Quiescence in Neurons but Not 

Astrocytes In Vitro 
 

 

 

  



32 
 

Introduction 
Advancing age is the primary risk factor for the development of sporadic 

neurodegenerative disease including dementia and Alzheimer’s disease (AD) (Guerreiro & Bras, 

2015). Brain aging is associated with an accumulation of senescent cells and bioenergetic 

dysfunction (Bussian et al., 2018; Holtzman & Ulrich, 2019; Masaldan, Belaidi, Ayton, & Bush, 

2019; Musi et al., 2018; Zhang et al., 2019). Senescence involves the irreversible exit from the 

cell cycle that is associated with increased inflammation known as the senescence associated 

secretory phenotype (SASP). Opposite to senescence, cells may become quiescent due to nutrient 

scarcity in the environment where they reversibly exit the cell cycle until the return of sufficient 

nutrition to stimulate growth. Entry into quiescence is generally thought to delay or prevent 

cellular senescence. Glucose hypometabolism and mitochondrial dysfunction both occur with 

advancing age and to a greater extent in AD (Castellano et al., 2015; S. Cunnane et al., 2011; 

Lezi & Swerdlow, 2012; Selfridge, E, Lu, & Swerdlow, 2013; D. F. Silva et al., 2012; D. F. 

Silva et al., 2013; Swerdlow, 2012a, 2012c, 2014a; Wilkins, Carl, Greenlief, Festoff, & 

Swerdlow, 2014; Wilkins & Swerdlow, 2016b).  Reversing or preventing cellular aging through 

enhanced bioenergetic flux in addition to averting or clearing senescent cells, termed senolytic 

therapy, could have considerable therapeutic benefit in aging and age associated diseases of the 

central nervous system (CNS).  

One approach to providing an alternative fuel is through the high-fat, low-carbohydrate 

ketogenic diet (KD) or other neuroketotherapeutics (Courchesne-Loyer et al., 2016; S. C. 

Cunnane, Courchesne-Loyer, Vandenberghe, et al., 2016; Hennebelle et al., 2016; S. J. Koppel & 

Swerdlow, 2018; M. K. Taylor, Swerdlow, & Sullivan, 2019). These methods commonly feature 

the induction of ketogenesis that raises circulating blood ketone levels to the point they are 

utilized by the brain for energy production via mitochondrial respiration and oxidative 
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phosphorylation. Ketogenesis is performed as a physiologic response to starvation to ensure that 

privileged organs such as the heart and brain have access to extra fuel while other tissues 

catabolize fats. The KD mimics starvation through the severe restriction of carbohydrate in the 

diet although caloric needs are being met.  

While the biochemistry of ketolysis has been well established, a growing appreciation for 

the molecular effects of ketone bodies is emerging. Perhaps most notably, the primary ketone 

body, β-hydroxybutyrate (βOHB), has been shown to act as an inhibitor for histone deacetylases 

and induce increases transcription as a result of increased histone acetylation in HEK293 cells 

(Shimazu et al., 2013). Recently, βOHB has also been shown to prevent the accumulation of 

senescent cells in mouse vasculature through the quiescence regulator octamer-binding 

transcriptional factor 4 (Oct4, POU5F1) (Han et al., 2018). We have previously performed a 

retention and feasibility trial of 3-month KD intervention in patients with AD (Matthew K. 

Taylor, Sullivan, Mahnken, Burns, & Swerdlow, 2017; M. K. Taylor, Swerdlow, Burns, & 

Sullivan, 2019). In this study, completers of the diet demonstrated improvement on the 

Alzheimer’s Disease Cognitive Assessment Scale-cognitive subscale while on the diet 

demonstrating the need to further study possible mechanisms of benefit of neuroketotherapeutics 

for the treatment of dementia. However, while many possible effects of ketone bodies have been 

suggested as being therapeutics, many of these hypotheses do not consider the multicellular 

composition of the brain.  

The brain does not operate as a single homogenous compartment regarding its 

bioenergetics and metabolism. One well known model is the astrocyte neuron lactate shuttle 

(ANLS) where astrocytes refine glucose through glycolysis to pyruvate for export and 

consumption by neurons through the TCA cycle and electron transport chain (ETC) for energy 
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production (Bouzier-Sore, Serres, Canioni, & Merle, 2003; Dienel, 2013; L. Liu, MacKenzie, 

Putluri, Maletic-Savatic, & Bellen, 2017; Stobart & Anderson, 2013). It has been suggested that 

a similar compartmentalization may occur with ketone body metabolism (Guzman & Blazquez, 

2001). 

To improve our understanding of the effects of ketone bodies on the CNS, we conducted 

initial investigations into the effects of βOHB on mitochondrial function and nutrient sensing 

pathways in SH-SY5Y neuroblastoma cells. We further expanded our studies to primary rat 

neurons and astrocytes operating under our hypothesis that neurons would be more responsive to 

the presence of βOHB in vitro than astrocytes. We found that βOHB supported mitochondrial 

respiration and histone acetylation in both SH-SY5Y and primary neuronal cultures but not in 

astrocytic cultures. βOHB reduced activating phosphorylation of the nutrient sensing PI3K-Akt-

mTOR pathway in SH-SY5Y’s and neurons. βOHB was also able to increase transcription of 

Yamanaka factors in SH-SY5Y cells and increase protein level of Oct4 in primary neurons and 

astrocytes. 

Materials and Methods 
Culturing of SH-SY5Y Cells 

All experiments utilizing timed pregnant rats described in this study were reviewed and 

authorized by the University of Kansas Medical Center Institutional Animal Care and Use 

Committee prior to any experimentation. SH-SY5Y cells are not currently recognized as a 

commonly misidentified cell by the International Cell Line Authentication Committee. 

Undifferentiated SH-SY5Y human neuroblastoma cells were cultured in DMEM (gibco #11966) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). D-

glucose was supplemented to glucose free DMEM to achieve a final concentration of 1 g/L D-



35 
 

glucose. Media was exchanged daily. Vehicle cells were supplemented with an additional 4 mM 

NaCl while β-hydroxybutyrate (βOHB) treated cells were cultured with freshly prepared media 

supplemented with 4 mM (R)-(-)-3-Hydroxybutyric acid sodium salt (Santa Cruz Biotechnology, 

Inc. sc-229050A). Cultures were considered chronically adapted to βOHB after being cultured 

for seven days or greater (≥ 7 DIV) in the presence of βOHB. Cultures were maintained at 37°C 

and 5% CO2. 

Isolation and Culturing of Primary Neurons and Astrocytes 

All experiments involving vertebrate animals were reviewed and approved by the 

University of Kansas Medical Center Institutional Animal Care and Use Committee. Timed 

pregnant Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were obtained on 

embryonic days 12-13 of gestation (E12-13). On day E16 pregnant rats were euthanized via CO2 

asphyxiation and secondary bilateral thoracotomy. E16 embryos were removed upon necropsy 

and cortices were obtained via dissection. Cortices were placed in digestion buffer consisting of 

1-part TrypLE Express (gibco #12604-021) to 2-parts Neurobasal media (gibco #21104-049) and 

incubated for 5 minutes at 37°C. Digested cortices were processed to single cell suspension via 

trituration and passed through a 40 µm cell strainer. Cells were pelleted by centrifugation at 400 

rcf for 3 minutes and washed in warmed neurobasal media to remove excess TypLE. The cell 

suspension was divided in half and pelleted again. Neurobasal media was removed and one pellet 

was resuspended in primary neuron culture media (Neurobasal media with 1x B27 supplement 

(gibco #17504-044), 25 µM L-glutamine, and 1% P/S) with the other resuspended in Astrocyte 

Growth Media (DMEM/F12 1:1 (gibco #11320-033) with 10% FBS and 1% P/S). Cells were 

plated on plastic cell culture plates pre-treated with poly-L-lysine and incubated at 37°C and 5% 

CO2. The day following isolation neuronal media was replaced with media containing cytosine 
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arabinoside for 48 hours to arrest mitotically dividing cells and induce apoptosis of any cells 

other than post-mitotic neurons. Neuronal cultures were cultured for a minimum of 7 days prior 

to experimental investigation to allow for neurite extension and synapse formation between cells. 

Astrocyte cultures were grown to confluency in T75 flasks. Upon reaching confluency flasks 

were gently shaken for 1 hour at 37°C to remove non-astrocytic glia. Media was then removed 

and astrocytes were passaged using 0.05% Trypsin-EDTA and plated into new dishes for 

experimental investigation and allowed to grow to confluency. Both neuronal and astrocytic 

cultures were treated with vehicle or βOHB at previously discussed concentrations in their 

appropriate media. Purity of cultures were determined through immunocytochemical staining 

with antibodies targeting microtubule associated protein 2 (MAP2) (abcam #ab32454 1:500 

dilution) and glial acidic fibrillary protein (GFAP) (abcam #ab7260 1:1000 dilution) for neurons 

and astrocytes respectively. Antibody labeling was visualized using AlexaFluor goat anti-rabbit 

488 antibody (abcam ab#150077 1:2000) with Hoechst 33342 (Invitrogen #H1399) counterstain 

and imaged using an epifluorescent microscope. 

Seahorse Extracellular Flux Analysis 

Two days prior to assay 20,000 SH-SY5Y cells were seeded per well in a Seahorse XF96 

cell culture plate (#101085-004). Primary neuron and astrocytes were plated at a density of 

100,000 cells per well. Cells were seeded in 100 µL complete media, either vehicle or treatment 

media as appropriate, and allowed to stand for 1 hour at room temperature before being placed in 

a 37°C incubator at 5% CO2. An additional 100 µL of media was added four hours later and cells 

were then returned to the incubator overnight. The following day media was exchanged to 

appropriate treatment medias and cells were allowed to incubate an additional night. The next 

day cell media was removed until 50 µL remained and cells were washed twice with 200 µL of 
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assay media (Seahorse XF Base Media supplemented with 1 g/L D-glucose and 2 mM L-

glutamine). After the final wash assay media was added to a final well volume of 180 µL and the 

cell culture plate was placed in a de-gassing incubator at 37°C for 1 hour. For the mitochondrial 

stress test, 10x concentrated solutions of 10 µM oligomycin (Sigma #75351), FCCP (Sigma 

#C2920), and 5 µM rotenone (Sigma #R8875) with 5 µM antimycin A (Sigma #A8674) were 

added to ports A, B, and C respectively and injected sequentially during the assay run. 

Experiments were performed on the Seahorse XFe96 Analyzer (Agilent Technologies, Inc., 

Santa Clara, CA). 

Measurement of ADP/ATP and NAD+/NADH Ratios 

ADP/ATP ratios were determined by the ADP/ATP Ratio Assay Kit (Sigma #MAK135) 

and performed according to manufacturer’s instructions. Briefly SH-SY5Y cells were plated in 

96-well plastic plates and treated as described in Seahorse Extracellular Flux Analysis. Two 

hours prior to assay media was freshly exchanged. To begin the assay culture media was 

removed and 90 µL of ATP reagent was added per well, mixed, and allowed to incubate for 1 

minute. Luminescence due to ATP content was read. The plate was incubated for an additional 

10 minutes and residual luminescence was read to determine residual background levels of ATP. 

5 µL ADP reagent was added per well and mixed. After 1 minute, luminescence was read again. 

ADP/ATP ratio was calculated as (Read 3 – Read 2/Read1). 

NAD+/NADH ratios were determined using the NAD/NADH Glo Assay Kit (Promega 

#G9071). Cells were plated in white-walled flat bottom tissue culture plates and treated as 

described previously. Media was removed and 50 µL of PBS was added per well. An additional 

50 µL of 0.2 NaOH with 1% DTAB was added per well and mixed to lyse cells. 50 µL was 

removed and placed into a new well for treatment with 25 µL of 0.4 N HCl. Plates were covered 
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and incubated for 15 minutes at 60°C then equilibrated back to room temperature over 10 

minutes. 25 µL 0.5 M Tris base was added to acid treated wells and 50 µL of Tris-HCl was 

added to base-treated samples. 100 µL Detection Reagent was added per well and gently mixed. 

Plates were incubated at room temperature for 1 hour. Luminescence was measured with base 

treated samples used to determine NADH levels and acid treated samples measuring NAD+ 

levels. 

Measurement of Mitochondrial Membrane Potential 

Mitochondrial membrane potential was determined through multiple methods. First, 

tetramethyl rhodamine ethyl ester (TMRE) (ThermoFisher #T669) staining with Hoechst 33342 

nuclear staining was performed. SH-SY5Y cells were plated and treated as above. A subset of 

cells were treated with 20 µM FCCP for 1 hour as a positive control. Media was aspirated and 

fresh treatment media supplemented with 1 µM TMRE and 1 µg/mL Hoechst 33342 was added, 

and cells were returned to the incubator for 30 minutes. Media was aspirated and HBSS was 

added. Cells were immediately imaged at 20x magnification on the Biotek Cytation1 automated 

microscope. Images were analyzed for intensity of TMRE per cell using automated BioTek Gen5 

software (Agilent Technologies, Inc., Santa Clara, CA). 

JC-1 staining was also performed. 2 µM working concentration of JC-1 (ThermoFisher 

#T3168) was applied to SH-SY5Y cells in a 96 well plate in treatment media for 30 minutes at 

37°C. Media was aspirated and replaced with HBSS. Fluorescence was measured at 

Excitation/Emission spectra o 490/590 nm and 490/529 nm for red and green fluorescence 

respectively and ratioed to determine dye incorporation into mitochondria. 

Finally, nonyl acridine orange (NAO) staining was used (ThermoFisher #A1372). NAO 

incorporation has been shown recently to be sensitive to mitochondrial membrane potential 
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(Rodriguez et al., 2008). 100 nM working concentration was added in treatment media as 

described previously. Media was aspirated and NAO containing media was applied for 15 

minutes at 37°C. Media was aspirated and cells detached from plates using 0.05% Trypsin-

EDTA. Cells were collected and pelleted at 400 rcf for 3 minutes. Trypsin was aspirated and 

cells were washed in HBSS. Pelleting and resuspension were performed an additional time with 

cells resuspended in HBSS on ice. NAO intensity was measured by FACS analysis on a BD 

FACSAria II cytometer (BD Biosciences, San Jose, CA). 

Autophagy Flux Assay 

SH-SY5Y’s were plated in 6 cm dishes and grown to confluency in treatment media. On 

day of assay, media was exchanged to media containing 100 nM Bafilomycin (Sigma #B1793) 

for 6 hours. Following treatment cells were washed in PBS and whole cell lysates were generated 

as described elsewhere. Ratios of LC3BII to LC3BI were evaluated by Western blot between 

bafilomycin treated and untreated samples to determine autophagy flux (Cell Signaling 

Technologies (CST) #3868 1:1000 dilution). Protein levels of NDP52, BNIP3, and Nix/BNIP3L 

were used to investigate mitophagy flux (CST #60732, 44060, and 12396 respectively, 1:1000 

dilutions for all were used). 

MTT Assay 

Cellular metabolic activity was approximated via MTT assay. 60,000 SH-SY5Y cells 

were plated per well in 96-well flat bottom plastic plates and treated as described. On the day of 

assay 0.5 mg/mL thiazoyl blue tetrazolium bromide (MTT) reagent was prepared in treatment 

media and filter sterilized (Sigma #M2128). Media was aspirated from cells and 100 µL of MTT 

containing media was applied and mixed by gentle shaking. Cells were returned to 37°C 
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incubator for 3.5 hours. Media was carefully aspirated so as not to disturb the cell layer. 100 µL 

DMSO was added per well. Absorbance was measured per well at λ = 540 nm. 

Cell Cycle and Growth Analysis 

Cells that had been previously adapted to treatment conditions were passaged using 

0.05% Trypsin-EDTA and seeded in 6-cm plastic dishes at a density of 100,000 cells/dish and 

were presumed to have uniform distribution with passage serving as timepoint t = 0. Cells were 

collected via gentle scraping in 200 µL ice-cold PBS following media aspiration at 24-hour 

intervals for 3 days. 20 µL of cell suspension was mixed with an equal volume of 0.4% trypan 

blue stain (ThermoFisher #T10282). Stained cells were loaded onto cell counting chamber slides 

and cell number per mL of solution was measured using Cell Countess automated cell counter 

(Invitrogen #C10227). Count per mL was multiplied by total volume of recovered cell 

suspension and used to approximate total cell count to the nearest 1,000 cells. Doubling time was 

estimated using Malthusian growth curve analysis performed in GraphPad Prism 8 software 

(GraphPad Software, San Diego, CA). 

To determine effects of βOHB on cell cycle progression through cell synchronization at 

the G1/S checkpoint and release with propidium iodide staining. Adapted cells were passaged as 

described above. The next day media was exchanged to treatment media supplemented with 2.5 

mM thymidine for 20 hours. Cells were washed with PBS and released into treatment media for 

9 hours. A second 4-hour thymidine block was performed. Cells were then washed again and 

released and collected at 3-hour intervals for up to 24 hours. Collected cells were washed with 

ice-cold PBS and collected in 1 mL cold PBS. 2.5 mL of 90% ice-cold EtOH was added 

dropwise during gentle agitation to fix and permeabilize cells. Cells were washed and 

resuspended in cold PBS following centrifugation and stained in 1 mL PBS containing 50 µg/mL 
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propidium iodide (Sigma #P4864) and 1 mg/mL RNase A (ThermoFisher #EN0531). DNA 

content was measured by FACS analysis on a BD FACSAria II cytometer. 

Cell Death Assay 

Cell death was measured via TUNEL assay (Abcam #ab66108). Treated cells were 

washed with PBS and collected by gentle scraping. Following centrifugation cells were fixed in 

1% paraformaldehyde on ice for 15 minutes and washed again before being resuspended in 500 

µL PBS. Cell suspensions were added slowly to cold 70% EtOH and allowed to incubate on ice 

for 30 minutes. Cells were removed from EtOH following centrifugation and washed in TUNEL 

wash buffer before being suspended in TUNEL Stain Solution for 60 minutes at 37°C with 

agitation every 15 minutes. Cells were washed twice with rinse buffer before being suspended in 

500 µL of PI/RNase A solution. Cells death was measured via FACS as mentioned previously 

within 3 hours of staining. Camptothecin treated and untreated HeLa cells were included as 

positive and negative controls for apoptosis-induced cell death respectively. 

Generation of Whole Cell Lysates 

Cells were seeded at similar concentrations in 6-well plates (Corning costar #3516). 

Following treatment and upon reaching confluency media was aspirated, cells were washed in 

phosphate buffered saline (PBS), and 100 µL of RIPA lysis buffer containing Thermo Halt 

Protease and Phosphate inhibitor cocktail (Thermo #1861284) was added per well. RIPA buffer 

contained 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% 

sodium deoxycholate, 0.1% SDS, and 140 mM NaCl. Cells were lysed by mechanical scraping 

and incubated on wet ice for 20 minutes. Lysates were then centrifuged for 10 minutes at 3,000 

rcf at 4°C. Supernatant was transferred to a clean tube and stored at -80°C until ready for protein 

quantification. Protein concentration was determined via BCA Assay (Pierce #23225). 5 µL 
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lysate and 25 µL albumin standards were measured in duplicate in clear, flat bottom 96 well 

plates. Following addition of BCA working reagent plates were incubated for 30 minutes at 

37°C. Absorbance was measured at λ = 562 nm. Lysates were diluted in laemmli buffer and 

water and subsequently boiled for 10 minutes at 95°C. Samples were stored at -20°C until use. 

Western Blotting 

Lysates were resolved by SDS-PAGE using pre-cast 4-12% criterion gels run at constant 

voltage of 100V in Tris/glycine/SDS running buffer (BioRad #1610772). 50 µg of protein was 

loaded per lane along with 5 µL protein ladder. Following SDS-PAGE protein was transferred to 

PVDF membrane activated by methanol (GE Amersham Hybond #10600023) in Tris/glycine 

buffer (BioRad #1610771) with 20% methanol. Protein transfer occurred at 400 mA for 1 hour 

on ice. Following transfer membranes were washed in Tris buffered saline with 0.1% tween 

(TBST) prior to blocking for 1 hour with 5% bovine serum albumin (BSA) in TBST (Boston 

BioProducts P-753). Blocked membranes were incubated at 4°C overnight on an orbital shaker 

incubating in primary antibody diluted in 5% BSA in TBST (pT308 Akt CST #2965 1:1000, 

pS473 Akt LifeTechnologies #700392 1:1000, Total Akt CST #4685 1:1000, Acetyl-H3K9 CST 

#9649 1:1000, pS79 ACC1 CST #3661 1:1000, Total ACC1 CST #3676 1:1000, β-tubulin CST 

#2146 1:1000, Total Histone 3 CST #4499 1:2000, Oct4 abcam #ab18976 1:1000, pT389 p70 S6 

Kinase CST #9206 1:500, Total p70 S6 Kinase CST #2708 1:1000, pS293 PDHE1α abcam 

#ab177461 1:1000, Total PDHE1α abcam #ab92696 1:1000). The following day membranes 

were washed 3 times for 5 minutes in TBST followed by a 1-hour incubation at room 

temperature in appropriate secondary (Invitrogen Superclonal Secondary Antibody, HRP 

Conjugate #A28177 or #A27036), diluted 1:4000 in 5% condensed milk in TBST. Membranes 

were washed an additional 3 times for 5 minutes each prior to visualization of bands using 
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Supersignal West Femto Maximum Sensitivity Substrate (Thermo #34096) on a BioRad 

Chemidoc XRS+ imager. Densitometry was performed using Image Lab software (BioRad) with 

protein levels normalized to either β-tubulin or total protein content determined by amido black 

stain (Sigma #A8181). 

RNA Isolation and RT-qPCR 

RNA was isolated via phenol-chloroform extraction with TRI reagent (ThermoFisher 

#15596018). 1 µg of RNA template was used to generate cDNA with iScript reverse 

transcription Supermix (BioRad #1708841). cDNA target transcripts were measured by RT-

qPCR using TaqMan Universal Master Mix II (ThermoFisher #4440038) and Taqman primers 

(18S Hs03003631_g1, myc Hs00153408_m1, POU5F1 Hs00999634_gH, Sox2 Hs04234836_s1). 

qPCR was performed according to master mix instructions on an Applied Biosystems StepOne 

Plus Real Time PCR system (96 well) using a 96 well plate (Applied Biosystems #4346906). 

Relative fold change was determined using the ΔΔCt method with 18S acting as the 

housekeeping gene. 

Lipid Droplet Staining, Triglyceride Assay, and Cholesterol Staining 

Lipid droplets were identified through staining with BODIPY 493/503 (ThermoFisher 

#D3922). 1 mg/mL stock solution was used to create a 1:500 dilution in treatment media. Half of 

media was removed from cultured cells and 1:500 dilution was applied to achieve 1:1,000 

dilution working concentration. Hoechst 33342 was added as a nuclear stain at a final 

concentration of 5 µg/mL. Cells were incubated for 30 minutes at 37°C prior and washed in PBS 

following staining. Cells were finally placed in PBS and imaged using a 20x objective on the 

Cytation1 automated microscope.  
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Triglyceride content was measured through use of the Triglyceride Quantification Assay 

Kit (Abcam #ab65336). Cells were collected in 5% NP-40 in water and heated to 80°C for 5 

minutes. Cells lysates were cooled to room temp and this cycle of heating and cooling was 

repeated. Lysates were centrifuged at maximum speed for 2 minutes, supernatant was collected, 

and samples were diluted 10-fold with water. 50 µL of triglyceride standards and sample were 

loaded in duplicate onto a 96-well clear, flat bottom plate. 2 µL lipase enzyme was added per 

well and the plates were allowed to stand at room temperature for 20 minutes. Following this 50 

µL of triglyceride reaction mix was loaded containing probe, enzyme mix and triglyceride assay 

buffer were added per well and plates were incubated for 60 minutes at room temperature in the 

dark. Absorbance was measured within two hours at λ = 570 nm. A remainder of lysate 

supernatant was then analyzed by BCA assay for normalization of triglyceride content to protein 

per sample. 

Cholesterol content of cells was determined using the Cholesterol Assay Kit (Abcam 

#ab13316). SH-SY5Y cells were cultured in 96-well black walled flat bottom plates. Media was 

aspirated from cultured cells kit fixative solution was applied for 10 minutes. Cells were washed 

3 times for 5 minutes each before the addition of 100 µL of working concentration filipin III 

stain. Cells were stained for 30 minutes in the dark. Cells were washed an additional two times 

for 5 minutes each. NucGreen 488 staining was performed following the final wash 

(ThermoFisher #R37109). Cells were imaged at 20x magnification on the Cytation1 instrument 

as mentioned previously. 

mtDNA and Nuclear DNA Extraction 

SH-SY5Y cells were seeded in 6 well dishes. Following treatment and upon confluency 

cells were washed once with ice-cold PBS and 1 mL PBS was added to each well. Cells were 
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gently scraped to lift cells into suspension and transferred to autoclaved 1.7 mL microcentrifuge 

tubes. Cells were pelleted at 600 rcf for 3 minutes and supernatant was removed. The cell pellet 

was resuspended in 300 µL ice-cold DNA lysis buffer (10 mM Tris-HCl, 0.1% SDS, 1 mM 

EDTA). 30 µL of 20 mg/mL proteinase K (Invitrogen #25530-015) was added to each sample. 

Samples were subsequently vortexed for 10 seconds to lyse cells. Lysed samples were incubated 

at 55°C overnight to allow for protein digestion. The following day 300 µL of 

phenol:chloroform:isoamyl alcohol (Sigma #77617) was added. Samples were inverted 10 times 

and centrifuged at 8,000 rcf for 15 minutes. 250 µL of supernatant was transferred to a clean 

microcentrifuge tube and an equal volume of chloroform was added. Samples were again mixed 

through inversion and centrifuged at 8,000 rcf for 15 minutes. 200 µL supernatant was 

transferred to a clean microcentrifuge tube. 220 µL isopropanol and 20 µL 3M sodium acetate 

were added and samples were incubated at -20°C overnight to precipitate DNA. The following 

day samples were centrifuged at 8,000 rcf for 15 minutes to pellet DNA. Pellets were washed 

twice in 70% EtOH. Pellets were air dried briefly prior to resuspension in 250 µL nuclease-free 

water. DNA concentration was determined and adjusted to a final concentration of 5 ng/µL by 

measuring A260/280 ratios. 

mtDNA:Nuclear DNA Ratio Quantification via qPCR 

2 µL of 5 ng/µL DNA were used per qPCR reaction. Total reaction mix included 2 µL 

template, 5 µL 2x Powerup SYBR Green Master Mix (Applied Biosystems #A25742), 1 µL 

forward primer, 1 µL reverse primer, and 1 µL nuclease free water for a total reaction volume of 

10 µL. mtDNA levels were determined using primers targeting MT-ND1 (Forward primer: 5’-

CCA CCT CTA GCC TAG CCG TTT-3’ ; reverse primer 5’-TGT TTG GGC TAC TGC TCG 

C-3’). Nuclear DNA content was measured using primers targeting β2M (Forward primer: 5’-
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TGC TGT CTC CAT GTT TGA TGT ATC-3’; reverse primer: 5’-TCT CTG CTC CCC ACC 

TCT AAG T-3’). The run method included single incubation steps of 50°C for 2 minutes 

followed by 95 °C for 2 minutes. Next 40 cycles were performed of 95°C for 3 seconds and 60°C 

for 30 seconds. Finally, a melt curve was obtained by single incubations with a step and hold of 5 

seconds of 95°C for 15 seconds, 60°C for 1 minute, and 95°C for 15 seconds. qPCR was 

performed as described previously. 

Statistical Analysis 

Initial power calculations were performed on preliminary data generated to measure 

statistical significance at 80% power with an α of 0.05 where 24-hour exposure of βOHB 

increased basal OCR in SH-SY5Y’s by 15% compared to vehicle with a standard deviation of 

16% indicating we would need an n of 18 per group. Since this time, our ability to normalize 

Seahorse data has improved greatly due to new technology in the lab, but we did not wish to 

reduce our n once experiments had begun. Therefore, unless otherwise stated, all experiments 

herein utilize groups where n = 18 per group where n is the number of independent cell culture 

preparations. Data were summarized as either means with standard deviations or means with 

standard errors. To compare means between two groups we used unpaired two-tailed Student’s 

T-test. To compare means between three or more groups where only one variable was 

manipulated experimentally, we used one-way analysis of variance (ANOVA) to determine 

initial significance followed by Tukey’s post hoc testing. To compare means between three or 

more groups where two variables were manipulated experimentally, we used two-way ANOVA 

with Tukey’s multiple comparisons testing between groups. To estimate cell doubling time we 

used exponential (Malthusian) growth curves to determine best fit. A statistically significant 

outcome was determined where p-values were found to be less than 0.05. No randomization or 
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blinding was used to allocate or evaluate individual cell wells in this study. All statistical 

calculations were performed in GraphPad Prism 8 software. 
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Table 2-1: List of antibodies used in experiments 
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Antibody Name Dilution Source Catalog # 

GFAP 1:1000 abcam #ab7620 

MAP2 1:500 abcam #ab32454 

AlexaFluor Goat 
Anti-Rabbit 488 1:2000 abcam #ab150077 

NDP52 1:1000 Cell Signaling 
Technologies #60732 

BNIP3 1:1000 Cell Signaling 
Technologies #44060 

Nix/BNIP3L 1:1000 Cell Signaling 
Technologies #12396 

LC3B 1:1000 Cell Signaling 
Technologies #3868 

pT308 Akt 1:1000 Cell Signaling 
Technologies #2965 

pS473 Akt 1:1000 LifeTechnologies #700392 

Total Akt 1:1000 Cell Signaling 
Technologies #4685 

Acetylated Histone 3 
Lysine 9 1:1000 Cell Signaling 

Technologies #9649 

pS79 ACC1 1:1000 Cell Signaling 
Technologies #3661 

Total ACC1 1:1000 Cell Signaling 
Technologies #3676 

β-tubulin 1:1000 Cell Signaling 
Technologies #2146 

Total Histone 3 1:2000 Cell Signaling 
Technologies #4499 

Oct4 1:1000 abcam #ab18976 

pT389 p70 S6 Kinase 1:500 Cell Signaling 
Technologies #9206 

Total p70 S6 Kinase 1:1000 Cell Signaling 
Technologies #2708 

pS293 PDHE1α 1:1000 abcam #ab92696 
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Table 2-2: List of primers used in experiments. 
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Primer Type/Sequence Catalog 

18S Taqman Hs03003631_g1 

POU5F1 Taqman Hs00999634_gH 

myc Taqman Hs00153408_m1 

Sox2 Taqman Hs04234836_s1 

MT-ND1 Forward 5’-CCA CCT CTA GCC 
TAG CCG TTT-3’ N/A 

MT-ND1 Reverse 5’-TGT TTG GGC TAC 
TGC TCG C-3’ N/A 

β2M Forward 5’-TGC TGT CTC CAT GTT 
TGA TGT ATC-3’ N/A 

β2M Reverse 5’-TCT CTG CTC CCC ACC 
TCT AAG T-3’ N/A 
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Results 
β-hydroxybutyrate enhances mitochondrial respiration while altering ADP/ATP and 
NAD+/NADH ratios in SH-SY5Y cells. 

To test the utility of SH-SY5Y neuroblastoma cells on studying the effects of ketone 

body metabolism in vitro we first wanted to confirm that SH-SY5Y cells utilize βOHB as a 

substrate for ketolysis that led to increased oxidative phosphorylation and mitochondrial 

respiration. For this, we performed a mitochondrial stress test using the Seahorse XFe96 

Analyzer to assess mitochondrial function and how βOHB impacts multiple facets of cellular 

bioenergetics. βOHB significantly increased basal respiration when cells were exposed both 

acutely and chronically (Fig. 2-1A-B Vehicle 1.11 ± 0.13 pmol/min/1000 cells, 24-Hour βOHB 

1.22 ± 0.11 pmol/min/1000 cells, Chronic βOHB 1.34 ± 0.12 pmol/min/1000 cells; mean ± SD, p 

= 0.0084 one-way ANOVA). Basal ECAR was only reduced with chronic exposure to βOHB 

(Fig. 2-1A&C Vehicle 2.70 ± 0.37 mpH/min/1000 cells, 24-Hour βOHB 2.67 ± 0.28 

mpH/min/1000 cells, Chronic βOHB 2.54 ± 0.27 mpH/min/1000 cells; mean ± SD, p = 0.0151 

one-way ANOVA). Increases in basal respiration were associated with increased OCR associated 

with ATP production rate (Fig. 2-1D Vehicle 0.19 ± 0.03 pmol/min/1000 cells, 24-Hour 0.31 ± 

0.07 pmol/min/1000 cells, Chronic βOHB 0.39 ± 0.07 pmol/min/1000 cells; mean ± SD, p < 

0.0001 one-way ANOVA) as well as an increased proton leak rate leading to a reduced coupling 

efficiency (Fig. 2-1E Vehicle 82.44 ± 3.38%, 24-Hour βOHB 74.68 ± 4.81%, Chronic βOHB 

70.70 ± 5.21%; mean ± SD, p < 0.0001 one-way ANOVA). No differences in spare respiratory 

capacity or maximal respiratory capacity were observed in SH-SY5Y cells as these cells 

typically do not feature a spare capacity exceeding their basal respiration rate.  

To further validate differences in respiration associated with ATP production rate we 

utilized a ADP/ATP ratio assay kit to determine if βOHB induced changes in the overall ratio of 
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these species. Indeed, we found that chronic, but not acute, treatment with βOHB reduced the 

ADP/ATP ratio in SH-SY5Y cells (Fig. 2-2A Vehicle 0.22 ± 0.02, 24-Hour βOHB 0.22 ± 0.01, 

Chronic βOHB 0.18 ± 0.02; mean ± SD, p < 0.0001 one-way ANOVA). Since we were 

providing an additional substrate for the TCA cycle, we also wished to verify if we were altering 

the balance of NAD+/NADH species. We were able to demonstrate that this ratio was also 

increased under chronic, but not acute, conditions (Fig. 2-2B Vehicle 3.78 ± 0.86, 24-Hour 

βOHB 3.54 ± 0.85, Chronic βOHB 5.74 ± 2.19; mean ± SD, p = 0.0011 one-way ANOVA). 

β-hydroxybutyrate reduces mitochondrial membrane potential (Ψm) in SH-SY5Y cells. 

To further confirm the reduced coupling efficiency observed in mitochondrial stress test 

experiments we examined SH-SY5Y’s cultured in the presence of βOHB using multiple dyes 

whose uptake is sensitive to mitochondrial membrane potential. Imaging with TMRE labeling 

indicated reduced Ψm with chronic βOHB (Fig. 2-3A-B Vehicle 100 ± 21.02%, 24-Hour βOHB 

92.80 ± 9.74%, Chronic βOHB 71.49 ± 10.28%; mean ± SD, p < 0.0001 one-way ANOVA). 

FCCP was used as a positive control and was found to reduce Ψm to 38.34 ± 7.54% the intensity 

observed in Vehicle SH-SY5Y cells. JC1 dye showed reduced red/green ratio only in chronic 

βOHB samples when compared to vehicle (Fig. 2-4 Vehicle 1.13 ± 0.15, 24-Hour βOHB 1.06 ± 

0.14, Chronic βOHB 0.96 ± 0.15; mean ± SD, p = 0.0010 one-way ANOVA). Finally, uptake of 

nonyl acridine orange was reduced with both 24-hour and chronic βOHB treatment (Fig. 2-5 

Vehicle 100 ± 4.85%, 24-Hour βOHB 86.11 ± 12.92%, Chronic βOHB 77.03 ± 11.37%; mean ± 

SD, p < 0.0001 one-way ANOVA). 

β-hydroxybutyrate increases autophagic capacity and increases mitochondrial mass in SH-SY5Y 
cells. 

Reduced mitochondrial membrane potential can serve as a stress signal to initiate 

autophagy and, more specifically, mitophagy. To determine if this was the case an autophagy 
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flux assay was performed and relative amounts of autophagy and mitophagy components were 

measured via Western blotting. We measured an increase in the ratio of LC3BII/LC3BI in both 

bafilomycin untreated and treated samples when cells were cultured chronically in βOHB (Fig. 

2-6A-B Vehicle w/o bafilomycin 100 ± 22.94%, 24-Hour βOHB w/o bafilomycin 98.56 ± 

27.27%, Chronic βOHB w/o bafilomycin 156.60 ± 69.91%, Vehicle w/ bafilomycin 211.18 ± 

96.70%, 24-Hour βOHB w/ bafilomycin 213.80 ± 91.36%, Chronic βOHB w/ bafilomycin 

263.26 ± 121.41%; mean ± SD, p = 0.0093 by two-way ANOVA). We did not measure a 

difference in the delta between the two states when compared to vehicle autophagy flux delta 

(Vehicle +111.18 ± 116.43%, 24-Hour βOHB +103.66 ± 82.18%, Chronic βOHB +106.66 ± 

110.42; mean ± SD). We noted a similar trend in the levels of mitophagy adaptor protein NDP52 

(Fig. 2-6C Vehicle w/o bafilomycin 100 ± 27.59%, 24-Hour w/o bafilomycin 88.33 ± 27.65%, 

Chronic βOHB w/o bafilomycin 131.33 ± 38.82%, Vehicle w/ bafilomycin 170.23 ± 65.14%, 24-

Hour βOHB w/ bafilomycin 198.44 ± 61.38%, Chronic βOHB w/ bafilomycin 256.98 ± 

118.56%, p = 0.0045 two-way ANOVA). BNIP3, a regulator of Ψm for the purpose of initiating 

mitophagy, was increased by chronic βOHB treatment in bafilomycin treated cells (Fig. 2-6D 

Vehicle w/o bafilomycin 100 ± 45.37%, 24-Hour βOHB w/o bafilomycin 89.69 ± 39.73%, 

Chronic βOHB w/o bafilomycin 97.14 ± 34.68%, Vehicle w/ bafilomycin 423.58 ± 278.11%, 24-

Hour βOHB w/ bafilomycin 461.70 ± 205.72%, Chronic βOHB w/ bafilomycin 1,679.07 ± 

1,688.67%; mean ± SD, p = 0.0009 by two-way ANOVA). We detected not significant effect of 

βOHB on the related protein Nix/BNIP3L (Fig. 2-6E Vehicle w/o bafilomycin 100 ± 31.34%, 

24-Hour βOHB w/o bafilomycin 64.13 ± 39.74%, Chronic βOHB w/o bafilomycin 198.82 ± 

191.48%, Vehicle w/ bafilomycin 417.15 ± 85.99%, 24-Hour βOHB w/ bafilomycin 588.98 ± 

241.17%, Chronic βOHB w/ bafilomycin 775.64 ± 868.62%; mean ± SD, p = 0.0608 by two-way 
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ANOVA). Although there was a difference between vehicle and chronically treated cells in the 

bafilomycin group following post-hoc analysis via Tukey’s multiple comparisons test (p = 

0.0274). 

 To approximate relative amounts of mitochondrial mass we isolated genomic DNA from 

SH-SY5Y cells and performed qPCR on mitochondrial DNA (mtDNA) and nuclear DNA 

(nDNA) targets for ΔΔCt analysis. Relative amounts of MT-ND1 were referenced to β2M under 

different treatment conditions. We found that both 24-hour and chronic exposure to βOHB 

increased amounts of MT-ND1 mtDNA relative to β2M nDNA (Fig. 2-7 Vehicle 100 ± 19.98%, 

24-Hour βOHB 154.50 ± 37.39%, Chronic βOHB 132.35 ± 23.83%; mean ± SD, p = 0.0003 by 

one-way ANOVA). 

β-hydroxybutyrate slows metabolic activity and reduces cellular growth rate in SH-SY5Y cells 
without reducing viability. 

Given that chronic βOHB increased mitochondrial respiration and shifted the ADP/ATP 

ratio in favor of ATP we hypothesized that the additional carbon source was enhancing 

metabolic activity and cell growth in SH-SY5Y cells. To test this, we performed the MTT assay 

to assess general metabolic activity. Both 24-hour and chronic βOHB limited the ability of SH-

SY5Y cells to reduce the formazan dye relative to vehicle (Fig. 2-8 Vehicle 100 ± 16.31%, 24-

Hour βOHB 66.93 ± 6.34%, Chronic βOHB 40.32 ± 4.42%; mean ± SD, p < 0.0001 by one-way 

ANOVA). To ensure βOHB treatment was not lethal a TUNEL assay was performed and no 

significant difference in cell death was observed between treatment groups (Fig. 2-9 Vehicle 967 

± 130, 24-Hour βOHB 1,105 ± 341, Chronic βOHB 936 ± 136; mean ± SD). All observed values 

were substantially lower than the positive control of camptothecin treated HeLa cells provided 
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by the kit manufacturer (mean 83,649 ± 4736, n = 3, p = 0.0045 one-way ANOVA) and were not 

significantly different from one another upon post-hoc analysis.  

We next performed a cell growth assay to determine if reduced metabolic activity was 

associated with reduced division. No statistically significant difference was observed for the first 

two days post-split. On day 3, SH-SY5Y’s chronically cultured in βOHB were significantly less 

numerous than cells grown in vehicle media (Fig. 2-10 Vehicle 1,380,167 ± 310,354 cells, 

Chronic βOHB 698,300 ± 241,588 cells; mean ± SD, p = 0.000005 by unpaired t-test). This was 

estimated to result in an increase in cell doubling time from 17.40 hours to 30.22 hours by 

Malthusian growth best fit. To determine if the reduced cell growth was associated with a defect 

of progression through a specific portion of the cell cycle, we performed propidium iodide cell 

cycle analysis following double thymidine synchronization and release. The greatest difference 

was observed at 18-hours post release with an accumulation of cells in G0-G1 phase in 

chronically treated SH-SY5Y’s (Fig. 2-11 %G0-G1: Vehicle 58.47 ± 2.47%, Chronic βOHB 

65.91 ± 1.54%, %S: Vehicle 24.94 ± 0.56%, Chronic βOHB 19.97 ± 0.87%, %G2-M: Vehicle 

16.60 ± 2.86%, Chronic βOHB 14.12 ± 0.91%; mean ± SD, p < 0.0001 by two-way ANOVA). 

β-hydroxybutyrate reduces activation of the PI3K-Akt-mTOR pathway and induces transcription 
of Yamanaka factors in SH-SY5Y cells. 

As mTOR is a well-recognized regulator for the transition from G1 to S phase during 

mitotic division, we next sought to examine the activation status of the PI3K-Akt-mTOR 

pathway (Fig. 2-12). Chronic βOHB treatment was found to reduce Akt phosphorylation at both 

of its primary activation sites while increasing the total protein level of Akt in SH-SY5Y whole 

cell lysates (pT308/Total Akt: Vehicle 100 ± 74.33%, Chronic βOHB 16.76 ± 18.13%, 

pS473/Total Akt: Vehicle 100 ± 52.2%, Chronic βOHB 48.57 ± 25.67%, Total Akt: Vehicle 100 
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± 30.39%, Chronic βOHB 214.54 ± 160.46%; mean ± SD, p = 0.0002, 0.0009, and 0.008 

respectively by unpaired t-test). The downstream target p70 S6 Kinase also demonstrated 

reduced phosphorylation at its T389 activation site when measured alone although significance is 

lost when adjusting for total p70 S6 Kinase (pT389/Total p70 S6 Kinase: Vehicle 100 ± 65.66%, 

Chronic βOHB 55.60 ± 46.80%; mean ± SD, p = 0.0710 by unpaired t-test). 

Upon observing reduced metabolic activity, growth rate, and PI3K-Akt-mTOR 

activation, we hypothesized that βOHB was inducing cellular quiescence. With this, we first 

sought to determine if βOHB was capable of inducing histone acetylation in SH-SY5Y cells as 

had been previously reported in other cell types. βOHB did indeed increase histone 3 acetylation 

at lysine 9 but significance is lost when adjusting for total histone 3 levels (Acetyl-H3K9: 

Vehicle 100 ± 14.96%, Chronic βOHB 132.6 ± 22.25%, Acetyl-H3K9/Total H3 Vehicle 100 ± 

38.21%, Chronic βOHB 123.3 ± 41.30%, mean ± SD, p = 0.0277 and 0.36 respectively). Given 

the increased acetylation when measured alone we next examined transcript levels of the 

quiescence regulating Yamanaka factors Oct4 (POU5F1), myc, Sox2, and Klf4 to determine if 

transcription was being activated to signal quiescence. Both 24-hour and chronic treatments with 

βOHB increased transcription of Oct4, myc, and Sox2 while we were unable to detect transcripts 

for Klf4 in any of the treatment groups (Fig. 2-13 Oct4: Vehicle 100 ± 59.55%, 24-Hour βOHB 

512.60 ± 320.12%, Chronic βOHB 595.83 ± 557.11%, myc: Vehicle 100 ± 58.34%, 24-Hour 

βOHB 134.60 ± 57.40%, Chronic βOHB 183.01 ± 77.82%, Sox2: Vehicle 100 ± 48.34%, 24-

Hour βOHB 274.17 ± 192.06%, Chronic βOHB 325.21 ± 314.23%; mean ± SD, p = 0.0212, 

0.0204, and 0.0598 respectively by one-way ANOVA). 
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β-hydroxybutyrate reduces AMPK activation, increases lipid droplet number, and reduces 
cellular triglyceride and cholesterol content in SH-SY5Y cells. 

We next sought to determine if βOHB signaled nutrient scarcity through other pathways 

in addition to our observations of the PI3K-Akt-mTOR pathway. We investigated AMPK 

activation status through its downstream substrate ACC1. Chronic βOHB supplementation 

reduced S79 ACC1 phosphorylation indicating reduced AMPK activation (Fig. 2-14 Vehicle 100 

± 45.67%, Chronic βOHB 56.43 ± 34.21%; mean ± SD, p = 0.0190 by unpaired t-test). As ACC1 

serves as the rate-limiting step for de novo lipogenesis we next investigated if βOHB altered 

lipid content within SH-SY5Y cells through lipid droplet staining with BODIPY dye. βOHB 

increased the total number of lipid droplets per cell (Fig. 2-15 Vehicle 1.39 ± 0.75, 24-Hour 

βOHB 2.27 ± 0.84, Chronic βOHB 3.30 ± 0.73; mean ± SD, p < 0.0001 by one-way ANOVA). 

We also measured cellular triglyceride content directly and found that chronic βOHB 

supplementation reduced triglyceride content (Fig. 2-16 Vehicle 0.068 ± 0.010 nmol TG/µg 

protein, 24-Hour βOHB 0.068 ± 0.009 nmol TG/µg protein, Chronic βOHB 0.050 ± 0.005 nmol 

TG/µg protein; mean ± SD, p < 0.0001 by one-way ANOVA). 

Since malonyl-CoA produced by ACC1 can also serve as a substrate for the synthesis of 

cholesterol, we examined if βOHB altered the amount of cholesterol in SH-SY5Y cells. βOHB 

reduced filipin III intensity at both 24-hours and when chronically administered (Fig. 2-17 

Vehicle 18,144 ± 4,407, 24-Hour βOHB 14,776 ± 2,660, Chronic βOHB 12,918 ± 2,494; mean ± 

SD, p = 0.0003 by one-way ANOVA). We also wished to further expand on possible alterations 

on carbon flux into the mitochondria by expanding on our earlier finding of reduced ECAR. We 

examined the phosphorylation status of the primary catalytic subunit of the pyruvate 

dehydrogenase complex PDHE1α modulated by pyruvate dehydrogenase kinase. We found that 
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βOHB increased levels of inhibitory phosphorylation of PDHE1α (Fig. 2-18 Vehicle 100 ± 

32.07%, Chronic βOHB 193.9 ± 112.8%, mean ± SD, p = 0.0029 by unpaired t-test). 

β-hydroxybutyrate differentially effects the PI3K-Akt-mTOR pathway based upon cell type. 

We followed up on our earlier observations in SH-SY5Y cells to determine if βOHB had 

a conserved effect to modulate cell signaling pathways in cell types more relevant to mammalian 

physiology: primary neurons and astrocytes (Fig. 2-19). Like SH-SY5Y cells, primary neurons 

exhibited reduced Akt phosphorylation at both regulation sites (Fig. 2-20 pT308/Total Akt: 

Vehicle 100 ± 61.12%, Chronic βOHB 32.33 ± 31.41%; pS473/Total Akt: Vehicle 100 ± 

48.32%, Chronic βOHB 54.57 ± 35.39%; mean ± SD, p = 0.0035 and 0.0161 by unpaired t-test 

respectively). Neurons also demonstrated increased histone 3 lysine 9 acetylation in response to 

βOHB (Vehicle 100 ± 20.80%, Chronic βOHB 159.10 ± 52.62%, mean ± SD, p = 0.0065 by 

unpaired t-test). Primary neurons also had increased protein level of Oct4 when cultured in the 

presence of βOHB (Vehicle 100 ± 33.00%, Chronic βOHB 157.57 ± 85.12%; mean ± SD, p = 

0.0461 by unpaired t-test). 

 Unlike neurons, primary rat astrocytes had a non-significant increase in pT308 

phosphorylation of Akt (2-21 Vehicle 100 ± 116.76%, Chronic βOHB 242.95 ± 139.92%; mean 

± SD, p = 0.1187 by unpaired t-test). While pS473 was reduced as in neurons (Vehicle 100 ± 

108.91%, Chronic βOHB 28.19 ± 9.31%; mean ± SD, p = 0.0072 by unpaired t-test). Astrocytes 

did not increase histone acetylation in response to βOHB (Vehicle 100 ± 40.38%, Chronic βOHB 

115.10 ± 41.97%, mean ± SD, p = 0.3781 by unpaired t-test). Astrocytes also exhibited only a 

single Oct4 band under vehicle conditions and a doublet when treated with βOHB (Vehicle 100 

± 21.89%, Chronic βOHB 180.72 ± 56.36%; mean ± SD, p = 0.0293). 
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β-hydroxybutyrate enhanced respiration in primary rat neurons in a manner similar to that 
observed in SH-SY5Y cells. 

 We expanded our observations in primary cells by performing mitochondrial stress tests 

on primary neurons and found that βOHB increased basal respiration as expected (Fig. 2-22 

Vehicle 2.54 ± 0.61 pmol/min/1000 cells, 24-Hour βOHB 3.25 ± 0.35 pmol/min/1000 cells, 

Chronic βOHB 4.34 ± 0.90 pmol/min/1000 cells; mean ± SD, p < 0.0001 by one-way ANOVA). 

Interestingly, unlike SH-SY5Y cells, primary neurons demonstrated an increased basal ECAR 

with chronic βOHB treatment (Vehicle 0.70 ± 0.07 mpH/min/1000 cells, 24-Hour βOHB 0.70 ± 

0.06 mpH/min/1000 cells, Chronic βOHB 0.80 ± 0.16 mpH/min/1000 cells; mean ± SD, p = 

0.0064 by one-way ANOVA). Chronic βOHB also induced an increased ATP production rate in 

primary neurons (Vehicle 1.55 ± 0.64 pmol/min/1000 cells, 24-Hour βOHB 1.41 ± 0.85, Chronic 

βOHB 3.08 ± 1.79 pmol/min/1000 cells; mean ± SD, p = 0.0003 by one-way ANOVA). βOHB 

had a preserved ability to increase leak rate in primary neurons (Vehicle 1.00 ± 0.64 

pmol/min/1000 cells, 24-Hour βOHB 1.84 ± 0.89 pmol/min/1000 cells, Chronic βOHB 1.92 ± 

1.00 pmol/min/1000 cells; mean ± SD, p = 0.0054 by one-way ANOVA). This increased leak 

rate did not associate with a significant reduction in coupling percentage (Vehicle 61.34 ± 

21.47%, 24-Hour βOHB 43.68 ± 26.43%, Chronic βOHB 53.83 ± 25.75%; mean ± SD, p = 

0.1110 by one-way ANOVA). βOHB increased maximum respiration at both 24-hour and 

chronic timepoints (Vehicle 3.35 ± 1.37 pmol/min/1000 cells, 24-Hour βOHB 5.73 ± 1.26 

pmol/min/1000 cells, Chronic βOHB 5.69 ± 1.07 pmol/min/1000 cells; mean ± SD, p < 0.0001 

by one-way ANOVA). Although this increase in maximum respiration was only associated with 

an increased spare capacity with 24-hour βOHB (Vehicle 0.81 ± 0.86 pmol/min/1000 cells, 24-

Hour βOHB 2.49 ± 1.08 pmol/min/1000 cells, Chronic βOHB 1.07 ± 0.62 pmol/min/1000 cells; 

mean ± SD, p < 0.0001 by one-way ANOVA). Finally, both 24-hour and chronic exposure to 
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βOHB increased non-mitochondrial respiration in primary rat neurons (Vehicle 0.68 ± 0.20 

pmol/min/1000 cells, 24-Hour βOHB 0.89 ± 0.22 pmol/min/1000 cells, Chronic βOHB 1.05 ± 

0.30 pmol/min/1000 cells; mean ± SD, p = 0.0002 by one-way ANOVA). 

β-hydroxybutyrate does not alter basal fluxes in primary rat astrocytes but does increase 
respiratory capacity and improves mitochondrial efficiency. 

 We next investigated if βOHB’s effects are conserved across cell types in the CNS or if 

there exists a specialized response to metabolite availability as a function of cell type. For this, 

we performed a mitochondrial stress test on primary rat astrocytes to investigate the effects of 

βOHB on non-neuronal CNS cells. βOHB did not increase basal respiration in astrocytes unlike 

SH-SY5Y cells and primary neurons (Fig. 2-23 Vehicle 2.93 ± 0.74 pmol/min/1000 cells, 

Chronic βOHB 2.85 ± 0.73 pmol/min/1000 cells; mean ± SD, p = 0.7309 by unpaired t-test). 

There was also no observed increase in basal ECAR (Vehicle 1.10 ± 0.20 mpH/min/1000 cells, 

Chronic βOHB 1.15 ± 0.29 mpH/min/1000 cells; mean ± SD, p = 0.5484 by unpaired t-test). 

There was an observed reduction in leak rate with βOHB treatment (Vehicle 0.71 ± 0.21 

pmol/min/1000 cells, Chronic βOHB 0.53 ± 0.17 pmol/min/1000 cells; mean ± SD, p = 0.0071 

by unpaired t-test). Reduced leak was associated with an increased coupling percentage (Vehicle 

75.89 ± 2.48%, Chronic βOHB 81.34 ± 3.64%; mean ± SD, p < 0.0001 by unpaired t-test). 

βOHB did increase maximum and spare respiratory capacity in primary astrocytes (Maximum 

Capacity: Vehicle 8.93 ± 1.93 pmol/min/1000 cells, Chronic βOHB 10.65 ± 1.36 pmol/min/1000 

cells; Spare Capacity: Vehicle 6.00 ± 1.21 pmol/min/1000 cells, Chronic βOHB 7.80 ± 1.12 

pmol/min/1000 cells; mean ± SD, p = 0.0042 and <0.0001 respectively by unpaired t-test). There 

was no observed difference in non-mitochondrial respiration (Vehicle 1.65 ± 0.41 

pmol/min/1000 cells, Chronic βOHB 1.57 ± 0.37 pmol/min/1000 cells; mean ± SD, p = 0.5297 

by unpaired t-test). 
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Discussion 

In the present study we investigated the ability of the primary ketone body, β-

hydroxybutyrate, to support mitochondrial energy production and effect molecular signaling 

pathways important to cell growth and division in both neurons and astrocytes in vitro. βOHB 

increased respiration and induced uncoupling in both SH-SY5Y neuroblastoma cells and primary 

rat neurons but not in primary astrocytes. Increased maximal respiration and spare capacity in 

response to βOHB was only observed in primary cultures. Interestingly, only chronic exposure to 

βOHB was able to shift ratios of ADP/ATP and NAD+/NADH. Reduced metabolic activity as 

measured by MTT assay points to a more oxidative intracellular environment in agreement with 

the shift in NAD+/NADH ratios. We further showed that changes in mitochondrial leak rate were 

associated with mitochondrial membrane depolarization and increased mitochondrial mass 

despite indications of possibly increased autophagy and mitophagy.  

The stark differences in mitochondrial response to βOHB between neurons and astrocytes 

are of considerable interest. On first impression neurons are behaving exactly as one would 

expect in response to the availability of a fuel source. Astrocytes however are peculiar in that 

they are not simply inert to βOHB, but they have a specific response separate from their own 

energy production. Expanded maximal respiration and spare capacity, to an extent far greater to 

that measured in our neuronal cultures, could be indicative of increased mitochondrial mass. It is 

possible that this increased mitochondrial mass could be serving an anabolic purpose in 

astrocytes and a catabolic purpose in neurons. Others have suggested and produced some data to 

suggest that astrocytes can perform ketogenesis as a means of regulating food intake in the 

ventromedial hypothalamus. (Le Foll, Dunn-Meynell, & Levin, 2015; Le Foll et al., 2014; Le 

Foll, Dunn-Meynell, Miziorko, et al., 2015; Le Foll & Levin, 2016). It’s possible that ketones 
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themselves serve as a signal to upregulate mitochondrial mass in astrocytes so that they may 

have a greater capacity to perform ketogenesis themselves. 

While increases in NAD+/NADH ratio first appear to be incongruent with increased 

mitochondrial respiration it is important to consider several factors. The first being that we 

measured whole cell ratios and that the ratio found within the mitochondrial matrix may differ 

substantially. Secondly, this shift would be expected in a system where energy becomes derived 

via ketolysis while sparing glucose and reducing glycolytic flux. This is due to the stoichiometry 

of the reactions wherein ketolysis is known to produce one reduced equivalent of NADH while 

generating two molecules of Acetyl-CoA from βOHB while glycolysis produces two molecules 

of NADH for every molecule of glucose. Finally, one feature of aging is the reduction of total 

levels of NAD+ (Johnson & Imai, 2018). This has led to the suggestion that therapeutic strategies 

to reverse this loss could have positive effects possibly through NAD+ sensitive enzymes such as 

the sirtuin family of deacetylases or poly-ADP-ribose polymerases (PARPs) (Julien et al., 2009; 

Lutz, Milenkovic, Regelsberger, & Kovacs, 2014; Ng, Wijaya, & Tang, 2015). 

Strikingly, the addition of βOHB was able to inhibit signaling through the PI3K-Akt-

mTOR pathway despite serving as an additional carbon source and supporting energy 

production. This reduced signaling was associated with reduced growth rate of SH-SY5Y cells 

with a defect at transition from G1 to S phase. Suppression of the Akt system was conserved in 

primary neurons. Astrocytes appear to be suppressed as well as neurons but through a different 

mechanism. Where SH-SY5Y’s and neurons reduce activating phosphorylation of Akt but 

increase total protein levels, astrocytes were observed to have markedly diminished amounts of 

total Akt. Reductions in PI3K-Akt-mTOR signaling align well with increased levels of 
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Yamanaka factors that would induce quiescent behavior. Our data further expands findings of 

βOHB’s ability to induce Oct4 expression in cells other than vasculature (Han et al., 2018). 

This ability to simultaneously support bioenergetics while signaling nutrient scarcity to 

activate stress response pathways could help to explain the ability to extend lifespan and preserve 

memory in aged mice (Newman et al., 2017). Previously, it had been considered that reduced 

mTOR activation on ketogenic diet was due to reduced insulin signaling secondary to 

carbohydrate restriction of the diet. However, here we demonstrate that the ketone body itself is 

capable of inducing these signaling effects independent to carbohydrate content of the cell 

culture medium. 

Of note, not all nutrient sensing pathways indicated scarcity. AMPK appeared to be less 

active in conditions where βOHB was supplemented in media as measured by its downstream 

target ACC1. Increased ACC1 activation was associated with increased lipid droplet formation 

although triglycerides appeared to be decreased with chronic βOHB exposure. βOHB also 

reduced cellular cholesterol content in addition to reduced TGs. Taken together it is possible that 

ketone bodies have a general catabolic signaling effect to consume other sources of carbon to 

stave off possible starvation. If true, it is puzzling why AMPK would not inhibit ACC1 to 

prevent futile cycling between Acetyl-CoA and fats through de novo lipogenesis. One possibility 

could be that activation of too many stress pathways could act as a queue for the cell to commit 

to pro-apoptotic pathways and that the presence of βOHB alone is enough to inhibit such a 

commitment. 

Finally, we would be remised to not acknowledge the limitations of the present study. We 

appreciated that immortalized, undifferentiated neuroblastoma cells have fundamentally different 
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metabolic profiles and behaviors to primary cells of the central nervous system and so we sought 

to expand our models used in the current study. So too must we acknowledge that primary cells 

derived from embryonic rat cortex fail to recapitulate not only the in vivo microenvironment in 

all its complexity, but they also fail to model any lifespan associated changes to gene expression 

or accumulated damage to mimic an aged cell. Future studies would benefit to devise a method 

to study the effects of long-term ketogenic diet intervention in vivo across multiple CNS cell 

types in a high throughput and unbiased manner. In so doing we can further define the relevant 

effects of the ketogenic diet and further work to develop effective dietary mimetics for the 

treatment of neurodegenerative disease and to promote healthy aging. 
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Figure 2-1: β-hydroxybutyrate increases basal respiration and reduces basal extracellular 

acidification rate in SH-SY5Y cells. A) Shifts in OCR and ECAR become more pronounced 

with longer exposure to βOHB in vitro. B) Both acute and chronic exposure to βOHB increased 

basal OCR. C) Chronic exposure to βOHB reduced basal ECAR. D) OCR associated with ATP 

production was increased both acutely and chronically with βOHB. E) Coupling efficiency was 

reduced by βOHB treatment. (n = 18 per group. *, **, ***, **** correspond to p-values < 0.05, 

0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 



68 
 

  

0

2

4

6

8

Redox Status
NA

D
+ /N

A
D

H
 R

at
io

✱✱

0.00

0.05

0.10

0.15

0.20

0.25

ADP/ATP Ratio

A
D

P/
A

TP
 R

at
io

✱✱✱✱

A B 



69 
 

  

Figure 2-2: β-hydroxybutyrate shifts ADP/ATP and NAD+/NADH ratios chronically but 

not acutely in SH-SY5Y cells.  A) ADP/ATP ratio was decreased with chronic exposure to 

βOHB. B) NAD+/NADH ratio was increased with chronic βOHB treatment. (n = 18 per group. *, 

**, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars 

represent SEM). 
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Figure 2-3: β-hydroxybutyrate reduces mitochondrial membrane potential in SH-SY5Y 

cells. A) Representative images of TMRE labeling of SH-SY5Y cells under different conditions 

with Hoechst nuclear stain. B) βOHB reduced mitochondrial membrane potential with chronic 

treatment as measured by TMRE intensity. (n = 18 per group. *, **, ***, **** correspond to p-

values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-4: Chronic βOHB reduced JC1 measured mitochondrial membrane potential. (n = 

18 per group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 

respectively. Error bars represent SEM). 
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Figure 2-5: Incorporation of NAO into mitochondria is reduced at 24 hours and 

chronically upon exposure to βOHB. (n = 18 per group. *, **, ***, **** correspond to p-

values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-6: Chronic treatment with β-hydroxybutyrate increases autophagic capacity 

without altering flux and leads to increases in mitochondrial mass. A) Western blot images 

of autophagy flux samples from vehicle and chronic βOHB samples. B) βOHB increased the 

total amount of both LC3B lipidated and unlipidated forms under baseline and bafilomycin 

treated conditions but does not increase the delta compared to untreated samples. C) βOHB 

induced an increase in the mitophagy adaptor protein NDP52 that matched changes in LC3B. D) 

βOHB increased levels of mitophagy protein BNIP3 that was observable only with bafilomycin 

treatment. E) βOHB produced no significant change in the amount of mitophagy protein 

Nix/BNIP3L regardless of bafilomycin treatment. (n = 18 per group. * and ** correspond to p-

values < 0.05 and 0.01 respectively. Error bars represent SEM). 
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Figure 2-7: mtDNA copy number as measured by qPCR of fold change of copies of MT-

ND1 in isolated gDNA relative to nuclear encoded copies of β2M. (n = 18 per group. * and ** 

correspond to p-values < 0.05 and 0.01 respectively. Error bars represent SEM). 
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Figure 2-8: βOHB reduced cellular metabolic activity as measured by MTT assay at both 

24-hour and chronic timepoints. (n = 18 per group. *, **, ***, **** correspond to p-values < 

0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 



82 
 

  

Veh
icl

e

24
 Hour β

OHB

Chronic 
βO

HB

Cam
ptothec

in+ H
eL

a

Cam
ptothec

in- H
ela

0

20000

40000

60000

80000

100000

TUNEL Assay

M
ea

n 
TU

NE
L-

FI
TC

 In
te

ns
ity

 (A
U)

**



83 
 

  

Figure 2-9: βOHB did not induce cell death in SH-SY5Y’s at treatment concentrations. 

Camptothecin positive and negative HeLa cells were included as apoptosis positive and 

negative controls respectively. (n = 18 per group. *, **, ***, **** correspond to p-values < 

0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-10: βOHB slowed cell growth rate that became readily apparent by 3 days 

following cell seeding. Doubling time increased from 17 hours to 33 hours. (n = 18 per 

group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 

Error bars represent SEM). 
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Figure 2-11: βOHB slows progression of SH-SY5Y cell progression through the G1/S 

transition in mitosis. A) Treatment with βOHB did not reveal a change in the distribution of 

cells in different phases of cell cycle under asynchronous growth conditions. B) Treatment with 

βOHB along with cell synchronization by double thymidine block and release revealed an 

accumulation of cells in G0-G1 phase indicating a defect in transition through G1-S phase at the 

18-hour post release timepoint. (n = 18 per group. *, **, ***, **** correspond to p-values < 

0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-12: β-hydroxybutyrate reduces PI3K-Akt-mTOR pathway activation in SH-SY5Y 

cells. A) Western blot images of PI3K-Akt-mTOR pathway enzymes and their regulatory post-

translational modification sites along with acetylation status of histone 3. B) Treatment with 

βOHB reduced Akt phosphorylation at both Ser473 and Thr308 activation sites as well as 

reduced phosphorylation of the downstream target p70 S6 Kinase at Thr389. Total protein levels 

of Akt were increased by βOHB treatment. Histone 3 acetylation was increased at lysine 9. (n = 

18 per group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 

respectively. Error bars represent SEM). 
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Figure 2-13: βOHB increased mRNA levels of Yamanaka factors POU5F1 (Oct4), Sox2, 

and myc. No detectable levels of transcript for Klf4 were found in SH-SY5Y cells under any 

treatment condition. (n = 18 per group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 

0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-14: β-hydroxybutyrate reduced phosphorylation of the AMPK downstream target 

ACC1 A) Western blot images demonstrating changes in phosphorylation of ACC1 at Ser79. B) 

Chronic βOHB exposure reduced phosphorylation of ACC1 at the inhibitory Ser79 site regulated 

by activated AMPK. (n = 18 per group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 

0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-15: β-hydroxybutyrate increased lipid droplet number in SH-SY5Y cells. A) 

Fluorescent imaging of green BODIPY 493/503 labeled lipid droplets at 20x magnification with 

Hoechst 33342 nuclear staining. B) Quantification of lipid droplet number per cell indicate 

βOHB treatment increased total number of lipid droplets. (n = 18 per group. *, **, ***, **** 

correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 



96 
 

  



97 
 

  

Figure 2-16: β-hydroxybutyrate reduced cellular triglyceride content in SH-SY5Y cells. 

Chronic exposure to βOHB reduced cellular triglyceride content. (n = 18 per group. *, **, ***, 

**** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent 

SEM). 
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Figure 2-17: β-hydroxybutyrate reduced cellular cholesterol content in SH-SY5Y cells. A) 

Fluorescent images of SH-SY5Y cells labeled with the cholesterol reporter filipin III in blue and 

nuclear stain NucGreen at 20x magnification. B) βOHB reduced cholesterol content in SH-SY5Y 

cells. (n = 18 per group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 

respectively. Error bars represent SEM). 
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Figure 2-18: β-hydroxybutyrate and increased inhibition of PDHE1α in SH-SY5Y cells. A) 

Western Blot images demonstrating changes in PDHE1α subunit phosphorylation. B) βOHB 

increases phosphorylation of PDHE1α at the inhibitory Ser293 site. (n = 18 per group. *, **, ***, 

**** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent 

SEM). 
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Figure 2-19: Enrichment for neurons and astrocytes by differing isolation and culture 

protocols as evidenced by fluorescent microscopy. A) Fluorescent imaging showing 

enrichment of primary rat neurons in culture. Neurons and astrocytes were labeled with MAP2 

and GFAP respectively. Hoechst 33342 was used to visualize nuclei. B)  Fluorescent imaging 

showing enrichment of primary rat astrocytes in culture. 
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Figure 2-20: β-hydroxybutyrate reduced PI3K-Akt-mTOR activation, increased histone 

acetylation, and increased protein levels of Oct4 in primary rat neurons. A) Western blot 

images of protein changes in primary rat neuron. B) βOHB reduced phosphorylation of Akt in a 

manner like those observed in SH-SY5Y cells while simultaneously increasing the amount of 

histone acetylation and Oct4 protein. (n = 18 per group. *, **, ***, **** correspond to p-values 

< 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-21: β-hydroxybutyrate did not influence primary rat astrocytes in the same 

manner as observed in neurons. A) Western blot images of protein changes in primary rat 

astrocyte whole cell lysates. F) βOHB reduced S473 Akt phosphorylation but only demonstrated 

non-significant trends for T308. βOHB did not increase histone acetylation as observed in SH-

SY5Y and rat neurons. Vehicle treated rat astrocytes demonstrated only a single band of Oct4 

protein whereas βOHB treated astrocytes showed an increased density of the original band plus a 

second band at a slightly higher molecular weight. (n = 18 per group. *, **, ***, **** correspond 

to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Figure 2-22: β-hydroxybutyrate increased respiration in primary rat neurons in a manner 

similar to its effects in SH-SY5Y cells. A-C) βOHB increased respiration with at both 24-hours 

and chronically. Unlike in SH-SY5Y cells, chronic administration of βOHB increased the basal 

ECAR. D) Chronic βOHB increased respiration associated with ATP production rate. E-F) OCR 

attributed to proton leak was increased by βOHB at both 24-hours and chronically, but any 

association with reduced coupling efficiency was not statistically significant. G-H) Maximal 

respiration was increased by βOHB at both timepoints, but spare capacity was only transiently 

enhanced at the 24-hour mark. I) Non-mitochondrial respiration was increased by βOHB. (n = 18 

per group. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 

Error bars represent SEM). 
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Figure 2-23: β-hydroxybutyrate does not alter basal metabolic fluxes in primary astrocytes 

but does enhance spare capacity. A-C) βOHB did not alter either basal OCR or ECAR with 

chronic administration. D) βOHB did not alter OCR associated with ATP production in 

astrocytes. E-F) βOHB reduced leak rate while increasing coupling percentage in astrocytes. G-

H) βOHB increased both maximal and spare respiratory capacity in astrocytes. I) βOHB did not 

alter astrocytic non-mitochondrial respiration rates. (n = 18 per group. *, **, ***, **** 

correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Error bars represent SEM). 
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Chapter 3: 90-Day Ketogenic Diet Intervention Has Differential Effects on 
Neuronal and Astrocytic Transcriptional Pathways Relevant to Alzheimer’s 

Disease Pathogenesis in Mouse Brain. 
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Introduction 

 Alzheimer’s disease (AD) is the most common form of dementia and neurodegenerative 

disease currently estimated to effect nearly 6 million people in the United States alone. Disease 

pathogenesis is marked by accumulation of extracellular plaques of amyloid beta (Aβ42), 

intracellular tangles of hyperphosphorylated tau, inflammation, neuronal loss, mitochondrial 

dysfunction, and glucose hypometabolism (Andrews et al., 2020; Frisoni et al., 2017; Jack et al., 

2013; Menta & Swerdlow, 2019; Swerdlow, 2016; Weidling & Swerdlow, 2019; Wilkins & 

Swerdlow, 2016a). Many of these pathologic changes begin to occur during preclinical stages 

before a loss in cognitive ability is readily apparent indicating that early interventions to correct 

these deficits may have therapeutic benefit. One suggested therapy to correct the bioenergetic 

dysfunction observed in AD is the high-fat, low-carbohydrate ketogenic diet (KD) (S. J. Koppel 

& Swerdlow, 2018). A phase one retention and feasibility trial for the ketogenic diet in AD 

subjects have shown that a three-month KD intervention exhibited improved performance on the 

Alzheimer’s Disease Cognitive Assessment Scale-cognitive subscale while being maintained on 

the diet (Matthew K. Taylor et al., 2017; M. K. Taylor, Swerdlow, Burns, et al., 2019). 

 The KD has been in use clinically for over a century to provide neurologic benefit to 

patients with epilepsy who are resistant to other forms of pharmacologic management (S. J. 

Koppel & Swerdlow, 2018; M. K. Taylor, Swerdlow, & Sullivan, 2019). Among other effects, it 

is known to reduce serum insulin and increase hepatic generation of ketone bodies derived from 

fatty acids for use as an energy substrate in extrahepatic tissues. In doing so, the KD provides a 

primary energy alternative to glucose in the central nervous system (CNS) as the brain does not 

derive hardly any energy from the β-oxidation of fats and is almost entirely reliant on glucose 

derived energy production under normal physiologic conditions. Ketone bodies are utilized 
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primarily by the brain, cardiac muscle, and testes to generate ATP through mitochondrial 

respiration and oxidative phosphorylation. Unlike glucose, the delivery of ketone bodies to the 

brain does not appear to be affected by age or dementia status (Castellano et al., 2015; 

Courchesne-Loyer et al., 2016; S. C. Cunnane, Courchesne-Loyer, Vandenberghe, et al., 2016). 

 The KD and the ketone bodies it produces also demonstrate an increasingly wide array of 

recognized molecular signaling effects. The most abundant ketone body, β-hydroxybutyrate 

(βOHB), is known to inhibit histone deacetylase activity leading to increased transcription in 

several cell types (Newman & Verdin, 2014a, 2014b; Rardin et al., 2013; Shimazu et al., 2013). 

The KD has been suggested to exhibit anti-inflammatory effects through the regulation of the 

NLRP3 inflammasome and G protein coupled receptor (GPCR) signaling (Kimura et al., 2011; 

Rahman et al., 2014; Stilling et al., 2016; Won et al., 2013). The KD or other 

neuroketotherapeutics may also increase neurotrophic factor expression such as brain derived 

neurotrophic factor (BDNF) to support brain function (Marosi et al., 2016; Sleiman et al., 2016; 

Swerdlow, 2014b). The KD could be beneficial in aging as its been shown to increase lifespan in 

mice while βOHB reduces the accumulation of senescent cells in mouse vasculature (Han et al., 

2018; Newman et al., 2017). 

 Regardless of what may be the precise mechanism of benefit the KD acts through to 

improve function in subjects with dementia, to fully understand the effects of the KD on the 

brain we must consider the multiple cell populations that make up the CNS, neurons and glia. It 

is already well known that neurons and astrocytes are specialized to their management of the 

availability of glucose in what is known as the astrocyte-neuron lactate shuttle (ANLS) (Aubert 

& Costalat, 2007; Bouzier-Sore et al., 2003). In this proposed phenomenon, astrocytes process 

glucose to pyruvate via glycolysis that is then delivered to neurons for energy production via 
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mitochondrial oxidative phosphorylation. Additionally, it has been shown that neurons will 

export oxidized lipid to astrocytes as a means of waste removal for neuroprotection (L. Liu et al., 

2017). Previously, we have shown that βOHB enhanced mitochondrial respiration for energy 

production while simultaneously inducing cellular quiescence in SH-SY5Y cells and primary rat 

neurons through the modulation of PI3K-Akt-mTOR and Yamanaka factor signaling with 

limited effects on these pathways observed in primary rat astrocytes (See Chapter 2).  

We hypothesize that the KD will exhibit differential effects on neurons and astrocytes in 

vivo similar to our findings that we observed in vitro.  To test this, we compared the 

transcriptomes via RNAseq KEGG pathway analysis of neurons and astrocytes isolated from 

adult, male C57Bl6/N mice maintained on either standard chow or ketogenic diet for a period of 

90 days (Minoru Kanehisa et al., 2008; M. Kanehisa & Goto, 2000). We found that manipulating 

bioenergetic pathways via the KD modulated transcriptional patterns of several phenomena 

central to AD pathogenesis in a differential pattern between neurons and astrocytes. Not only do 

these findings further suggest the KD directly affects AD relevant pathways, it further improves 

and underscores the need to better understand the multicellular biology of the brain to better 

refine and target relevant molecular pathways for the treatment of neurodegenerative disease. 

Materials and Methods 

Maintenance and Monitoring of Mice During Dietary Intervention 

All experimental protocols involving vertebrate animals were submitted to and approved 

by the University of Kansas Medical Center Institutional Animal Care and Use Committee prior 

to any experimentation. Power calculations were performed using the PROPER method by the 

KUMC Biostatistics and Data Sciences Department to determine needed number of mice (Wu, 



116 
 

Wang, & Wu, 2014). For power calculations we assumed a sampling of approximately 20,000 

genes, primary comparison of diet effect within cell-type (comparison of 2 groups), 5% of genes 

being differentially expressed, with a magnitude of effect defined from a normal distribution 

with standard deviation equal to 1 on a log2 scale. From this we determined that groups of n = 8, 

10, and 12 would provide marginal power of 0.72, 0.75, and 0.77, respectively with a nominal 

false discovery rate of 0.1. Based upon preliminary data on our brain separation protocol to 

provide adequate gene enrichment and preserve RNA quality to an acceptable degree for 

RNAseq experiments we elected to purchase and utilize a total of 30 C57Bl6/N mice (Charles 

River Laboratories) with the goal of obtaining 12 viable samples per group for analysis. 

 Mice were purchased and arrived at 16-weeks of age and allowed to acclimate for one 

week before being assessed for baseline values of mass, blood glucose, and blood ketone levels. 

Blood was obtained by facial vein phlebotomy and metabolites were measured using the 

Precision Xtra meter (Abbott Diabetes Care, Inc. #9881465) with blood glucose (Abbott 

#9972865) and ketone test strips (Abbott #7074565) at the time of blood draw. Mice were 

stratified into dietary treatment groups by body mass to obtain equal mean initial body masses 

prior to dietary intervention. Two mice (one per group) began dietary intervention with standard 

chow (LabDiet #5053) or ketogenic diet (Bioserve #F3666) per day for 15 days and were 

maintained on the diet for 90 days before sacrifice for organ harvest (Fig. 3-1). Mouse mass and 

blood parameters were monitored periodically throughout dietary intervention. Food intake was 

measured by weighing food prior to and following a 24-hour feeding cycle per mouse for three 

days with a mean intake value per mouse (g) being determined and multiplied by the associated 

diet kcal/g to determine if there was a difference in daily kcal consumed by diet group. One 

mouse in the ketogenic diet fed group was euthanized before study endpoint for humane reasons 
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due to the development of cancer after consultation with KUMC veterinary staff. An additional 

five mice (3 chow, 2 keto diet) were euthanized after sustaining moderate to severe fight wounds 

under the advisement of veterinary staff. 

Generation of Cell Type Enriched Isolates for RNA Isolation 

 At the end of the 90-day intervention period one pair of mice was euthanized per day for 

brain separation and RNA isolation. Mice were rapidly euthanized by guillotine decapitation and 

brains were removed from the skull and placed in digestion buffer within 30 seconds of 

decapitation. Digestion buffer was composed of 2 parts Neurobasal medium (gibco #21103-049) 

to 1-part Accutase (gibco #A11105-01) supplemented with DNAse I (Sigma #DN25) to a final 

concentration of 0.3 mg/mL. Brains were incubated in digestion buffer at 37°C for 20 minutes. 

Brains were supplemented with an additional 10 mL of neurobasal medium then triturated via 

10x passages through 10 mL serological pipettes, followed by 10x passages through 5 mL 

serological pipettes, and a final 20x passages through 1,000 µL pipette tips in a 50 mL conical. 

Large debris was allowed to settle to the bottom of the tube. Upper media layer was collected 

and passed through a 70 µm cell strainer (Fisher #22-363-549) pre-hydrated with 5 mL 

neurobasal media. Pass through was collected and again strained through a 40 µm cell strainer 

(Fisher #22-363-547) pre-hydrated with 5 mL neurobasal media. 

 Final pass through was collected and centrifuged at 300 rcf for 10 minutes at 4°C to 

pellet cells. Supernatant was discarded. Cells were resuspended in 1.8 mL of ice-cold cell stain 

buffer composed of low-fluorescence Hibernate A (BrainBits, LLC), 0.5% bovine serum 

albumin (Boston Bioproducts #P-753), and SuperaseIn RNAse inhibitor (ThermoFisher 

#AM2696) and sterile filtered. 200 µL of myelin removal beads (Miltenyi Biotec #130-096-433) 
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were added and cells were incubated for 15 minutes at 4°C on a rocking shaker. 10 mL of fresh 

ice-cold cell stain buffer was added per sample and cells were again centrifuged as done 

previously. Supernatant was discarded and the cell pellet was resuspended in 4 mL of cell stain 

buffer. Cell suspension was evenly distributed by 1 mL volumes into clean, autoclaved 

microcentrifuge tubes. Tubes were placed into magnetic tube rack (ThermoFisher #12321D) at 

4°C for 10 minutes. Unbound supernatant was carefully removed through pipetting and 

transferred to a new, clean 15 mL conical tube. Collections were centrifuged under prior 

conditions and supernatant was discarded. Cell pellets were resuspended in 720 µL of cell stain 

buffer and evenly distributed into two new, clean microcentrifuge tubes for cell-type specific 

enrichment protocols. 

 For neuronal enrichment, 80 µL of biotinylated antibody cocktail targeting non-neuronal 

cell types was added to cell suspension (Miltenyi Biotec #130-115-389) as per manufacturer 

instructions. Samples were incubated at 4°C for 10 minutes on a rotating tube rack (Fisher #05-

450-127). Samples were centrifuged at 300 g for 10 minutes at 4°C and supernatant was 

carefully removed. Pellets were resuspended in 360 µL of cell stain buffer and 80 µL of anti-

biotin magnetic beads were added. Cells were again incubated at 4°C for 10 minutes on a 

rotating tube rack. Samples were diluted with 1 mL of ice-cold cell stain buffer and placed in the 

magnetic stand for 10 minutes at 4°C. Unbound supernatant containing neuronal cells was 

carefully collected so as not to disturb the sedimented layer along the magnet containing glia and 

endothelium and transferred to a new, clean microcentrifuge tube. Collections were centrifuged 

as described above and supernatant was discarded. Cell pellets were dissolved in 1 mL of TRI 

reagent (ThermoFisher #15596018) and allowed to stand for ten minutes before proceeding to 

RNA isolation. RNA was isolated via phenol-chloroform extraction with TRI reagent with RNA 
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purity and content measured by A260/280 ratio before being transferred to core services for 

quality assessment and library generation. 

 For astrocyte enrichment, 80 µL of biotinylated antibody targeting glutamate aspartate 

transporter 1 (GLAST) was added to cell suspension (Miltenyi Biotec #130-095-826) as per 

manufacturer instructions. Samples were incubated at 4°C for 10 minutes on a rotating tube rack. 

Samples were centrifuged at 300 g for 10 minutes at 4°C and supernatant was carefully removed. 

Pellets were resuspended in 360 µL of cell stain buffer and 80 µL of anti-biotin magnetic beads 

were added. Cells were again incubated at 4°C for 15 minutes on a rotating tube rack. Samples 

were centrifuged as described previously and supernatant was discarded. Pellets were 

resuspended in 1 mL of ice-cold cell stain buffer and placed in the magnetic stand for 10 minutes 

at 4°C. Unbound supernatant containing non-astrocytic cells was carefully removed so as not to 

disturb the sedimented layer along the magnet containing astrocytes and discarded. Sedimented 

magnetized cells were washed in 1 mL of cell stain buffer and centrifuged to pellet as done 

previously. Supernatant was removed and pellets were dissolved in 1 mL of TRI reagent and 

allowed to stand for ten minutes before proceeding to RNA isolation. RNA was isolated via 

phenol-chloroform extraction with TRI reagent with RNA purity and content measured by 

A260/280 ratio before being transferred to core services for quality assessment and library 

generation. Completion of protocol from sacrifice to application of TRI reagent was 

accomplished routinely in just under 3 hours. 

Assessment of Cell Enrichment by FACS Analysis  

 We performed immunostaining of a preliminary set of cell suspensions with fluorescent 

antibodies for FACS analysis to verify our ability to enrich for target populations. Following cell 
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enrichment protocols cell count was determined and adjusted to 1 x 106 cells/mL with cell stain 

buffer and aliquoted into new, clean microcentrifuge tubes for labeling of negative controls, 

single channel positive controls, and combined labeling for analysis. Included stains/antibodies 

were as follows: anti-GLAST-PE antibody for astrocytes (Miltenyi Biotec #130-118-344), anti-

CD11b-PE/Cy7 antibody (Miltenyi Biotec #101216) for microglia, anti-O4-APC (Miltenyi 

Biotec #130-099-211) for oligodendrocyte precursors, and DAPI (1 µg/mL) for live/dead 

discrimination. Live dead discrimination was also performed using Ghost Dye 450 (TONBO 

Biosciences #13-0863-T100). Verification of nucleated events was performed using Vybrant 

DyeCycle Green stain (ThermoFisher #V35004). All antibodies were added at a 1 µL per 1 x 106 

cells concentration. Staining occurred for 30 minutes on ice in the dark. Samples were then 

centrifuged as before and washed 3x in cell stain buffer. Following the final spin cells were 

resuspended in 500 µL and taken to the flow cytometry core for analysis. Samples were 

processed and analyzed by FACS on a BD FACSAria II cytometer (BD Biosciences, San Jose, 

CA). Cells were initially gated by forward scatter and side scatter (FSC and SSC respectively) to 

exclude most debris and multicellular events. Events that were DAPI negative but positive in 

more than one color channel were considered to be due to multicellular events or non-specific 

labeling of antibodies. Astrocytic events were considered as singly positive for GLAST-PE and 

neuronal events were considered as negative for all glial markers. 

Generation of Total Stranded RNA Library and Performance of RNA-Seq 

The Stranded Total RNA-Seq is performed using the Illumina NovaSeq 6000 Sequencing 

System at the University of Kansas Medical Center – Genomics Core (Kansas City, KS). Total 

RNA (input range: 315 ng – 1417 ng) was used to initiate the Stranded Total RNA-Seq library 

preparation protocol. The total RNA fraction underwent ribosomal reduction, size fragmentation 
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(6, 4, 3 or 2 minutes based on %DV200 calculation), reverse transcription into cDNA and ligation 

with the appropriate indexed adaptors using the TruSeq Stranded Total RNA HT Sample 

Preparation Kit (Illumina #RS-122-2203). Of the 48 samples generated from 24 mice, 32 

samples (8 per group) were selected for further analysis based upon %DV200 quality ≥ 30% 

(Hester et al., 2016; Illumina, 2015). Following Agilent Bioanalyzer QC of the library 

preparation and library quantification using the Roche Lightcycler96 with FastStart Essential 

DNA Green Master (Roche #06402712001), the RNA-Seq libraries are adjusted to a 2 nM 

concentration and pooled for multiplexed sequencing on the NovaSeq 6000. Two samples did 

not meet QC criteria for library generation and were excluded from further processing and 

analysis (n = 7,7,8,8 for CN, KN, CA, and KA respectively). The onboard clonal clustering 

procedure is automated during the NovaSeq 6000 sequencing run. The 100-cycle paired end 

sequencing is performed using the NovaSeq 6000 S1 Reagent Kit - 200 cycle (Illumina 

#20012864). Following collection, sequence data is converted from .bcl file format to fastQ files 

and de-multiplexed into individual sequences for further downstream analysis. 

RNA-Seq Data Quality and Pathway Analysis 

To assess RNA-Seq data quality, the FastQC tool 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used. The QC report suggested 

high sequence duplication level in the samples. RSEM [PMID: 21816040] was then used to map 

sequences to mouse mm10 genome assembly. Following sequencing mapping, bowtie2 [PMID: 

22388286] was selected as aligner within RSEM. RSEM produced low alignment rate as the 

unique alignment rates were observed to be <10 % for most samples. Both the high sequence 

duplication and the low alignment rate could be attributed to an RNA quality issue from the 

biological samples.  

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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After the gene counts were obtained from RSEM, the correlation between samples was 

calculated to detect any potential mislabeling. The correlation analysis revealed that three 

samples were potentially mislabeled or otherwise significantly distinct from other samples within 

their group. These three samples were excluded prior to any subsequent statistical analyses. This 

resulted in a final cohort of n = 7,7,7,6 for CN, KN, CA, and KA respectively. 

Following sample exclusions, the raw gene counts were normalized with library size and 

genes with non/low transcription of less than 1 cpm (count per million) in at least 2 out of 27 

samples were filtered out. After filter non/low expressed genes, a total of ~23,000 genes were 

retained for downstream statistical analyses. The Bioconductor package “edgeR” [PMID: 

19910308] was used for pair-wise comparisons of gene expression. Pathway analysis and 

visualization were performed using the R Bioconductor package “gage” [PMID: 19473525] and 

“pathview” [PMID: 23740750]. 
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Table 3-1: List of antibodies used in experiments 
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Antibody Dilution Source Catalog # 

Non-neuronal 
antibody cocktail 20 µL/1 x 107 cells Miltenyi Biotec 130-115-389 

Anti-GLAST-biotin 20 µL/1 x 107 cells Miltenyi Biotec 130-095-826 

Anti-GLAST-PE 1 µL/1 x 106 cells Miltenyi Biotec 130-118-344 

Anti-CD11b-PE/Cy7 1 µL/1 x 106 cells Miltenyi Biotec #101216 

Anti-O4-APC 1 µL/1 x 106 cells Miltenyi Biotec #130-099-211 



125 
 

Results 

Physiologic Effects of Ketogenic Diet on Mice 

Mice maintained on the ketogenic diet (KD) were found to exhibit increased ketosis for 

the duration of the intervention period (Initial: Chow 0.32 ± 0.10 mM, KD 0.29 ± 0.10 mM; 

Final: Chow 0.33 ± 0.11 mM, KD 0.82 ± 0.19 mM, mean ± SD, p = 0.44 and < 0.000001 

respectively, Fig. 3-2). KD fed mice were observed to have reduced blood glucose compared to 

chow mice with the most pronounced difference occurring at the end of the intervention period 

(Chow 135.58 ± 37.02 mg/dL, KD 75.23 ± 35.37 mg/dL, mean ± SD, p = 0.00037, Fig. 3-2). 

Chow fed mice gained weight during the course of the study from an initial weight of 31.16 ± 

4.07g to a final weight of 38.49 ± 4.80 g. KD fed mice lost weight initially from 29.10 ± 3.06g to 

a low of 26.40 ± 5.36g before gaining weight back to a final of 28.68 ± 6.67g (Fig. 3-3). KD fed 

mice ate significantly less food in terms of mass intake (Chow 5.29 ± 0.89 g/day, KD 2.34 ± 0.43 

g/day; mean ± SD, p < 0.0001, Fig. 3-4) but consumed the same amount of daily kcal regardless 

of diet (Chow 18.03 ± 3.02 kcal/day, KD 16.96 ± 3.09 kcal/day; mean ± SD, p = 0.36, Fig. 3-4). 

Evidence of Enrichment of Target Cell Populations and RNA Quality 

To validate enrichment for target cell populations we first performed analysis sorting by 

FACS to verify enrichment by antibody labeling for cell-type specific surface antigens on a 

preliminary cohort of 3 mice. DAPI negative events made up 92.86 ± 1.66% of all events 

following gating on forward and side scatter across all separation protocols (Fig. 3-5). To 

determine what percentage of DAPI negative events represent live cells and not subcellular 

debris we made use of two separate dyes, Ghost Dye eFluor 450 and Dye Cycle Green, to 

identify viable cells and nucleated cells respectively. Dye Cycle Green labeling indicated that, of 

DAPI negative events, 85.45 ± 3.00% events were nucleated across all samples. Ghost Dye 
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labeling indicated cellular viability of 68.03 ± 2.69% of events post-gating on forward and side 

scatter plots. Following neuronal enrichment protocols, we observed an increase of events free of 

all glial markers to 95.85 ± 2.10% of events compared to 37.93 ± 6.88% in unsorted brains (Fig. 

3-5). Following astrocyte enrichment protocols, we observed an increase of singly positive 

GLAST-PE labeled events from 38.23 ± 15.23% in unsorted brains to 56.58 ± 23.83% with an 

associated reduction in the non-astrocyte fraction to 8.34 ± 8.31% (Fig. 3-5).  

Following isolation of target populations and RNA extraction we performed RNA quality 

control and quantitation using the Agilent Bioanalyzer. We found no difference in RNA quality 

across separation protocols or dietary interventions by DV200% (Chow Neuron 42.69 ± 16.76%, 

Keto Neuron 45.81 ± 17.95%, Chow Astrocyte 47.25 ± 14.31%, Keto Astrocyte 49.72 ± 15.36%; 

mean ± SD, p = 0.9586 by two-way ANOVA, Fig. 3-6).  We did however obtain greater RNA 

yields via neuronal isolation protocol compared to the astrocyte protocol but did not observe an 

effect of diet on RNA yield (Chow Neuron 2,964 ± 2,497 ng, Chow Astrocyte 1,160 ± 432 ng, 

Keto Neuron 2,857 ± 1,592 ng, Keto Astrocyte 1,004 ± 301 ng; mean ± SD, p = 0.0052 for cell 

type by two-way ANOVA, Fig. 3-6). 

As we used the entirety of samples generated from the diet cohort to generate RNA to 

maximize yield, we did not perform post-sorting FACS analysis on those samples. Instead, we 

utilized transcript counts of known cell type specific transcripts within the data set to verify 

enrichment. For astrocytes, we examined expression of Gfap, Aldh1l1, Slc1a3, and S100b. 

Expression of each of these genes were increased in astrocyte enriched data sets relative to 

neuronally enriched data sets (Gfap: Astrocytes 82.02 ± 13.44, Neurons 16.42 ± 13.76, Slc1a3: 

Astrocytes 222.0 ± 46.32, Neurons 39.18 ± 33.34, Aldh1l1: Astrocytes 23.66 ± 5.24, Neurons 

4.53 ± 4.27, S100b: Astrocytes 92.05 ± 23.07, Neurons 11.01 ± 10.23; mean ± SD, units are 
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CpM, Fig. 3-7). For neurons we looked at expression of mature neuronal markers Rbfox3, Syp, 

Nefm, and Nefh. We observed expression of these genes in both neuron and astrocyte enriched 

fractions with astrocytically enriched samples often demonstrating higher gene counts (Rbfox3: 

Neurons 19.33 ± 16.42, Astrocytes 33.48 ± 8.08, Syp: Neurons 16.58 ± 22.85, Astrocytes 36.63 ± 

14.11, Nefm: Neurons 14.82 ± 8.59, Astrocytes 25.63 ± 6.66, Nefh: Neurons 8.24 ± 5.46, 

Astrocytes 22.28 ± 4.79; mean ± SD, units are CpM, Fig. 3-7). Given higher raw neuronal gene 

count in astrocyte samples than expected, we further verified enrichment of neuronal genes in 

neuron isolation preparations by ratioing the summated neuronal gene counts mentioned above to 

summated astrocyte gene counts within individual samples. In doing so, we found that all but 

one sample generated from neuron isolations demonstrated a higher neuron:astrocyte gene ratio 

compared to samples generated by astrocyte enrichment protocol (Neurons 0.9926 ± 0.302, 

Astrocytes 0.292 ± 0.102; mean ± SD, p < 0.0001, Fig. 3-7). Correlation analysis of samples that 

underwent statistical analysis are shown in Figure 3-8. 

 We further assessed the presence of microglial, oligodendrocytic, and endothelial 

genes to determine if either protocol demonstrated robust contamination of other cell types. We 

did not observe substantial expression of most of these other lineage specific transcripts 

compared to neuronal or astrocytic transcripts as demonstrated in Figure 3-7. 

Changes in Individual Gene Expression 

 No genes were identified as differentially expressed to a statistically significant degree 

following adjustment of raw p-values for multiple hypothesis testing. For transparency, we have 

included a table of the top genes by lowest raw p-value for each dietary comparison within cell 

types and direction of change in expression for the reader’s consideration Table 3-4. From here 
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forward any data regarding individual genes or discussions of such genes is done with an 

understanding that no statistical significance has been found. 

KEGG Pathway Analysis 

 A total of 96 molecular signaling pathways and 30 pathology associated pathways were 

found to be upregulated in KD fed mouse neurons compared to chow fed neurons to a 

statistically significant degree. No pathways were found to be downregulated in neurons of KD 

fed mice compared to chow. Within astrocytes, KD fed mice were found to have 5 activated and 

67 suppressed molecular signaling pathways by KEGG analysis. One pathology associated 

pathway was activated in KD fed astrocytes while 14 were suppressed as compared to chow 

astrocytes. 58 molecular pathways and 14 pathology pathways were found to be commonly 

significant between both KD fed neurons and astrocytes, all of which differed in the direction of 

effect with increases observed in neurons and decreases observed in astrocytes. 

 Of pathology transcriptional pathways activated by KD, 11 were cancer associated, 5 

involved neurodegenerative disease, 5 involved infection, 3 involved metabolic disorders, 4 dealt 

with addiction, and 2 were cardiovascular disease associated. The three pathologies with the 

lowest q-values were all neurodegenerative disorders: Alzheimer’s disease, Parkinson’s disease, 

and Huntington’s disease. Within astrocytes, the only upregulated pathology pathway involved 

response to S. aureus infection. Of the remaining suppressed pathways, 7 involved cancer, 3 

were associated with addiction, two involved metabolic disorders, 1 involved infection, and 1 

was cardiovascular disease associated. 

Molecular pathways with lowest q-value and complete pathological pathways for each 

cell type are shown in Tables 3-2 and 3-3 respectively.  
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Transcriptional Changes of Alzheimer’s Disease Associated Transcripts 

 Given the three lowest q-value pathologies implicated were all neurodegenerative and our 

own hypothesis that the KD can be used as an effective treatment for age associated 

neurodegenerative disease, we have chosen to focus on the data associated with Alzheimer’s 

disease pathogenesis for the remainder of the present manuscript. Transcripts that makeup the 

curated KEGG pathway analysis and the influence KD had in neurons may be viewed in Figure 

3-9. From these data it appears the pathway was implicated primarily due to increased 

transcription of mitochondrial electron transport chain complexes for oxidative phosphorylation 

(Fig. 3-10), amyloid precursor protein, apolipoprotein E and its receptor LRP1, tau and its kinase 

GSK3β, and multiple proteins involved in modulating intracellular calcium levels in neurons of 

mice fed a KD. 

 As the KEGG pathway does not involve all known proteins and interactions that 

influence different pathogenic species involved in AD, we first expanded our study by examining 

expression changes in genes that have been implicated in AD by genome wide association 

studies as seen in Figure 3-11. From this it appears that the KD increases transcription of genes 

associated with APP metabolism, cholesterol metabolism, endocytosis, and cytoskeleton/axon 

development while downregulating the inflammatory mediator Ms4a superfamily. Astrocytic 

response is generally more inert except for increased transcription of Ms4a family members. 

 Expanding our investigation to include APP secretases and genes with known protein 

interactions with different APP products we observed a moderate increase in γ-secretase 

subunits, the α-secretase ADAM10, and β-secretase BACE1 (Fig. 3-12). Aβ42 has been shown 

to disrupt Notch signaling. We observed no changes in neuronal Notch family transcripts but an 

upregulation in the Notch inhibitor Numb. No differences were observed in levels of 
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mitochondrial Tomm40 or Timm23 which APP has been shown to interact with intracellularly. 

Astrocytes demonstrated reductions to BACE1, Numb, and extracellular matrix encoding genes 

that bind APP products. 

 Investigating transcript levels of the other major aggregating protein in AD revealed 

increased transcription of tau (MAPT) in neurons (Fig. 3-13). Additionally, neurons exhibited 

increased transcription of several tau kinases and phosphatases with the greatest differential 

effect observed in the phosphatase Ppp3cb. Again, astrocytes exhibited generally reduced 

transcription of these genes when mice were maintained on a ketogenic diet. 

 Of genes that interact with ApoE, neurons showed increased expression of ApoJ (Clu), 

with alternating patterns of upregulation and downregulation of apolipoprotein receptors with the 

greatest change being an increase in the ApoE receptor Sorl1 (Fig. 3-14). Lipoprotein lipase 

(Lpl) was downregulated in neurons. Astrocytes demonstrated the opposite pattern in regulating 

levels of ApoE receptor transcripts and Lpl. 

 To evaluate metabolic pathways and insulin sensitivity we have chosen to compare those 

pathways in neurons and astrocytes as both were found to be significant in both populations. As 

seen in Figures 3-15 and 3-16, the directionality of gene expression is opposed as in other 

phenomena we’ve shown. The differences seem to be most pronounced for JNK, PI3K, Ras/Raf, 

ERK1/2 and PKA with lesser changes in intermediates of associated pathways. 

Discussion 

 In our current study we investigated how a dietary intervention modulates transcriptional 

response in the brain as a function of cell type. The ketogenic diet largely increased 

transcriptional pathway activation and neurons while suppressing transcriptional responses in 
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astrocytes as determined by KEGG pathway analysis. The stark contrast of these responses may 

indicate that the KD fundamentally enhances neuronal function while suppressing glial function 

leading to glial quiescence in times of nutritional scarcity. 

Of the top pathology pathways implicated, the top three pathologies implicated by neuron 

transcriptome changes were all neurodegenerative diseases. When we investigated further into 

AD relevant gene changes, we consistently observed a general increase in gene transcription in 

neurons with opposite effects observed in astrocytes. While it may be difficult to appreciate how 

increases in some of these genes, such as APP and tau kinases, would be beneficial in the 

treatment of AD we feel it is important to consider two points. First, the levels of individual 

mRNAs do not necessarily reflect protein level or pathway activation status as this does not 

consider rates of protein degradation or post-translational modifications. Secondly, we would 

make the point that all therapeutic strategies centered on reducing the amounts of variants of 

amyloid and tau species have not, as of yet, led to proven clinical improvement in AD subjects. 

Regardless of how exactly KD is altering AD relevant pathways, these data suggest that 

manipulating bioenergetics sit squarely at the crossroads of all relevant AD phenomena and have 

the capacity to alter them, potentially for therapeutic benefit.  

Previously it has been shown that oligomeric Aβ42 suppresses mitochondrial respiration 

while ketone bodies prevent mitochondrial entry of Aβ42 (Yin et al., 2016). Similarly, declining 

mitochondrial function has been shown to increase APP processing to pathogenic Aβ42 (Wilkins 

& Swerdlow, 2016a). Therefore, it may be that neuroketotherapeutics both reduce the formation 

of Aβ42 oligomers and prevent mitochondrial entry by enhancing neuronal oxidative 

phosphorylation transcription and mitochondrial respiration as we have observed here in vivo and 

previously in vitro (See Chapter 2). The KD may also help prevent the accumulation of 
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misfolded proteins through the activation of ER protein folding pathways in neurons as indicated 

by KEGG analysis (Table 3-2) or by upregulating multiple heat shock proteins to act as 

chaperones (Figure 3-18). Increasingly, both systemic and brain insulin resistance is being 

implicated as part of the pathophysiology of AD that contributes to glucose hypometabolism and 

mitochondrial dysfunction. It has been shown that some AD relevant genes such as APP 

demonstrate low spatial correlation to insulin signaling pathway intermediates such as Akt and 

IRS1 (Diehl, Mullins, & Kapogiannis, 2017). Our present study has shown the ability of KD to 

modify the insulin signaling pathway at key regulatory steps including Akt, JNK, ERK1/2, PI3K, 

and IRS. It would make logical sense that KD would improve insulin sensitivity and has been 

shown to do so in diabetics although understanding how it specifically influences brain insulin 

resistance could benefit from further study (Bolla, Caretto, Laurenzi, Scavini, & Piemonti, 2019; 

Kinzig, Honors, & Hargrave, 2010). For instance, it is not well understood if brain insulin 

resistance is more a consequence of astrocytic dysfunction at the blood brain barrier or neuronal 

dysfunction determining fuel utilization. 

 While we did not observe any significantly altered individual genes following multiple 

hypothesis testing, we do feel it is appropriate to comment on a selection of a series of genes that 

appeared to share functional similarities or belonged to the same familial domain as their 

inclusion on lists of lowest raw p-values or magnitude of differential expression at random does 

not seem likely. Beginning with neuronal expression, three of the top ten implicated genes as 

ordered by ascending raw p-value were all involved in ubiquitin signaling pathways: Rnf115, 

Ubac2, and Rnf14 (Table 3-4). Rnf115 (ring finger protein 115/Rabring7) just barely missed 

significance with a false discovery rate of 0.16. Rnf115 and Rnf14 both function as E3 ubiquitin 

ligases that are thought to play a role in membrane receptor internalization, ubiquitination, and 
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trafficking content between the endosome and lysosome (Smith, Berry, & McGlade, 2013). We 

noted that three of the top 20 genes as ordered by magnitude of increased differential expression 

centered around histone biology: Hist1h4m, Hist1h4f, and Hist1h3a (Table 3-5). This is of 

interest as it supports earlier studies indicating a role for ketone bodies to modulate gene 

transcription through histone regulation by acting as histone deacetylase inhibitors (Marosi et al., 

2016; Shimazu et al., 2013; Xie et al., 2016). Finally, when examining astrocytic genes ordered 

by greatest levels of suppression of transcription, we notice that three of the six most suppressed 

genes are all members of the protocadherin α family (Table 3-6). 

 When considering limitations of the current study we would like to first acknowledge the 

difficulty in producing high quality RNA through this experimental protocol that is completely 

free of contamination from other cell types. We cannot preclude the disproportionate loss of 

transcripts with short poly-A tails leading to a possible 3’-UTR bias in our current transcriptome 

dataset. We also feel it is important to underscore that changes in transcriptional pathways alone 

may not reflect the activation status of these pathways as these data do not consider translational 

rates nor the status of regulatory post translational modifications. As such, our present data solely 

implicate these phenomena as being affected by KD without being determinant as to how the KD 

specifically alters such pathways for a functional outcome. Further, we enriched for CNS cell 

type irrespective of brain region from which they were derived. Therefore, it is important to 

consider that not all pathway activations we detected may apply to these cell types in all brain 

regions as neuronal heterogeneity varies greatly from brain region to brain region.  

Regarding the ketogenic diet utilized in this study, greater than 90% of the daily kcals are 

derived from fat, 10% from protein, and almost no kcals from carbohydrate which is roughly 

equivalent with a 4:1 classic ketogenic diet (M. K. Taylor, Swerdlow, & Sullivan, 2019). While 
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this proportion is often necessary to produce reliable, robust ketosis in rodents, it is not 

particularly feasible to translate to humans as a long-term diet. Ketogenic diets consumed by 

humans are more commonly 1:1 ketogenic diet where 70% of kcals are derived from fats, 20% 

from protein, and the remainder from carbohydrates. The extreme proportion of macronutrients 

used to induce ketosis in rodents may have important consequences and lead to pathway 

activation/suppression that may not be recapitulated by a more balanced diet or across 

organisms. Additionally, we noted that blood glucose levels of our KD cohort began to trend into 

hypoglycemia near the end of our 90-day intervention. It becomes difficult to attribute what 

portion of the diet induced specific pathway activations in the present study between induction 

by ketosis, insulin reduction, low blood glucose, or some combination of the aforementioned 

changes or other currently unrecognized mechanism. Identification of specific mechanisms of 

action would require a return to simpler interventions or the development of models of sustained 

ketosis without the need for dietary interventions that feature multiple confounding effects in 

addition to changes in ketonemia. 

 Nevertheless, the present study marks the first time to our knowledge the effects of a 

dietary intervention on the brain transcriptome have been assessed across multiple cell types in 

vivo. In doing so, we have found that the responses between neurons and astrocytes are distinctly 

specialized and often in opposition to each other in regard to specific molecular pathways. The 

current study suggests the ketogenic diet affects systems involved in neurodegenerative disease 

and may improve function in these diseases by enhancing neuronal oxidative phosphorylation 

while altering dynamics of insulin signaling and protein processing among other effects in 

neurons and astrocytes. Further improving our understanding of what pathways and which 

features of the diet regulate these transcriptional changes will improve our mechanistic 
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understanding of the effects of the ketogenic diet and could lead to the development of an 

effective dietary mimetic for the treatment of neurodegenerative disease and dementia. 
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Figure 3-1: Macronutrient breakdown of diets by macronutrients as sources of kcal. Chow 

diet kcals come from 62.14% carbohydrate, 24.65% protein, and 13.21% fat. Ketogenic diet 

kcals come from 93.37% fat, 4.70% protein, and 1.80% carbohydrate. 
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Figure 3-2: Ketogenic diet induces ketosis while reducing blood glucose. A) KD induces 

ketosis that was maintained throughout the duration of the dietary intervention. B) KD reduced 

blood glucose progressively throughout the study. Error bars represent standard error of the 

mean. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Ns 

indicates not significant. 
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Figure 3-3: Ketogenic diet prevents weight gain in a 90-day intervention in adult mice. KD 

prevented weight gain that chow fed mice experienced. Error bars represent standard error of the 

mean. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. Ns 

indicates not significant. 
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Figure 3-4: Mice maintained on ketogenic diet ate less total food by mass but consumed the 

same amount of total calories. A) Mice maintained on KD ate less food by mass during the diet 

period. B) There was no difference in daily food intake by kcal. Error bars represent standard 

error of the mean. *, **, ***, **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 

respectively. Ns indicates not significant. 
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Figure 3-5: FACS Analysis shows enrichment of target populations in preliminary studies. 

A) Schematic of gating and definition of target populations by antibody labeling. Color of 

schematic matches event colors in below charts. B) Initial gating was done by forward and side 

scatter to reduce the amount of total debris factored into final analysis. C) DAPI staining was 

included to identify apoptotic cells (DAPI-positive). D) Unsorted cells demonstrated large 

numbers of events in all quadrants/staining combinations. E) Neuron enrichment protocols 

provided a neuron enriched fraction where most events were found in the 3rd quadrant and 

negative for glial antibodies. The neuron negative fraction showed large amounts of events 

positively labeled with glial antibodies. F) Astrocyte enrichment protocol increased the 

proportion of singly positive GLAST labeled events (quadrant 4) compared to unsorted events. 

The astrocyte negative fraction generated by the protocol displayed a greatly reduced number of 

GLAST-positive events. 
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Figure 3-6: RNA quality and yields by diet and enrichment protocol. A) RNA quality did 

not differ by diet or enrichment protocol. B) RNA yield was not affected by diet but was lower 

in astrocytes comparatively to neurons. Bars indicate means ± standard deviation. **** indicates 

p-value < 0.0001. 
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Figure 3-7: Transcriptome libraries generated for RNAseq showed relative enrichment of 

genes specific to target populations. A) Astrocyte enriched libraries demonstrated higher CpMs 

of astrocyte specific genes Gfap, Slc1a3, Aldh1l1, and S100b relative to neuronally enriched 

samples. B) Neuronally enriched samples demonstrated expression of neuron specific genes 

Rbfox3, Syp, Nefm, and Nefh. Astrocyte samples also demonstrated expression of neuronal genes 

although at lower CpMs than astrocytic genes. C) Ratioing the aggregate CpMs of neuron 

specific genes to astrocyte specific genes within individual samples demonstrated a general 

enrichment for genes in accordance with their cell enrichment protocol. 13 of 14 neuronal 

samples had substantially higher ratios than those observed in astrocyte samples. D) We 

investigated levels of Itgam, Aif1, Ptprc, and Cxcr3 to verify depletion of microglia. E) We 

utilized Olig1, Olig2, Olig3, and Sox10 to verify depletion of oligodendrocytes. F) We examined 

amounts of Tek, Vcam1, Pecam1, and Vwf to verify depletion of endothelial cells. Bars indicate 

means ± standard deviation. **** indicates p-value < 0.0001. 
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Figure 3-8: Intrasample correlation analysis of all samples that underwent cDNA library 

generation. A) Expanded heatmap of intrasample correlation analysis. Samples 15, 26, and 32 

diverged from other samples within their groups and were excluded prior to downstream gene 

enrichment and pathway analysis. B) Intrasample transcriptome correlation analysis for samples 

that underwent downstream processing. Yellow indicates perfect correlation of 1.00. Navy blue 

indicates no correlation of 0.00. 
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Table 3-2: Complete table of molecular pathway changes found to be significantly altered 
by ketogenic diet. 
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Table 3-3: Complete listing of pathology associated pathways found to be significantly 
influenced by ketogenic diet sorted by cell type and direction of effect. 
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Figure 3-9: Generated KEGG pathway of Alzheimer’s disease transcripts affected by 

ketogenic diet in mouse neurons. For each gene transcript displayed, individual mice fed a 

ketogenic diet are represented by vertical color bars placed over the gene name to indicate 

relative expression compared to the mean of the chow cohort for the same gene. Blue reflects a 

decrease in relative expression, red represents increased relative expression, and grey indicates 

no change. The color scheme ranges from -1 to +1 indicating a log2 fold change. 
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Figure 3-10: Generated KEGG pathway of oxidative phosphorylation subunit transcripts 

affected by ketogenic diet in mouse CNS neurons. Subunits of all ETC complexes show 

varying degrees of increased expression in most samples. The color scheme ranges from -1 to +1 

indicating a log2 fold change. 
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Figure 3-11: Heat map indicating changes in mRNA expression of genes implicated to 

influence risk of developing AD as found by genome wide association studies (GWAS). 

Each row corresponds to a single gene with gene response of neurons and astrocytes to ketogenic 

diet intervention are organized in the left and right columns respectively. The color of each cell 

indicates the relative median change of KD samples compared to the normalized mean of chow 

fed samples. Increased expression is represented by red, decreases by blue, and no change by 

white. Saturation of color indicates the magnitude of the associated change in expression on a 

log-base-2 scale. 
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Figure 3-12: Heat map of genes found to interact with amyloid precursor protein or its 

derivatives. Each row corresponds to a single gene with gene response of neurons and astrocytes 

to ketogenic diet intervention are organized in the left and right columns respectively. The color 

of each cell indicates the relative median change of KD samples compared to the normalized 

mean of chow fed samples. Increased expression is represented by red, decreases by blue, and no 

change by white. Saturation of color indicates the magnitude of the associated change in 

expression on a log-base-2 scale. 
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Figure 3-13: Heat map of tau (Mapt) and its known kinases and phosphatases. Each row 

corresponds to a single gene with gene response of neurons and astrocytes to ketogenic diet 

intervention are organized in the left and right columns respectively. The color of each cell 

indicates the relative median change of KD samples compared to the normalized mean of chow 

fed samples. Increased expression is represented by red, decreases by blue, and no change by 

white. Saturation of color indicates the magnitude of the associated change in expression on a 

log-base-2 scale. 
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Figure 3-14: Heat map of gene expression for apolipoprotein E (ApoE) and its known 

interacting genes. Each row corresponds to a single gene with gene response of neurons and 

astrocytes to ketogenic diet intervention are organized in the left and right columns respectively. 

The color of each cell indicates the relative median change of KD samples compared to the 

normalized mean of chow fed samples. Increased expression is represented by red, decreases by 

blue, and no change by white. Saturation of color indicates the magnitude of the associated 

change in expression on a log-base-2 scale. 
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Figure 3-15: Generated KEGG pathway of insulin signaling pathway transcriptional 

changes in neurons induced by ketogenic diet. Neuronal transcription of the insulin signaling 

pathway is generally increased. Differences appear clustered around JNK, PI3K, Akt, Ras, Raf, 

ERK1/2, and PKA. PEPCK displays the inversed pattern where its expression appears 

suppressed in neurons and increased in astrocytes. 
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Figure 3-16: Generated KEGG pathway of insulin signaling pathway transcriptional 

changes in astrocytes induced by ketogenic diet. Astrocytic response is largely suppressed. 

Differences appear clustered around JNK, PI3K, Akt, Ras, Raf, ERK1/2, and PKA. PEPCK 

displays the inversed pattern where its expression appears suppressed in neurons and increased in 

astrocytes. 
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Figure 3-17: Volcano plots of differentially expressed genes. A) Volcano plot demonstrating 

distribution of gene expression data of KD neurons compared to chow neurons. B) Volcano plot 

demonstrating distribution of gene expression data of KD astrocytes compared to chow 

astrocytes. X-axis demonstrates differential expression on a log(Fold Change) scale with 

vertical bars serving as the delineation for genes that are “differentially expressed.” Y-axis 

corresponds to log10(p-value) with genes above the horizontal black line being considered 

significant by raw p-value. No genes were found to be significant following multiple hypothesis 

testing. Each circle represents a single gene. 
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Table 3-4: Differentially expressed genes in neurons and astrocytes organized by ascending 

raw p-value. No individual genes were found to be significant after multiple hypothesis testing. 

Top panel are neuronal genes organized by ascending raw p-value. Top neuronal genes include a 

mitochondrial complex I subunit and genes involved in E3 ubiquitin ligase activity among 

others. Bottom panel are astrocytic genes. No consistent pattern is evident other than multiple 

olfactory receptor genes. 
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Table 3-5: Differentially expressed genes in neurons organized by magnitude and direction 

of changes in expression. Upper panel are genes exhibiting increased expression on ketogenic 

diet. Three genes demonstrating the greatest magnitude of increased expression are involved in 

histone biology. Lower panel lists genes most suppressed by ketogenic diet. 
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Table 3-6: Differentially expressed genes in astrocytes organized by magnitude and 

direction of changes in expression. Upper panel are genes exhibiting increased expression on 

ketogenic diet. Bottom panel lists genes with greatest suppression by ketogenic diet. Three of the 

six most suppressed genes in astrocytes are all members of the protocadherin α family. 
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Figure 3-18: Heat map of changes in heat shock protein gene expression induced by 

ketogenic diet in neurons and astrocytes. Each row corresponds to a single gene with gene 

response of neurons and astrocytes to ketogenic diet intervention are organized in the left and 

right columns respectively. The color of each cell indicates the relative median change of KD 

samples compared to the normalized mean of chow fed samples. Increased expression is 

represented by red, decreases by blue, and no change by white. Saturation of color indicates the 

magnitude of the associated change in expression on a log-base-2 scale. 
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Chapter 4: Generation and Initial Characterization of the Conditionally Expressing 
Malonyl-CoA Insensitive CPT1AM593S Mouse 
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Introduction 

 Metabolic dysfunction including glucose hypometabolism and mitochondrial failure are 

featured of Alzheimer’s disease and other neurodegenerative disorders (Andrews et al., 2020; 

Menta & Swerdlow, 2019; Swerdlow, 2016, 2020; Watts, Wilkins, Michaelis, & Swerdlow, 

2019; Weidling & Swerdlow, 2019; Wilkins & Swerdlow, 2016a). Correcting glucose 

hypometabolism through the supplementation of ketone bodies through the use of high-fat, low-

carbohydrate ketogenic diets may be therapeutic in this setting by correcting bioenergetic failure 

or through another, unknown, mechanism (Courchesne-Loyer et al., 2016; S. Cunnane et al., 

2011; S. C. Cunnane, Courchesne-Loyer, St-Pierre, et al., 2016; S. C. Cunnane, Courchesne-

Loyer, Vandenberghe, et al., 2016; Han et al., 2018; S. J. Koppel & Swerdlow, 2018; Newman et 

al., 2017; M. K. Taylor, Swerdlow, & Sullivan, 2019). Early evidence suggests that ketogenic 

diet may indeed support cognitive function in Alzheimer’s disease subjects (Matthew K. Taylor 

et al., 2017; M. K. Taylor, Swerdlow, Burns, et al., 2019). One considerable barrier to 

implementing ketogenic diets for clinical use is that the diet is generally difficult to maintain and 

found by many patients to be generally unpalatable (M. K. Taylor, Swerdlow, & Sullivan, 2019). 

Due to this, identification of specific underlying therapeutic mechanisms could be valuable to the 

development of a ketogenic diet dietary mimetic for the treatment of neurologic disease. 

 Previous studies have made efforts to characterize the molecular effects of 

ketotherapeutics either via dietary intervention in animals or direct application of ketone bodies 

in vitro (Hennebelle et al., 2016; Kashiwaya et al., 2010; Newport et al., 2015; Yao, Chen, et al., 

2011). These studies become limited as complete dietary interventions make it difficult to 

identify the causative agent of the diet responsible for observed downstream effects due to a 

large number of confounding physiologic changes. These changes include, but are not limited to, 
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induction of ketonemia, reductions in serum insulin, increases in serum glucagon, increases in 

lipolysis of white adipose, and changes in circulating lipid profile (S. J. Koppel & Swerdlow, 

2018). Meanwhile in vitro studies are limited due to their artificial nature that does not take into 

account the multicellular environment of the central nervous system.  

To overcome these limitations, it becomes necessary to deliver reliable sustained ketone 

delivery to the brain in vivo without the accompanying confounding variables introduced through 

complex dietary interventions. Previous studies have sought to overcome this barrier through the 

use of feed supplementation with novel ketone ester supplements, medium chain triglyceride 

supplements, or through the use of subcutaneous osmotic pumps to deliver ketone bodies 

exogenously (Hennebelle et al., 2016; Kashiwaya et al., 2010; Newport et al., 2015; Yao, Chen, 

et al., 2011). While effective to a degree, they are limited as either being labor intensive, 

vulnerable to confounding effects due to differences in feed consumption or rely on surgical 

techniques that are invasive to research animals. 

 To address this pitfall, we have created a transgenic mouse model capable of constitutive 

fatty acid import into the mitochondria under conditional cre-lox expression control. In doing so, 

we hypothesize that constitutive fat trafficking will lead to enhanced β-oxidation of fats and 

successive constitutive ketogenesis even in the absence of carbohydrate restriction or excess fat 

supplementation in the diet. 

 To accomplish this, we have made use of a plasmid generously provided by Michael 

Wolfgang, PhD, of Johns Hopkins University. This plasmid encodes carnitine palmitoyl 

transferase 1A (CPT1A) mutated to produce a substitution of methionine for serine at amino acid 

593 (CPT1AM593S). Normally, CPT1A serves as the rate limiting enzyme in mitochondrial β-
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oxidation of fats as it catalyzes the conjugation of long chain acyl groups to L-carnitine forming 

acyl-carnitines. These acyl-carnitines are able to be transported across the mitochondrial outer 

and inner membranes to gain access to the mitochondrial matrix. There, they serve as substrate 

for β-oxidation, energy production, and, in select tissues, for ketogenesis. In times of nutrient 

excess, excessive amounts of acetyl-CoA exit the mitochondria and are converted by acetyl-CoA 

carboxylase 1 (ACC1) to malonyl-CoA. Malonyl-CoA serves to inhibit CPT1A to allow 

cytosolic carbons to be utilized for de novo lipogenesis, steroidogenesis, and prevent futile 

cycling of fatty acyls (Akkaoui et al., 2009). The CPT1AM593S has been previously demonstrated 

to abolish negative feedback inhibition of malonyl-CoA on CPT1A enzymatic activity leading to 

constitutive activity of the enzyme (Lopez-Vinas et al., 2007).  

 As the liver performs the majority of ketogenesis in mammals, we have targeted 

expression of the transgene initially to hepatocytes via crossbreeding to Albumin-Cre mice in 

order to achieve systemic elevated ketosis in the absence of dietary interventions (Garber et al., 

1974). Neurons do not perform β-oxidation to an appreciable degree due to the localization of 

CPT1C to endoplasmic reticulum and not mitochondria in brain regions including the 

hypothalamus, amygdala, and hippocampus (Sierra et al., 2008; Virmani et al., 2015). CPT1C 

instead is thought to play a role in regulation of feeding behavior, autophagy signaling, 

modulation of oxidative metabolism, and generation of ceramides (Lee & Wolfgang, 2012; 

Palomo-Guerrero et al., 2019; Wolfgang et al., 2006). Unlike neurons, however, astrocytes are 

known to express CPT1A and have been shown to perform not only β-oxidation of fatty acids in 

vitro, but ketogenesis as well (Blazquez, Sanchez, Velasco, & Guzman, 1998; Fukao et al., 1997; 

Guzman & Blazquez, 2001; Nehlig & Pereira de Vasconcelos, 1993). To study the effects of 
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localized increased β-oxidation within the CNS and astrocytic ketogenesis in situ, CPT1AM593S 

mice were further crossed to Gfap-Cre mice.  

In the present writing we detail preliminary findings characterizing the effects of 

CPT1Amut transgene expression in hepatocytes. CPT1Amut expressing mice do not demonstrate 

systemic elevated ketosis whether maintained on standard chow diet, ketogenic diet, or under 

fasting conditions compared to non-carrier (NCAR) littermates. Intrahepatic levels of ketone 

bodies are higher in transgenic mice, especially in female mice. Early molecular signaling 

studies indicate that hepatocytes may adapt to increased fatty acid flux to the mitochondria 

through the export of excess carbon as citrate to the cytosol and the downregulation of 

mitochondrial fatty acid synthesis (mtFAS). Response of extrahepatic tissues and the effects of 

astrocytic expression are still subjects of and require further investigation. 

Materials and Methods 

All protocols described herein pertaining to the use of animals were reviewed and 

approved by the University of Kansas Medical Center Institutional Animal Care and Use 

Committee (KUMC-IACUC) prior to any experimentation or acquisition of animals. 

Plasmid Source and Design 

 The plasmid construct that served as the basis for this work was generously provided by 

Dr. Michael Wolfgang, Ph.D. of Johns Hopkins University (Fig. 4-1). The total plasmid size was 

10,822 bp in length and featured an ampicillin resistance gene for bacterial colony selection. 

Once linearized, the plasmid features an insert for mCherry followed by a stop codon flanked by 

two loxp sites. Downstream of mCherry lies a sequence for carnitine-palmitoyl transferase A 
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(CPT1A) conjugated to cerulean fluorescent protein (CFP). The CPT1A sequence is mutated for 

a substitution of amino acid 593 from methionine to serine which has been shown to prevent 

negative feedback inhibition of malonyl-CoA on CPT1A enzymatic activity. Both mCherry and 

CPT1Amut-CFP expression is regulated by the cytomegalovirus CAG promoter sequence which 

lies 5’ to mCherry. The insert sequence is flanked on both the 5’ and 3’ end by fragments of 

genetic material matching the Rosa-26 safe harbor locus. 

Generation of Founders and Confirmation of Transgene Incorporation 

 The transgenic insert was targeted to the Rosa-26 locus via guide RNA (gRNA) 

mediated recruitment of CRISPR/Cas9 to induce double strand breaks and allow for homologous 

end repair and incorporation of linearized plasmid sequence. Successful incorporation of novel 

genetic material into the Rosa-26 locus was verified through isolation of genetic DNA from tail 

snip or earhole punch. Tissue was first digested overnight at 60°C in buffer containing 0.4% 

sodium dodecyl sulfate, 200 mM NaCl, 5 mM EDTA, and 0.5 mg/mL Proteinase K 

(ThermoFisher Cat # 25530-015) at a pH of 8.00. Samples were retrieved and 1 mL of 

phenol:chloroform:isoamyl alcohol (Sigma #77617) was added. Samples were inverted to mix 

and allowed to stand for 10 minutes at room temperature before being centrifuged at 12,000 rcf 

for 10 minutes at 4°C. The upper aqueous layer was retrieved and transferred to a clean, new 

microcentrifuge tube and 1 mL of 100% isopropanol was added followed by 3 M sodium acetate 

to a final concentration of 0.3 M. Samples were stored overnight at -20°C to precipitate DNA. 

Samples were centrifuged at previous conditions to pellet DNA. Supernatant was aspirated and 1 

mL of 70% ethanol was added. Tubes were pulse vortexed to wash pellets in ethanol before 

centrifugation at 7,500 rcf for 5 minutes at 4°C. Ethanol was carefully removed and pellets were 

briefly air dried before being resuspended in 40 µL of nuclease-free water. DNA concentration 
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and purity were determined spectrophotometrically by measuring A260/280 ratios and 

concentration was adjusted to 250 ng/µL. 

 Genotyping PCR was performed with primer sets designed to recognize either 5’ or 3’ 

ends of the genetic insert sequence. The primer sets are as follows: 5’ Upper 5’ – AAA GAA 

GAG GCT GTG CTT TGG – 3’, 5’ Lower 5’ – ATT ATT GAC GTC AAT GGG CGG – 3’, 3’ 

Upper 5’ - TAT GAA GAT CCC TCG ACC TGC – 3’, and 3’ lower 5’ – AGT CAA GCC AGT 

CCA AGA GAA – 3’. Wild-type Rosa-26 locus was identified using the following primers: WT 

Primer 1: 5’ – CTC TGC TGC CTC CTG GCT TC -3’ and WT Primer 2: 5’ – CGA GGC GGA 

TCA CAA GCA ATA – 3’.  

 Genotyping PCR reactions were performed using 2 µL of template and 23 µL of master 

mix comprised of 16.94 µL nuclease-free water, 5.0 µL 5x Advantage Buffer (Takara Cat # 

639241), 0.25 µL Advantage HD polymerase, 0.2 µL dNTP (Takara Cat #630125), 0.33 µL of 

100 µM Primer 1, and 0.33 µL of 100 µM Primer 2. Cycling conditions for all reactions were 

performed as follows:  

Denaturation at 95°C for 2 minutes  

35 cycles: Denaturation at 95 °C for 15 seconds 

             Anneal at 62 °C for 30 seconds 

              Extension at 72 °C for 75 seconds 

Final Extension at 72 °C for 5 minutes. 
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 PCR reaction products were resolved on an ethidium bromide 1% agarose-TAE gel to 

resolve size of band products. The 5’ reaction, 3’ reaction, and WT reactions were predicted to 

produce bands sizing 1.3 kb, 1.1 kb, and 322 bp respectively. Bands were visualized under UV 

light using the BioRad Chemidoc XRS+ Imaging System. 

Crosses of F0 R26-CPT1AM593S mice were performed to male or female Speer6-ps1Tg(Alb-

cre)21Mgn mice (Albumin-Cre; Jackson Laboratories Strain #003574) for hepatic expression of 

CPT1AM593S. Genotyping of Albumin-Cre breeding offspring to identify Cre-Recombinase were 

performed according to directions for the strain from Jackson Laboratories. Astrocytic 

expression was achieved through crosses of F0 R26-CPT1AM593S males to hemizygous Gfap-Cre 

females (B6.Cg-Tg(Gfap-cre)73.12Mvs/J, Jackson Laboratories, Strain #012886). Again, 

genotyping to identify Cre-Recombinase carriers were performed according to recommendations 

from the Jackson Laboratories available on their website. 

Backcrossing and Congenic Monitoring 

 As founder mice were generated on hybrid C67BL6/J:FVBn background we performed 

backcrossing to C57BL6/J mice over 5 generations with single nucleotide polymorphism 

tracking through Jackson Laboratories. Each generation, the transgenic offspring with the highest 

percentage of C57BL6/J specific SNPs was selected for further backcrossing until animals were 

measured to be over 99% C57BL6/J. At this point, the N5 generation was considered congenic to 

the Jackson inbred strain and was considered the F0 generation for future crosses/experiments. 
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Dietary Interventions and Phlebotomy 

 Mice were maintained ad libitum on either standard chow (LabDiet #5053) or high-fat, 

low-carbohydrate ketogenic diet (Bioserve #F3666) for variable portions of time. During fasting 

periods, mice had ad libitum access to water at all times. Routine blood draws were performed 

by facial vein puncture no more than once every two weeks with no more than 150 µL of blood 

collected at any given time. Blood metabolites were measured using the Precision Xtra meter 

(Abbott Diabetes Care, Inc. #9881465) with blood glucose (Abbott #9972865) and ketone test 

strips (Abbott #7074565) at the time of blood draw. 

 Glucose tolerance testing was performed on mice following an 8-hour fast. Initial blood 

draws were sampled by tail cut and read immediately. Following initial readings, mice received 

intraperitoneal injections of 2 g glucose dissolved in sterile PBS/kg body weight. Repeated 

measures were performed at 15, 30, 60, and 120 minutes. 

Indirect Calorimetry 

 To study the effects of CPT1Amut expression on animal behavior and energy metabolism 

we made use of indirect calorimetry caging. Indirect calorimetry was performed at the University 

of Kansas Medical Center Metabolic Obesity Phenotyping Facility using the Promethion 

continuous indirect calorimetry system (Sable Systems International, Las Vegas, NV). Animals 

were moved to single animal housing at least one day prior to being relocated into metabolic 

cages where they were housed for three days. Manufacturer developed macros were used to 

calculate resting, active, mean, and total energy expenditure. Gas exchange metrics included 

volume of respired O2, CO2, H2O, and respiratory quotient (RQ). Consumption of food and 

water, walking behavior, and sleep behavior were also measured during the housing period 
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utilizing feed and water hoppers and XYZ Beambreak Activity Monitor (Sable Systems, Las 

Vegas, NV). Data was obtained separately for light and dark cycles and averaged for the last two 

days of the housing period. Animals were housed on a 14:10 hour light:dark cycle. 

Intrahepatic Ketone Measurements 

 To measure intrahepatic ketone levels approximately 100 mg of frozen liver was placed 

into 500 µL of ice-cold homogenization buffer (220 mM mannitol, 70 mM sucrose, 1mM EDTA, 

and 5 mM HEPES, pH = 7.40) and homogenized for 30 strokes on ice using a glass-on-glass 

Dounce homogenizer. Samples were placed into new, clean 1.5 mL microcentrifuge tubes and 

centrifuged at 1,000 rcf for 5 minutes at 4°C. 10 µL of supernatant was collected and ketone 

body content was measured using the Precision Xtra meter with ketone test strips. Measured 

concentration was multiplied by volume of supernatant to determine total ketone content and 

normalized to mg of input material. 

Generation of Cell Lysates and Western Blotting 

Approximately 50 mg of frozen liver was placed in 500 µL of RIPA lysis buffer 

containing Thermo Halt Protease and Phosphate inhibitor cocktail (Thermo #1861284). RIPA 

buffer contained 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 

0.1% sodium deoxycholate, 0.1% SDS, and 140 mM NaCl. Livers were homogenized for 30 

strokes on ice using a glass-on-glass Dounce homogenizer. Homogenized sample was collected 

and placed into a new, clean microcentrifuge tube. 

Lysates were then centrifuged for 5 minutes at 1,000 rcf at 4°C. Supernatant was 

transferred to a clean tube and stored at -80°C until ready for protein quantification. 10 µL of 



192 
 

concentrated lysate was diluted with 100 µL of fresh cold RIPA supplemented with PPI prior to 

protein concentration determination. Protein concentration was determined via BCA Assay 

(Pierce #23225). Diluted lysate and albumin standards were measured in duplicate in clear, flat 

bottom 96 well plates. Following addition of BCA working reagent plates were incubated for 30 

minutes at 37°C. Absorbance was measured at λ = 562 nm. Lysates were diluted in laemmli 

buffer and water and subsequently boiled for 10 minutes at 95°C. Samples were stored at -20°C 

until use.  

Lysates were resolved by SDS-PAGE using pre-cast 4-12% criterion gels run at constant 

voltage of 100V in Tris/glycine/SDS running buffer (BioRad #1610772). 50 µg of protein was 

loaded per lane along with 5 µL protein ladder. Following SDS-PAGE protein was transferred to 

PVDF membrane activated by methanol (GE Amersham Hybond #10600023) in Tris/glycine 

buffer (BioRad #1610771) with 20% methanol. Protein transfer occurred at 400 mA for 1 hour 

on ice. Following transfer membranes were washed in Tris buffered saline with 0.1% tween 

(TBST) prior to blocking for 1 hour with 5% bovine serum albumin (BSA) in TBST (Boston 

BioProducts P-753). Blocked membranes were incubated at 4°C overnight on an orbital shaker 

incubating in primary antibody diluted in 5% BSA in TBST (pT308 Akt CST #2965 1:1000, 

pS473 Akt LifeTechnologies #700392 1:1000, Total Akt CST #4685 1:1000, pS455 ACLY CST 

#4331 1:2000, Total ACLY CST #13390 1:2000, pS79 ACC1 CST #3661 1:1000, Total ACC1 

CST #3676 1:1000, β-tubulin CST #2146 1:1000, CPT1A abcam #ab128568 1:2000, Cre-

Recombinase abcam #ab190177 1:2000, GAPDH CST #2118 1:5000, GFP abcam #ab6556 

1:1000, Total HMGCR abcam ab#174830 1:3000, Total LIAS Sigma HPA018842 1:1000, 

Lipoic Acid abcam #ab58724 1:5000). The following day membranes were washed 3 times for 5 

minutes in TBST followed by a 1-hour incubation at room temperature in appropriate secondary 
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(Invitrogen Superclonal Secondary Antibody, HRP Conjugate #A28177 or #A27036), diluted 

1:4000 in 5% condensed milk in TBST. Membranes were washed an additional 3 times for 5 

minutes each prior to visualization of bands using Supersignal West Femto Maximum Sensitivity 

Substrate (Thermo #34096) on a BioRad Chemidoc XRS+ imager. Densitometry was performed 

using Image Lab software (BioRad) with protein levels normalized to either β-tubulin or total 

protein content determined by amido black stain (Sigma #A8181). 

Statistical Analysis 

 Direct comparisons between genotypes were performed via unpaired two-tailed student’s 

t-test. When assessing statistical significance between genotypes when factoring in sex we 

employed two-way analysis of variance (ANOVA) testing with Tukey’s post-hoc analysis. When 

examining the effects of diet on behavioral outcomes from indirect calorimetry we performed 

paired two-tailed student’s t-tests. Results were considered to be statistically significant for p-

values less than 0.05. 
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Table 4-1: List of antibodies used in experiments. 
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Antibody Dilution Source Catalog # 

pT308 Akt 1:1000 Cell Signaling 
Technologies #2965 

pS473 Akt 1:1000 LifeTechnologies #700392 

Total Akt 1:1000 Cell Signaling 
Technologies #4685 

pS455 ACLY 1:2000 Cell Signaling 
Technologies #4331 

Total ACLY 1:2000 Cell Signaling 
Technologies #13390 

pS79 ACC1 1:1000 Cell Signaling 
Technologies #3661 

Total ACC1 1:1000 Cell Signaling 
Technologies #3676 

β-tubulin 1:1000 Cell Signaling 
Technologies #2147 

CPT1A 1:2000 abcam #ab128568 

Cre-Recombinase 1:2000 abcam #ab190177 

GAPDH 1:5000 Cell Signaling 
Technologies #2118 

GFP 1:1000 abcam #ab6556 

HMGCR 1:3000 abcam #ab174830 

LIAS 1:1000 Sigma # HPA018842 

Lipoic Acid 1:5000 abcam #ab58724 
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Table 4-2: List of primers used in experiments. 
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Primer Sequence 

WT-Rosa26 Forward 5’ – CTC TGC TGC CTC CTG GCT TC -3’ 

WT-Rosa26 Reverse 5’ – CGA GGC GGA TCA CAA GCA ATA 
– 3’ 

5’ R26-CPT1AM593S Transgene Forward 5’ – AAA GAA GAG GCT GTG CTT TGG 
– 3’ 

5’ R26-CPT1AM593S Transgene Reverse 5’ – ATT ATT GAC GTC AAT GGG CGG – 
3’ 

3’ R26-CPT1AM593S Transgene Forward 5’ - TAT GAA GAT CCC TCG ACC TGC – 
3’ 

3’ R26-CPT1AM593S Transgene Reverse 5’ – AGT CAA GCC AGT CCA AGA GAA 
– 3’ 

Albumin-Cre WT Ms Chromosome 13 5’ – TGC AAA CAT CAC ATG CAC AC – 
3’ 

Common Albumin-Cre Primer 5’ – TTG GCC CCT TAC CAT AAC TG – 3’ 

Mutant Forward Albumin-Cre Primer 5’ – GAA GCA GAA GCT TAG GAA GAT 
GG – 3’ 

Gfap-Cre Transgene Forward 5’ – TCC ATA AAG GCC CTG ACA TC – 
3’ 

Gfap-Cre Transgene Reverse 5’ – TGC GAA CCT CAT CAC TCG T – 3’ 

Gfap-Cre Internal Positive Control 5’ – CAA ATG TTG CTT GTC TGG TG – 3’ 

Gfap-Cre Internal Positive Control 5’ – GTC AGT CGA GTG CAC AGT TT – 
3’ 
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Results 

Generation of Founders and Confirmation of Germline Transmission 

 Transgenic founders were created through the use of CRISPR-Cas9 technology to insert 

our linearized plasmid sequence to the mouse Rosa-26 safe harbor locus (Fig. 4-2). Targeting to 

the R26 locus was done to ensure single copy incorporation into the mouse genome without 

interrupting known protein coding gene sequences. The incorporated plasmid sequence encodes 

mcherry followed by a stop codon flanked by two loxp sites. Our construct of interest, mutated 

aa 593 M>S carnitine palmitoyl transferase 1A conjugated to cerulean fluorescent protein 

(CPT1AM593S-CFP), is contained in the sequence downstream to the mcherry-STOP sequence. 

Both constructs are reliant on the cytomegalovirus CAG promoter sequence which lies upstream 

to both previously described sequences. Our transgene of interest would therefore only be 

expressed when crossed with mouse strains expressing Cre-recombinase allowing for organ 

targeting or timed expression studies in strains where Cre expression is regulated by drug 

interventions. Incorporation of novel genetic material in the founding litter was confirmed 

through PCR with primer sets recognizing endogenous R26 locus and unique insert genetic code 

at 5’ end, 3’ end, and internal to the genetic insert.  

Founders were created using C57BL6/J:FVBn hybrid mice. Prior to experimentation, we 

performed genetic backcrossing to C57BL6/J mice for five generations (N1-N5 generations) 

with single nucleotide polymorphism tracking to achieve congenic C57BL6/J transgenic mice. 

Our novel genetic insert was identified in the N1 generation by PCR reaction as performed in the 

founders indicating germline transmission of the transgene. Once the N5 generation was created 

they were from there forward considered the F0 population of transgenic mice and used to cross 
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with Albumin-Cre or Gfap-Cre expressing lines to generate CPT1AM593S-CFP expressing mice 

for experimental investigation in hepatocytes and astrocytes respectively. 

Confirmation of transgene expression in Albumin-Cre x CPT1AM593S mouse livers  

Expression of the CPT1AM593S-CFP conjugate gene product in Cre-expressing tissues 

was first investigated by crossing our transgenic line into an albumin-cre line for hepatocyte 

targeted expression. Upon sacrifice livers were removed and whole cell protein was isolated for 

Western blot (Fig. 4-3). Labeling for CPT1A produced a band at the predicted weight near 110 

kDa in non-cre expressing mouse livers while producing a doublet with a band at 110 kDa and 

another around 135 kDa in albumin-cre x CPT1AM593S mice. We next blotted for CFP to verify 

expression of the unique identifying tag following Cre-flox. CFP labeling produced a band 

around 135 kDa in Alb-Cre x CPT1AM593S mice but not in transgene negative litter mates. 

Measurement of Blood Glucose, Ketone Bodies, and Body Weight 

 No difference has been observed in body weight in male or female mice at any point 

between birth and extending out to 8 months of age (Fig. 4-5). Similarly, no significant 

difference was observed in blood glucose or ketonemia between albumin-cre and albumin-cre x 

CPT1AM593S mice when (Fig. 4-6) maintained on chow diet (Glucose: NCAR 202.4 ± 69.94 

mg/dL, CPT1AM593S 231.0 ± 69.30 mg/dL; p-value = 0.5236; Ketones: NCAR 0.392 ± 0.088 

mM; CPT1AM593S 0.422 ± 0.112 mM; p-value = 0.6264), ketogenic diet (Glucose: NCAR 163.60 

± 35.43 mg/dL; CPT1AM593S 145.00 ± 41.01 mg/dL; p-value = 0.4346; Ketones: NCAR 2.80 ± 

0.52 mM; CPT1AM593S 3.10 ± 0.141 mM; p-value = 0.4007), or under fasting conditions 

(Glucose: NCAR 179.25 ± 89.47 mg/dL; CPT1AM593S 166.50 ± 118.09 mg/dL; p-value = 

0.4590; Ketones: NCAR 1.10 ± 0.47 mM, CPT1AM593S 0.95 ± 0.21 mM; p-value = 0.9507). We 
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further performed glucose tolerance testing to determine if expression of the transgene effected 

systemic insulin resistance. We did not observe a significant difference in response to glucose 

tolerance testing between transgenic animals and non-transgenic animals regardless of sex (Area 

under the curve: NCAR 42,283 ± 13,619, CPT1AM593S 38,126 ± 6,404; mean ± 95% CI) as 

shown in Figure 4-7.  

Indirect Calorimetry and Mouse Behavior 

 Transgenic and non-transgenic litter mates were housed for several days to assess if there 

were differences in mouse respiratory exchange, feeding behavior, drinking behaviors, or 

activity. No difference was observed in mouse energy expenditure during either light or dark 

cycles (Fig. 4-8, Light Total EE: NCAR 5.733 ± 0.351 kcal, CPT1AM593S 5.701 ± 0.182 kcal; p-

value = 0.8837; Dark Total EE: NCAR 5.114 ± 0.494, CPT1AM593S 5.123 ± 0.099 kcal; p-value 

= 0.9273). No difference was measured in gas exchange of O2 (NCAR 1.43 ± 0.09 mL/min, 

CPT1AM593S 1.41 ± 0.05 mL/min) CO2 (NCAR 1.09 ± 0.10 mL/min, CPT1AM593S 1.11 ± 0.01 

mL/min), or H2O (NCAR 0.17 ± 0.01 mL/min, CPT1AM593S 0.18 ± 0.03 mL/min; p-value = 

0.9233). Secondary to that, no difference was observed in respiratory quotient between 

genotypes (Fig 4-9, Light RQ: NCAR 0.757 ± 0.065, CPT1AM593S 0.776 ± 0.019; p-value = 

0.0059 by 2-way ANOVA; no significant interactions on Tukey’s post-hoc analysis; Dark RQ: 

NCAR 0.825 ± 0.043, CPT1AM593S 0.857 ± 0.019; p-value = 0.1502). No significant difference 

was found between rates or amounts of food (Fig. 4-10, Light Total Food Consumed: NCAR 

1.63 ± 0.97g, CPT1AM593S 1.71 ± 1.20 g; p-value = 0.4925; Dark Total Food Consumed: NCAR 

2.42 ± 1.05 g, CPT1AM593S 2.515 ± 0.526 g; p-value = 0.6038) or water consumption (Fig. 4-11, 

Light Total Water: NCAR 1.76 ± 0.56 g, CPT1AM593S 1.61 ± 0.41 g; p-value = 0.4180; Dark 

Total Water: NCAR 3.49 ± 0.73 g, CPT1AM593S 3.11 ± 0.57 g; p-value = 0.1333). No significant 
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difference was found in total distance traveled in either light or dark cycle as a function of 

genotype (Fig. 4-12, Light Total Walking Distance: NCAR 83.56 ± 32.18 g, CPT1AM593S 89.13 

± 43.41 m; p-value = 0.2685; Dark Total Walking Distance: NCAR 159.27 ± 73.90 m, 

CPT1AM593S 193.16 ± 20.81 m; p-value = 0.0495 by 2-way ANOVA, no significant interactions 

on Tukey’s post-hoc analysis). Finally, no difference in sleep behavior was observed during the 

caging period (Fig. 4-13, Light Sleep Hours: NCAR 10.78 ± 0.43 h, CPT1AM593S 10.72 ± 0.95 h; 

p-value = 0.6906; Dark Sleep Hours: NCAR 4.26 ± 1.41 h, CPT1AM593S 4.17 ± 1.34 h; p-value = 

0.0141 by 2-way ANOVA; no significant interactions on Tukey’s post-hoc analysis). 

In order to determine if changes in mouse behavior would become more pronounced with 

increased availability of dietary fats, we repeated our measurements using indirect calorimetry 

while performing daily feedings with ketogenic diet in place of chow. We again did not find an 

effect of genotype in response to these parameters while animals were maintained on ketogenic 

diet in either sex. We did observe several effects of diet on animal behavior irrespective of 

genotype that were significant by two-way ANOVA. Maintaining animals on KD significantly 

reduced mean (Chow 0.512 ± 0.038 kcal, Keto 0.497 ± 0.039 kcal; p-value = 0.2500) and total 

animal energy expenditure (Chow 5.118 ± 0.377 kcal, Keto 4.967 ± 0.390 kcal; p-value = 

0.2500) during the active dark cycle in both sexes (Fig. 4-8). KD feed increased mean (Chow 

0.409 ± 0.020 kcal, Keto 0.489 ± 0.028 kcal; p-value = 0.0078) and total energy expenditure 

(Chow 5.721 ± 0.283 kcal, Keto 3.949 ± 0.229 kcal; p-value = 0.0078) during the light cycle for 

both sexes. KD feed reduced animal respiratory quotient (RQ) in both sexes (Fig. 4-9, Light RQ: 

Chow 0.76 ± 0.05, Keto 0.67 ± 0.02; p-value = 0.0078; Dark RQ: Chow 0.84 ± 0.04, Keto 0.68 ± 

0.03; p-value = 0.0078). Animals performed more feeding bouts (Fig. 4-10, Chow 14.25 ± 5.94 

bouts, Keto 23.48 ± 6.56 bouts; p < 0.0001) but ate overall less food by mass (Chow 2.46 ± 0.84 
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g, Keto 1.21 ± 0.36 g; p < 0.0001) during the dark cycle when provided KD in place of chow. 

Animals maintained on KD exhibited reduced number of drinking bouts (Chow 64.8 ± 18.9 

bouts, Keto 54.51 ± 14.8 bouts; p-value = 0.0744) reduced mean uptake of water per bout (Chow 

0.057 ± 0.026 mL/min, Keto 0.029 ± 0.007 mL/min; p < 0.0001), and reduced total water uptake 

(Chow 3.32 ± 0.67 mL, Keto 1.53 ± 0.49 mL; p < 0.0001) as seen in Figure 4-11. KD had no 

significant effect on total distance traveled or on mean walking speed (Fig. 4-12). Animals 

maintained on KD had no significant difference in their sleep behavior during the dark cycle but 

did sleep significantly more during the light cycle (Fig. 4-13, Light Cycle: Chow 10.75 ± 0.68 h, 

Keto 11.36 ± 1.01 h; p-value = 0.0182; Dark Cycle: Chow 4.22 ± 1.33 h, Keto 4.69 ± 0.71 h; p-

value = 0.1928). 

Measuring Hepatic Changes and Intrahepatic Ketone Levels 

 Failing to observe increased systemic ketonemia or other physiologic phenotypes in 

hepatocyte expressing transgenic mice we explored the possibility that transgene expression was 

modulating liver physiology that was not overtly manifest at the level of the whole organism or 

in the blood. To begin, we compared gross weights of liver at necropsy to total body weight. 

Livers were found to be significantly larger in CPT1AM593S hepatocyte expressing mice, 

especially among female mice by mixed-effects analysis (Fig. 4-14, p-value of mixed effects 

analysis on effect of genotype p = 0.0113, post-hoc comparison of NCARs to CPT1AM593S 

females p-value = 0.0438).  

We next measured to ketone body content within the liver by measuring ketone content in 

liver homogenates normalized to input mass of organ prior to homogenization. We found that 

ketone bodies were significantly elevated in CPT1AM593S livers compared to NCAR livers across 
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all animals (Fig. 4-14, NCAR 1.3 ± 0.6 µmol βOHB/mg Liver, CPT1AM593S 1.8 ± 0.4 µmol 

βOHB/mg Liver; p-value = 0.0265; n = 14,8; mean ± SD).  No significant difference has been 

observed in male mice (NCAR 1.2 ±, CPT1AM593S 1.6 ± 0.5; p-value 0.2778; n = 10, 3; mean ± 

SD).  Female mice nearly reached significance on a limited number of animals (NCAR 1.5 ± 0.3; 

CPT1AM593S 2.0 ± 0.3; p-value = 0.0601; n = 4,5; mean ± SD).  

Hepatic Mitochondrial Enzyme Kinetics 

 To assess if CPT1AM593S expression influenced mitochondria TCA cycle or ETC enzyme 

kinetics we performed citrate synthase, complex 1, and cytochrome oxidase enzymatic Vmax 

assays (Fig. 4-15). We did not detect a significant difference in Vmax of any of these enzyme 

complexes. Citrate synthase was close to achieving significance across all animals when 

transgenic mice were normalized to NCAR littermates (NCAR 100 ± 30.1%, CPT1AM593S 126.3 

± 62.9%, p-value = 0.196; n = 14,8; mean ± SD). Male CPT1AM593S mice displayed a near-

significant increase in CS Vmax when normalized to NCAR male littermates (NCAR Males 100 

± 20.5%, CPT1AM593S Males 131.4 ± 41.5%; p-value = 0.0892; n = 10, 3; mean ± SD). Female 

CPT1AM593S mice did not even remotely approach a significant difference in CS Vmax (NCAR 

Females 100 ± 27.1%, CPT1AM593S Females 102.0 ± 60.0%; p-value = 0.954; n = 4,5; mean ± 

SD). 

 COX Vmax exhibited non-significant increases in Vmax across all CPT1AM593S mice (All 

NCAR 100 ± 24.2%, All CPT1AM593S 138.9 ± 86.6%; p-value 0.125; n = 14,8; mean ± SD) and 

female mice (NCAR Females 100 ± 6.1%, CPT1AM593S 174.9 ± 99.7%; p-value 0.183; n = 4,5; 

mean ± SD), but a non-significant reduction in male CPT1AM593S mice (NCAR Males 100 ± 

28.6%, CPT1AM593S Males 84.8 ± 21.5%; p-value = 0.4187; n = 10,3; mean ± SD). 
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 Complex 1 Vmax displayed higher variance than either CS or COX assays. As such, Rout 

outlier testing was performed with q = 1%. Two female samples, one in each genotype, were 

identified as outliers and excluded from downstream analysis.  We detected no significant 

difference in Complex 1 across all animals (NCAR All 100 ± 97.9%, CPT1AM593S All 167.9 ± 

140.1%; p-value 0.219; n = 13,7; mean ± SD). No difference was found across males (NCAR 

Males 100 ± 98.1%, CPT1AM593S Males 123.2 ± 132%; p-value = 0.7436; n = 10,3; mean ± SD). 

Nor was a difference detected amongst females (NCAR Females 100 ± 80.4%, CPT1AM593S 

Females 288.5 ± 229.2%; p-value = 0.239; n = 3,4; mean ± SD). 

Hepatic Molecular Signaling Changes 

 Although we did not observe statistically significant CS Vmax increases, we considered 

that it was possible increased ketonemia was not observed as some of the Acetyl-CoA generated 

from the β-oxidation of fats may be escaping the mitochondrial matrix, not as ketone bodies, but 

as citrate. We began to assess this possibility at a molecular signaling level via Western blotting 

(Fig. 4-16). We examined levels of activating phosphorylation of ATP Citrate Lyase (ACLY) 

which is responsible for converting citrate to acetyl-CoA in the cytosol. We found that 

CPT1AM593S expressing mice had significantly increased levels of ACLY phosphorylation 

compared to NCAR littermates (pS455 ACLY: NCAR 100 ± 26.25%, CPT1AM593S 198.1 ± 

102.8%; p-value = 0.0380; n = 14,8; mean ± SD). Total ACLY levels did not differ significantly 

(Total ACLY: NCAR 100 ± 24.3%, CPT1AM593S 130.1 ± 47.7%; p-value = 0.2413; n = 14,8; 

mean ± SD). We next assessed activation status of the upstream regulatory kinase for ACLY, 

protein kinase B (Akt). Phosphorylation of Akt at Ser473 was non-significantly elevated in 

CPT1AM593S mice (NCAR 100 ± 62.19%, CPT1AM593S 150.3 ± 74.13%; p-value = 0.1298; n = 
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14,8; mean ± SD). No difference was observed in levels of total Akt protein (NCAR 100 ± 

22.43%, CPT1AM593S 118.90 ± 34.21%; p-value = 0.3069; n = 10,5; mean ± SD). 

Upon conversion of citrate to acetyl-CoA in the cytosol it can be used as substrate for de 

novo lipogenesis or cholesterol anabolism which is performed by acetyl-CoA carboxylase 1 

(ACC1) and hydroxymethylglutrayl-CoA reductase (HMGCR) respectively. Phosphorylation at 

the inhibitory regulatory site Ser79 was increased in CPT1AM593S mice (pS79 ACC1: NCAR 100 

± 30.77%, CPT1AM593S 206.3 ± 708.42%; p-value = 0.0107; n = 14,8; mean ± SD). HMGCR 

exhibited no significant difference between NCARs and CPT1AM593S littermates (NCAR 100 ± 

61.14%, CPT1AM593S 141.60 ± 54.72%; p-value = 0.1585; n = 14,7; mean ± SD). 

 As cytoplasmic de novo lipogenesis appeared inhibited by increased ACC1 

phosphorylation, we hypothesized that mitochondrial fatty acid synthesis (mtFAS) would be 

similarly inhibited. We evaluated this by probing for lipoic acid synthase (LIAS) via western 

(Fig. 4-17). We found a non-significant reduction in total amounts of LIAS in CPT1AM593S mice 

(NCAR 100 ± 52.42%, CPT1AM593S 70.18 ± 45.45%; p-value = 0.1803; n = 14,8; mean ± SD). 

We next assessed if lipoic acid production was reduced by probing for lipoic acid which binds as 

a co-factor to four enzymatic complexes: glycine cleavage system H protein (GCSH), pyruvate 

dehydrogenase complex (PDHC), branched chain ketoacid dehydrogenase (BCKDH), and α-

ketoglutarate dehydrogenase (KGDH). We detected no significant difference in lipoylation of 

GCSH or KGDH (GCSH: NCAR 100 ± 50.49%, CPT1AM593S 62.63 ± 57.14%; p-value = 

0.1476; KGDH: NCAR 100 ± 40.76%, CPT1AM593S 76.76 ± 32.62%; p-value = 0.1606; n = 

(14,8); mean ± SD). Lipoylation of PDHC and BCKDH complexes was significantly reduced in 

CPT1AM593S expressing mice (PDHC: NCAR 100 ± 40.73%, CPT1AM593S 47.79 ± 18.88%; p-
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value = 0.0006; BCKDH: NCAR 100 ± 37.94%, CPT1AM593S 56.23 ± 27.02%; p-value = 0.0054; 

n = 14,8; mean ± SD). 

Discussion 

 Prior to any further discussion of our findings we find it imperative to express that these 

early results are derived from an initial collection of litters comparing non-carriers to Albumin-

Cre x CPT1AM593S hemizygotes. To fully determine the effects, or lack thereof, of CPT1AM593S 

expression would require a larger sampling of mice of all genotypes and sexes. As such, as work 

on this project moves forward the immediate task should be the generation of homozygous 

CPT1AM593S breeders to accelerate colony expansion and overcome the limitations of prolonged 

breeding times and small sample sizes. This is especially true regarding colony expansion and 

crossings to Gfap-Cre strains as the Gfap-Cre breeding scheme requires solely the use of Gfap-

Cre female hemizygous breeders due to the transient expression of Cre-Recombinase in 

spermatozoa of male breeders as identified by the Jackson Laboratories. This effect excludes the 

possibility of generating colonies with such male breeders as whole body expression becomes a 

distinct possibility and concern. 

Preliminary findings of the study of the newly generated conditionally expressing 

CPT1AM593S mouse suggests that hepatic expression of the transgene may alter carbon fluxes in 

and out of the mitochondria in an attempt to maintain homeostasis of trafficked fats. Hepatic 

expressing CPT1AM593S mice exhibited increased intrahepatic ketone body content that was not 

observed systemically in the blood. Additionally, enzymatic citrate synthase Vmax indicated 

possibly increases of CS activity in CPT1AM593S mice. This coupled with increased ACLY 

phosphorylation suggests that acetyl-CoA derived from increased β-oxidation of fats is exported 
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from the mitochondrial matrix as both β-hydroxybutyrate and citrate. Downstream inhibition of 

ACC1 activity through its phosphorylation at serine 79 may indicate that cytosolic acetyl-CoA is 

being diverted away from further malonyl-CoA generation and de novo lipogenesis. To fully 

elucidate the fate of mitochondrially trafficked fatty acyl groups it would be critical to expand 

upon these findings by performing radiolabeled palmitate tracing experiments. Doing so would 

allow for a more comprehensive examination of the fate of carbon derived from fatty acids and 

provide a stronger indication for further targeted molecular signaling studies. 

Similarly, preliminary investigations into mitochondrial fatty acid synthesis pathways 

demonstrated reductions in lipoic acid synthase and reduced incorporation of lipoic acid into 

pyruvate dehydrogenase complex and branched chain ketoacid dehydrogenase complex with a 

further non-significant reduction in lipoylation of glycine cleavage system H protein. As lipoic 

acid serves as an integral cofactor for these multimeric complexes, a downregulation of lipoic 

acid could be an adaptive response to reduce further entry of carbon derived from glucose into 

the TCA cycle and to modulate forward progression of the TCA cycle by destabilizing α-

ketoglutarate dehydrogenase complex. Reduced lipoylation of BCKDH is an intriguing finding 

as the branched chain amino acids leucine, isoleucine, and valine are recognized as ketogenic 

amino acids. It is even being suggested that supplementation with these amino acids may serve 

as a potential adjunct therapy to the treatment of pediatric epilepsy given their ketogenic qualities 

(Evangeliou et al., 2009). It would be interesting to expand upon this avenue and investigate if 

CPT1AM593S expressing mice have altered levels of branched chain amino acids in the liver or in 

systemic circulation. 

While these effects would be valuable paths to follow regarding the effects of transgene 

expression within the liver, it is also necessary to evaluate extrahepatic tissues for changes in 
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ketolytic pathways. It is possible that no increase in blood ketones is observed in CPT1AM593S 

expressing mice because expression of the transgene begins during embryonic development. This 

may allow for extrahepatic adaptation to increased ketosis through the upregulation of ketolytic 

enzymes to accelerate catabolic flux to compensate for increase hepatic ketogenesis. In doing so, 

it is possible that there is increased ketone delivery in CPT1AM593S mice but static levels in the 

blood do not reflect the flux. This should be readily performed via western of the two primary 

ketolytic enzymes β-hydroxybutyrate dehydrogenase 1 (BDH1) and succinyl-CoA-3-oxaloacid 

transferase (SCOT) in brain, cardiac myocytes, and skeletal muscle. These tissues should be 

prioritized as they serve as the primary tissues to utilize ketone bodies for energy production in 

the case of brain and cardiac myocytes while skeletal muscle can serve as an internal control for 

non-ketolytic extrahepatic tissue. 

While no behavioral difference was observed in mice via indirect calorimetry 

measurements at this stage it is important to note that group sizes, especially when stratified for 

sex, remain fairly low. As such, subtle changes in RQ, energy expenditure, or feeding behavior 

may not be appreciated at this stage. Further, histologic examination is warranted and necessary 

to determine correct compartmentalization of the transgene product. While expression of the 

CPT1AM593S-CFP construct is appreciated via western blotting we currently have no spatial 

localization data. Further, it would be valuable to perform staining with Oil Red O and periodic 

acid Schiff staining to evaluate changes in hepatic lipid and glycogen content respectively. This 

would be especially true regarding content following intervention with high-fat, low 

carbohydrate or high-fat, high-carbohydrate diets as the effect of CPT1AM593S expression may 

not be readily appreciated without the added stressor of extreme diets or other interventions.  
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This point is illustrated in previous studies that have utilized a similar construct to ours 

via delivery by adenovirus. In these studies, CPT1AM593S mice failed to demonstrate robust 

phenotypes at baseline aside from mild activations of Akt phosphorylation at serine 473, a 

finding we ourselves have not replicated to a level of statistical significance, and Janus kinase 

(JNK) phosphorylation changes. However, when CPT1AM593S were shown to be more resistant 

to obesity associated insulin resistance independent of rates of hepatic steatosis. This was 

associated with rescued activation of hepatic insulin signaling pathway intermediates IRS-1, 

IRS-2, Akt, and GSK3β, phenotypes that were not observed in normal weight, healthy mice 

(Monsenego et al., 2012). A similar study demonstrated that malonyl-CoA insensitive skeletal 

muscle isoform CPT1B was able to reduce high-fat, high-sucrose diet induced insulin resistance 

in muscle (Vavrova et al., 2016). Cultured rat hepatocytes overexpressing wild type CPT1A or 

CPT1AM593S were shown to maintain β-oxidation of oleate even in the presence of glucose and 

insulin challenges while preventing the accumulation of intracellular triglycerides typically 

observed with such interventions with CPT1AM593S mutants demonstrating greater efficacy in 

this regard (Akkaoui et al., 2009). It also remains possible that findings in these studies may be 

more a result of artifact than physiology as adenoviral mediated expression may lead to a large 

copy number of CPT1AM593S with extreme expression levels that are not recapitulated by the 

single copy R26-CPT1AM593S mouse we have generated. 

It is also necessary to perform more fatty acid oxidation assays and CPT1A enzymatic 

activity assays to validate the effect of our expressed transgene although our collaborator Dr. 

Michael Wolfgang has validated its efficacy within his own lab and other groups have routinely 

demonstrated the efficacy of the mutation in abolishing malonyl-CoA inhibition. Early attempts 

to perform such studies on the oroboros-O2k system presented with technical issues including 
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mild response to ADP in enhancing state 3 respiration and extreme state 3S flux upon the 

addition of succinate. While concerns arose over the integrity of mitochondrial preparations, 

mild increases in oxygen consumption to the addition of exogenous reduced cytochrome C 

indicates that mitochondrial membranes were not likely to be ruptured. Nevertheless, returning to 

and addressing these experimental short comings will be critical moving forward. 

Finally, even if increased systemic ketone trafficking is not a phenotype of the R26-

CPT1AM593S mouse, our findings of increased intrahepatic ketone body content may indicate that 

a similar intraorgan phenotype could be reproduced in brain via astrocyte targeted expression. 

Crossings are underway to Gfap-Cre breeders; however, this is a painstakingly slow process for 

reasons described above. While that is the case, increased fat utilization with or without 

enhanced ketogenesis would provide exciting opportunities to study the consequences of 

perturbed bioenergetic fluxes in astrocytes on brain health. 

Taken together, there are intriguing threads as to believe that expression of CPT1AM593S 

is having a phenotypic effect within these mice. The question remains, what effects exactly and 

what do they mean in regards not only to general mouse physiology but the utility of this model 

system in the study of brain bioenergetics and its relationship to brain health. Only time and 

further effort in these endeavors will we be able to definitively answer these questions. 
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Figure 4-1: Schematic of plasmid provided by Michael Wolfgang, PhD. 
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Figure 4-2: Generation of CPT1AM593S conditionally expressing founders. A) Schematic 

detailing insert strategy for linearized plasmid via CRISPR/Cas9 approach. B) Founders were 

identified via PCR identification of 5’, internal, and 3’ PCRs detailed in panel A. C) Germline 

transmission was confirmed via PCR identification of all three regions in the N1 backcross 

generation. 
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Figure 4-3: Validation of transgene expression via Western Blot of liver whole cell lysate in 

Albumin-Cre x R26-CPT1AM593S progeny. Endogenous CPT1A has a known molecular 

weight of 88 kDa. Mice identified as transgenic via PCR genotyping demonstrate a doublet 

when proved for CPT1A and an identifiable band when blotting for CFP. 
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Figure 4-4: Backcrossing to C57BL6/J was performed with SNP monitoring to reach 

congenic status within five generations. 
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Figure 4-5: Body mass does not differ by genotype through the first eight months of life in 

either sex. 
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Figure 4-6: Blood glucose and ketone measurements under chow diet, and ketogenic diet, 

and fasting conditions. A) Blood glucose did not differ between genotypes on chow diet. B) 

Blood glucose did not differ between genotypes on ketogenic diet. C) Blood glucose did not 

differ between genotypes following 16-hour fast. D) Blood ketones did not differ between 

genotypes on chow diet. E) Blood ketones did not differ between genotypes on ketogenic diet. F) 

Blood ketones did not differ between genotypes following a 16-hour fast. Error bars represent 

standard error of the mean. 
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Figure 4-7: Glucose Tolerance Testing did not differ by genotype. A) Insulin sensitivity did not differ by 
genotypes across all animals. B) Insulin sensitivity did not differ by genotype in males. C) Insulin sensitivity did not 
differ by genotypes in females. 
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Figure 4-8: Indirect Calorimetry did not detect any differences in energy expenditure by 

genotype, but did identify reduced total energy expenditure for animals maintained on a 

ketogenic diet. A) Light cycle mean energy expenditure, lowest energy expenditure, and highest 

energy expenditure were elevated when animals were maintained on a ketogenic diet. B) Light 

cycle total energy expenditure was reduced in animals maintained on a ketogenic diet relative to 

chow fed animals. C) No difference was detected in mean energy expenditures during the dark 

cycle either by genotype or diet. D) No difference was measured in total energy expenditure 

during dark cycle by either genotype or diet. Error bars represent standard error of the mean. *, 

**, ***, and **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively.  
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Figure 4-9: Respiratory quotients are not influenced by genotype but are reduced by 

ketogenic diet. A) Light cycle. B) Dark Cycle. Error bars represent standard error of the mean. 

*, **, ***, and **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 
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Figure 4-10: Feeding behavior was not influenced by genotype but altered by ketogenic 

diet. A-C) No difference measured in mean food intake, number of feeding bouts, or total food 

eaten were observed during the light cycle by genotype or diet. D-F) Ketogenic diet fed animals 

reduced their mean and total food eaten while increasing their number of feeding bouts during 

the dark cycle. No effect of genotype was observed. Error bars represent standard error of the 

mean. *, **, ***, and **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 
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Figure 4-11: Drinking behavior was altered by ketogenic diet but not by genotype. A-C) 

Animals maintained on ketogenic diet exhibited reduced mean water uptake, number of drinking 

bouts, and total water consumed during the light cycle. D-F) Similarly, animals exhibited 

reductions in all measurements of drinking behavior when maintained on ketogenic diet during 

the dark cycle. Error bars represent standard error of the mean. *, **, ***, and **** correspond 

to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 
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Figure 4-12: No differences were measured in mobility behavior or ability as a function of 

genotype or dietary intervention. A-D) No differences were noted during the light cycle. E-F) 

Behaviors remained static during the dark cycle as well. Error bars represent standard error of 

the mean. *, **, ***, and **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 

respectively. 
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Figure 4-13: Neither CPT1AM593S genotype nor dietary intervention influenced sleep 

behavior. A-B) Animals spent the same amount of time asleep during the light cycle 

regardless of genotype or diet. C-D) Sleep behavior was not observed to differ during the dark 

cycle by genotype or diet. Error bars represent standard error of the mean. *, **, ***, and **** 

correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 
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Figure 4-14: CPT1AM593S mice exhibit enlarged livers and increased intrahepatic ketone levels compared to 

NCAR litter mates. A) Female CPT1AM593S exhibited significantly enlarged liver at necropsy when normalized to 

total body weight compared to NCAR females. B) Intrahepatic ketones were significantly elevated across all 

animals in CPT1AM593S mice and nearly reached significance in females alone. Error bars represent standard error 

of the mean. *, **, ***, and **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 
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Figure 4-15: No significant differences were found in mitochondrial enzymatic Vmax assays 

between NCAR and CPT1AM593S mice. A-C) No significant differences were observed in CS, 

COX, or complex 1 maximum enzymatic velocity between genotypes. D-F) No significant 

differences were observed when normalizing raw enzymatic rates to non-carrier litter mates. 

Error bars represent standard error of the mean. *, **, ***, and **** correspond to p-values < 

0.05, 0.01, 0.001, and 0.0001 respectively. 
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Figure 4-16: CPT1AM593S mice exhibited increased ACLY and ACC1 phosphorylation compared to NCAR 

littermates. A) Western blot representative images. B) Densitometry of antibody labeling normalized to NCAR 

littermates. Error bars represent standard error of the mean. *, **, ***, and **** correspond to p-values < 0.05, 

0.01, 0.001, and 0.0001 respectively. 
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Figure 4-17: CPT1AM593S mice demonstrate reduced LIAS and lipoic acid incorporation 

into enzymatic complexes. A) Representative western blot images. B) Densitometry of 

associated westerns normalized to NCAR littermates. Error bars represent standard error of the 

mean. *, **, ***, and **** correspond to p-values < 0.05, 0.01, 0.001, and 0.0001 respectively. 
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Chapter 5: Conclusions 
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β-hydroxybutyrate supports respiration while signaling nutrient scarcity in SH-SY5Y cells 

and primary rat neurons. 

The mechanism of benefit of neuroketotherapeutics remain largely unknown. In the 

setting of neurodegenerative diseases such as Alzheimer’s disease, it has been suggested that 

bioenergetic support through increasing the availability of ketone bodies in the blood may be 

effective at treating dementia. Increasingly, it is becoming appreciated that the accumulation of 

senescent cells in the aged brain can have multiple deleterious consequences including increased 

inflammation as a result of the senescence associated secretory phenotype and the loss of 

renewal of replicative cells in the brain from resident stem cell populations such as neural 

progenitors in the hippocampus. Identifying strategies to delay the onset of irreversible cellular 

senescence through the activation of reversible cellular quiescence may similarly be beneficial in 

AD. Here, we provide evidence that supplementation with the ketone salt of β-hydroxybutyrate 

in vitro was able to support respiration in SH-SY5Y neuroblastoma cells and primary embryonic 

rat neurons. 

First, we demonstrated that βOHB increased mitochondrial respiration and energy 

production in SH-SY5Y cells while simultaneously reducing the NAD+/NADH ratio under 

chronic culturing conditions. This shift in respiration was associated with a reduction in 

mitochondrial membrane potential and an increase in protein level of mediators of autophagy 

and mitophagy and an increased MT-ND1/β2M gDNA ratio. As others have previously 

published, ketone bodies have been demonstrated to increase mitochondrial biogenesis signaling. 

These reports accompanied by our observations of increased mitophagy mediators appear to 

indicate that increased cycling of the mitochondrial organelle may be occurring under ketotic 

conditions. It would be interesting to expand upon these findings by making of use of mito-timer 
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and fluorescent mitophagy dyes to further assess the collective ages of mitochondria and observe 

mitophagic flux more directly.  

Although energy production was elevated when the cells were provided with extra carbon 

in the form of βOHB, cell metabolic activity as assessed by MTT assay and cell growth rate were 

reduced. Reduced cellular growth appeared to correlate with a slowed transition through the G1-

S checkpoint which is known to be regulated by mTOR signaling. Expanding upon this, we 

observed that culturing SH-SY5Y cells with βOHB reduced activation of the nutrition sensing 

pathway PI3K-Akt-mTOR despite the increased carbon availability and energy production. We 

also observed increased histone acetylation and transcription of the quiescence regulating 

Yamanaka factors Oct4, Sox2, and myc when cells were supplemented with βOHB.  

Many of these findings observed in SH-SY5Y cells were recapitulated in primary rat 

embryonic neurons including increased mitochondrial respiration, reduced Akt phosphorylation, 

and increased histone acetylation and Oct4 protein level. These findings together indicate that 

ketone bodies support energy production while modulating cellular signaling pathways to induce 

quiescence in neuronal cells.  

What remains unknown, but would be of interest to determine, is what about βOHB 

mechanistically induces these changes. First, are the molecular signaling effects occurring 

downstream of the bioenergetic effects or occur independently from them? To address this, it 

would be interesting to make use of mitochondrial DNA depleted SH-SY5Y cells, otherwise 

known as rho0 (ρ0) cells. These ρ0 cells do not have a functional mitochondrial electron 

transport chain and as such would be unable to respond bioenergetically to βOHB availability as 

all energy derived from ketolysis occurs through the generation of high energy electron carriers 
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that are dependent upon functional ETC flux. Therefore, one could surmise that if ρ0 cells 

continue to exhibit changes in growth rate, PI3K-Akt-mTOR signaling, and Yamanaka factor 

transcription that these changes are induced independent of the bioenergetic effects of βOHB. 

Secondly, it may be interesting to determine whether PI3K-Akt-mTOR lies upstream of 

Yamanaka factor transcription increases or vice versa. This may be addressed through the use of 

specific mTOR inhibitor rapamycin or one of its analogues. In doing so, these experiments may 

point to the value of the study of FDA approved mTOR inhibitors for the treatment of 

neurodegenerative disease through the induction of cellular quiescence signaling pathways. 

Astrocytes do not respond bioenergetically to β-hydroxybutyrate supplementation in vitro. 

Unlike neurons, primary rat astrocytes did not respond to chronic supplementation of 

βOHB by increasing mitochondrial respiration. Similarly, histone acetylation was not increased 

and consistent suppression of Akt phosphorylation was observed in astrocytes when treated with 

βOHB. This differential response to βOHB availability indicates that the brain may be 

specialized to spare βOHB from glial catabolism so as to maintain availability of this carbon 

source for neuronal consumption as an emergency reserve during times of nutrient scarcity. 

Although to be certain of this, expanded in vivo studies would be required. While this is of 

interest from a physiological and evolutionary perspective, it may also have important lessons for 

the treatment of neurologic disease. Providing ketones to the CNS en masse may reduce potency 

if therapeutic response is dependent on a specific response unique to a single CNS cell 

population subtype and the intervening agent distributes across all populations. This may 

especially be the case in regard to ketone-based therapies as transport of ketones into cells relies 

on monocarboxylate transporters that are ubiquitous in the CNS.  
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Further studies into the effects of ketone bodies on astrocytes are warranted to better 

appreciate if they induce an alternative, unrecognized effect on astrocytic biology or if they are 

largely inert in this population. A larger, more ambitious future direction for this line of study 

would be the development and validation of new drug delivery therapies not only to overcome 

the blood brain barrier, but to achieve CNS cell population targeting upon entry to the brain. 

Development of such technology could have profound impact on improving the potency and 

specificity of pharmaceutical effects on neurologic disease which could improve efficacy and 

reduce adverse secondary effects. 

Mouse Neuronal and Astrocytic Transcriptional Response to 90-Day Ketogenic Diet 

Intervention Differs Greatly. 

To expand upon our in vitro findings, we maintained two populations of adult, male 

C57BL6/N mice on standard chow and ketogenic diets for 90-days and isolated neuronally and 

astrocytically enriched cell fractions for transcriptomic profiling. KEGG pathway analysis of 

neurons indicated that ketogenic diet increased transcription of intermediates for such 

phenomena as mitochondrial oxidative phosphorylation, endoplasmic reticulum protein 

processing, and insulin signaling among many others. Amongst pathology associated pathways, 

the top three pathways altered in neurons included Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease indicating that ketogenic diet modulates phenomena relevant to 

neurodegenerative disease pathogenesis. Many of these pathways appeared to rely upon 

upregulation of mitochondrial electron transport chain subunits, PI3K-Akt-mTOR signaling, 

JNK signaling, and ERK 1/2 signaling pathways for pathway identification. 
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Meanwhile, astrocytic transcriptional response was largely suppressed in response to 

ketogenic diet compared to standard chow fed mice. Altered pathways in astrocytes included 

steroid hormone biosynthesis, axon guidance, and insulin signaling pathways. Pathology 

associated pathways included those pertaining to infectious disease, cancer, drug addiction, and 

type II diabetes mellitus. When investigated further, it appears that these pathway results stem 

from modulations in JNK signaling, Akt signaling, ERK 1/2, inflammatory cytokine signaling, 

and changes in enzymes involved in glucuronidation.  

 All of these purported changes require further investigation at the protein and 

histological level to confirm the exact nature of their response to ketogenic diet. Further, from a 

mechanistic perspective it would be valuable to return to in vitro studies in these cell types to 

determine which exact pathway activations are responding as a part of ketone supplementation, 

increased fat availability in the diet, changes in insulin, changes in glucagon, or other facets of 

the ketogenic diet. Of these findings, it is gratifying that neurodegenerative disease were returned 

as such highly significant results on the KEGG pathway analysis to lend credence to the 

hypothesis of the utility in treating these disorders. As far as newly recognized molecular 

pathways and potential mechanisms are concerned, alterations in ER protein processing and 

endocytosis seem to be the most intriguing as translatable effects that could have AD modulating 

properties. Improved ER protein processing may alter the manner in which APP or tau is 

processed via glycosylation or alternative protein processing mechanisms that may divert them 

away from pathogenic forms that could initiate or accelerate disease progression. It is also 

increasingly recognized that endocytosis is disrupted in AD and understanding the effects of KD 

on endocytosis may provide insight on how to modulate this behavior to prevent the 

accumulation of extracellular amyloid plaques. 
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 Even more novel from a purely biological perspective is the alteration in 

glucuronidation pathways in astrocytes. Glucuronidation is best understood for its role in phase 

II drug metabolism for the excretion of xenobiotics. While it has been previously established that 

astrocytes perform the majority of glucuronidation in the brain, its purpose is unclear. Currently 

it is understood to increase that sex steroids, dopamine, and serotonin serve as substrates for 

glucuronidation in the brain although the physiological consequences of such modulation are 

poorly understood. Ketogenic diet would be a useful intervention to expand upon this 

understudied aspect of mammalian biology that could have important ramifications in the fields 

of psychological disorders, parkinsonian disorders, and neuropharmacology. 

Initial findings and future directions for the utilization and study of the CPT1AM593S mouse 

model. 

Here, we will briefly summarize the conclusions found in the discussion of Chapter 4 that 

are written in greater detail. Preliminary findings into the characterization of the CPT1AM593S 

indicate that hepatic expression of the transgene does not manifest in increased ketonemia under 

standard chow diet, ketogenic diet, or prolonged fasting conditions relative to non-carrier 

littermates. However, there is evidence to suggest that hepatic ketogenesis is elevated and that 

export of acetyl-CoA from the mitochondrial matrix as citrate may be elevated while 

mitochondrial fatty acid synthesis is suppressed. As such, the immediate future of this project 

should accomplish the following goals.  

Firstly, histologic examination of the transgenic livers should be performed to confirm 

correct subcellular localization of the transgene to the mitochondria and not the peroxisome as 

CPT1A is known to traffic to both organelles. While this is performed histologic examination of 
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lipid and glycogen content could also be performed to assess changes in carbon accumulation in 

the liver that may account for observations of increased liver weight relative to total body 

weight. Second, more mice are needed to confirm or refute initial findings regarding alterations 

in mitochondrial enzymatic activity and molecular signaling changes within both sexes. To 

address the issue of slow pace of progress secondary to limited numbers of transgenic pups, it 

should be an immediate goal to generate homozygous CPT1AM593S breeders so that the 

investigator is not at the mercy of chance for the number of transgenic pups per litter. The other 

immediate advantage of generating homozygous breeders would be the ability to produce 

homozygous CPT1AM593S mice on a Cre background to observe the effects of increased copy 

number on phenotype. It remains possible that constitutively increased ketosis is a phenotype of 

the CPT1AM593S mouse model but only on ketogenic conditions. Additionally, it would be 

interesting to know what the physiologic consequences are of changes in ACLY, ACC1, and 

LIAS protein status. To address this, it would be valuable to perform radiolabeled fat tracing to 

understand the fate of radiolabeled palmitate and how carbons derived from fat are trafficked 

between non-carriers and transgenic mice. Finally, and perhaps most critically, examination of 

the consequences of transgene expression in astrocytes would be imperative to the study of the 

effects of transgene expression on the CNS, especially if intraorgan increases in ketone body 

content are also a phenotype of astrocytic CPT1AM593S expression. 

Summary 

Metabolic dysfunction is an early and important feature of brain aging and Alzheimer’s 

disease. Addressing metabolic dysfunction either through bioenergetic support or the activation 

of cellular quiescence may have important therapeutic effects on these neurologic states. 

Ketogenic therapies, either the ketogenic diet or use of a ketone salt, appear to support 
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bioenergetics and signal cellular quiescence in a cell population specific manner. As such, 

further study into the application of neuroketotherapeutics to promote healthy brain aging or treat 

neurodegenerative disease are indicated. However, it should be done with ample consideration as 

to the metabolic compartmentalization of the CNS and differential response to interventions with 

respect to cell type.  
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Appendix: Plasmid Genetic Sequence 

5’-

GTCGACATTGATTATTGACTAGTCAATTGCCCCGCGGCAGGCCCTCCGAGCGTGGTG

GAGCCGTTCTGTGAGACAGCCGGGTACGAGTCGTGACGCTGGAAGGGGCAAGCGGG

TGGTGGGCAGGAATGCGGTCCGCCCTGCAGCAACCGGAGGGGGAGGGAGAAGGGA

GCGGAAAAGTCTCCACCGGACGCGGCCATGGCTCGGGGGGGGGGGGGCAGCGGAG

GANCGCTTCCGGCCGACGTCTCGTCGCTGATTGGCTTNTTTTCCTCCCGCCGTGTGTG

AAAACACAAATGGCGTGTTTTGGTTGGCGTAAGGCGCCTGTCAGTTAACGGCAGCC

GGAGTGCGCAGCCGCCGGCAGCCTCGCTCTGCCCACTGGGTGGGGCGGGAGGTAGG

TGGGGTGAGGCGAGCTGNACGTGCGGGCGCGGTCGGCCTCTGGCGGGGCGGGGGAG

GGGAGGGAGGGTCAGCGAAAGTAGCTCGCGCGCGAGCGGCCGCCCACCCTCCCCTT

CCTCTGGGGGAGTCGTTTTACCCGCCGCCGGCCGGGCCTCGTCGTCTGATTGGCTCT

CGGGGCCCAGAAAACTGGCCCTTGCCATTGGCTCGTGTTCGTGCAAGTTGAGTCCAT

CCGCCGGCCAGCGGGGGCGGCGAGGAGGCGCTCCCAGGTTCCGGCCCTCCCCTCGG

CCCCGCGCCGCAGAGTCTGGCCGCGCGCCCCTGCGCAACGTGGCAGGAAGCGCGCG

CTGGGGGCGGGGACGGGCAGTAGGGCTGAGCGGCTGCGGGGCGGGTGCAAGCACG

TTTCCGACTTGAGTTGCCTCAAGAGGGGCGTGCTGAGCCAGACCTCCATCGCGCACT

CCGGGGAGTGGAGGGAAGGAGCGAGGGCTCAGTTGGGCTGTTTTGGAGGCAGGAA

GCACTTGCTCTCCCAAAGTCGCTCTGAGTTGTTATCAGTAAGGGAGCTGCAGTGGAG

TAGGCGGGGAGAAGGCCGCACCCTTCTCCGGAGGGGGGAGGGGAGTGTTGCAATAC

CTTTCTGGGAGTTCTCTGCTGCCTCCTGGCTTCTGAGGACCGCCCTGGGCCTGGGAG

AATCCCTTGCCCCCTCTTCCCCTCGTGATCTGCAACTCCAGTCTTTACTAGTTATTAA
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TAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACA

TAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACG

TCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAA

TGGGTGGACTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATG

CCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCC

CAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCG

CTATTACCATGGGTCGAGGTGAGCCCCACGTTCTGCTTCACTCTCCCCATCTCCCCCC

CCTCCCCACCCCCAATTTTGTATTTATTTATTTTTTAATTATTTTGTGCAGCGATGGGG

GCGGGGGGGGGGGGGGCGCGCGCCAGGCGGGGCGGGGCGGGGCGAGGGGCGGGG

CGGGGCGAGGCGGAGAGGTGCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAG

TTTCCTTTTATGGCGAGGCGGCGGCGGCGGCGGCCCTATAAAAAGCGAAGCGCGCG

GCGGGCGGGAGTCGCTGCGTTGCCTTCGCCCCGTGCCCCGCTCCGCGCCGCCTCGCG

CCGCCCGCCCCGGCTCTGACTGACCGCGTTACTCCCACAGGTGAGCGGGCGGGACG

GCCCTTCTCCTCCGGGCTGTAATTAGCGCTTGGTTTAATGACGGCTCGTTTCTTTTCT

GTGGCTGCGTGAAAGCCTTAAAGGGCTCCGGGAGGGCCCTTTGTGCGGGGGGGAGC

GGCTCGGGGGGTGCGTGCGTGTGTGTGTGCGTGGGGAGCGCCGCGTGCGGCCCGCG

CTGCCCGGCGGCTGTGAGCGCTGCGGGCGCGGCGCGGGGCTTTGTGCGCTCCGCGT

GTGCGCGAGGGGAGCGCGGCCGGGGGCGGTGCCCCGCGGTGCGGGGGGGCTGCGA

GGGGAACAAAGGCTGCGTGCGGGGTGTGTGCGTGGGGGGGTGAGCAGGGGGTGTG

GGCGCGGCGGTCGGGCTGTAACCCCCCCCTGCACCCCCCTCCCCGAGTTGCTGAGCA

CGGCCCGGCTTCGGGTGCGGGGCTCCGTGCGGGGCGTGGCGCGGGGCTCGCCGTGC

CGGGCGGGGGGTGGCGGCAGGTGGGGGTGCCGGGCGGGGCGGGGCCGCCTCGGGC

CGGGGAGGGCTCGGGGGAGGGGCGCGGCGGCCCCGGAGCGCCGGCGGCTGTCGAG
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GCGCGGCGAGCCGCAGCCATTGCCTTTTATGGTAATCGTGCGAGAGGGCGCAGGGA

CTTCCTTTGTCCCAAATCTGGCGGAGCCGAAATCTGGGAGGCGCCGCCGCACCCCCT

CTAGCGGGCGCGGGCGAAGCGGTGCGGCGCCGGCAGGAAGGAAATGGGCGGGGAG

GGCCTTCGTGCGTCGCCGCGCCGCCGTCCCCTTCTCCATCTCCAGCCTCGGGGCTGC

CGCAGGGGGACGGCTGCCTTCGGGGGGGACGGGGCAGGGCGGGGTTCGGCTTCTGG

CGTGTGACCGGCGGCTCTAGAGCCTCTGCTAACCATGTTCATGCCTTCTTCTTTTTCC

TACAGCTCCTGGGCAACGTGCTGGTTATTGTGCTGTCTCATCATTTTGGCAAAGAATT

CGTGTGGTGGAATTGCCCTTATAACTTCGTATAGTATACATTATACGAAGTTATCAA

TGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTTC

AAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGG

CGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTG

GCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGG

CCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGG

GCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACC

CAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCAC

CAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCT

CCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGG

CTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGN

CAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCA

CCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAACGCGCCGAGGGCCGC

CACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAATAACTTCGTATAGTATACAT

TATACGAAGTTATAAGGGCAATTCTGCAGATGCTAGCGCCGCCACCATGGCAGAGG

CTCACCAAGCTGTGGCCTTCCAGTTCACAGTCACCCCTGATGGCATCGATCTCCGCC
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TGAGCCATGAAGCCCTCAAACAGATCTGCCTGTCAGGGCTGCACTCCTGGAAGAAG

AAGTTCATCCGATTCAAGAATGGCATCATCACTGGTGTGTTCCCCGCGAGTCCCTCC

AGCTGGCTTATCGTGGTGGTGGGTGTGATATCATCCATGCATACCAAAGTGGACCCC

TCCCTGGGCATGATTGCAAAGATCAATCGGACCCTAGACACCACTGGCCGCATGTCA

AGCCAGACGAAGAACATCGTGAGTGGCGTCCTCTTTGGCACAGGGCTCTGGGTGGC

GATCATCATGACTATGCGCTACTCGCTGAAGGTGCTGCTCTCCTACCATGGCTGGAT

GTTTGCAGAGCACGGCAAAATGAGCCGCAGCACCAGAATCTGGATGGCTATGGTCA

AGGTCTTCTCGGGTCGAAAGCCCATGTTGTACAGCTTCCAGACGTCTCTGCCGCGCC

TGCCTGTCCCAGCTGTCAAAGATACCGTGAGCAGGTACCTGGAGTCTGTGAGGCCAC

TGATGAAGGAGGGAGACTTCCAACGCATGACAGCACTGGCCCAGGATTTTGCTGTC

AACCTTGGACCCAAATTGCAGTGGTATTTGAAGCTAAAATCCTGGTGGGCCACAAAT

TATGTGAGTGACTGGTGGGAGGAATACATCTACCTGCGGGGCCGAGGGCCGATCAT

GGTTAACAGCAACTACTACGCCATGGAGATGCTCTACATCACCCCAACCCATATTCA

GGCAGCGAGAGCTGGCAACACCATCCACGCCATACTGCTGTATCGTCGCACGGTAG

ACCGTGAGGAACTCAAACCTATTCGTCTTCTGGGATCTACAATTCCCCTCTGCTCTGC

TCAGTGGGAGCGACTCTTCAATACTTCCCGCATCCCTGGGGAGGAGACAGACACCA

TCCAACACGTCAAGGACAGCAGGCACATTGTCGTGTACCACAGAGGCCGTTACTTC

AAGGTCTGGCTCTACCATGACGGGAGGCTGCTGAGGCCCCGTGAGCTGGAGCAGCA

GATGCAGCAGATCCTGGATGACACCTCAGAGCCGCAGCCCGGGGAAGCCAAGCTTG

CCGCCCTCACTGCCGCAGACAGAGTGCCCTGGGCGAAGTGTCGGCAGACCTATTTTG

CACGAGGAAAAAATAAGCAATCTCTGGATGCGGTAGAAAAGGCAGCATTCTTCGTG

ACGTTGGACGAATCGGAACAGGGATATAGAGAGGAGGACCCTGAGGCATCTATTGA

CAGCTATGCCAAATCTCTGCTGCATGGTAGATGTTTCGACAGGTGGTTTGACAAGTC
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CATCACCTTTGTTGTCTTCAAAAACAGCAAGATAGGCATAAACGCAGAGCATTCCTG

GGCGGACGCGCCCATCGTGGGCCATCTGTGGGAGTATGTCATGGCCACCGACGTCTT

CCAGCTGGGCTACTCAGAGGATGGACACTGTAAAGGAGACAAGAACCCCAACATCC

CCAAACCCACCAGGCTACAGTGGGACATTCCAGGAGAATGCCAGGAGGTCATAGAG

ACATCCCTAAGCAGTGCCAGTTTTTTGGCAAATGATGTGGACCTGCATTCCTTCCCAT

TTGACACCTTTGGCAAAGGCTTGATCAAGAAGTGCCGGACGAGTCCCGATGCCTTCA

TCCAGCTGGCACTGCAGCTCGCACATTACAAGGACATGGGCAAGTTCTGCCTCACGT

ATGAGGCTTCCTCGACTCGGCTCTTCCGAGAGGGGAGGACAGAGACTGTACGCTCCT

GCACTACGGAGTCCTGCAACTTTGTGCTGGCCATGATGGACCCCACAACAACGGCA

GAGCAGAGGTTCAAGCTGTTCAAGATAGCTTGTGAAAAGCACCAGCACCTGTACCG

CCTCGCCATGACGGGCGCTGGCATCGACCGCCACCTCTTCTGCCTCTATGTGGTGTC

CAAGTATCTGGCAGTCGACTCACCTTTCCTGAAGGAGGTACTGTCTGAGCCATGGAG

GTTGTCCACGAGCCAGACTCCTCAGCAGCAGGTGGAACTGTTTGACTTTGAGAAATA

CCCTGACTATGTGTCCTGTGGCGGGGGCTTTGGGCCGGTTGCTGATGACGGCTATGG

TGTTTCCTACATTATTGTGGGAGAGAATTTCATCCACTTCCATATTTCTTCCAAGTTC

TCTAGCCCTGAGACAGACTCACACCGCTTTGGGAAGCACTTGAGACAAGCCATGAT

GGACATTATCACCTTGTTTGGCCTCACCGCCAATTCCAAAAAGACGCGTGGATCCGG

AGTTAACGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCG

AGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC

GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCC

GTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGTGCAGTGCTTCGCCCGC

TACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTAC

GTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGA
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GGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACT

TCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACGCCATCAGCGAC

AACGTCTATATCACCGCCGACAAGCAGAAGAACGGCATCAAGGCCAACTTCAAGAT

CCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACA

CCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGT

CCAAGCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTC

GTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGCTAGCAA

GGGCAATTCTGCAGATATCCAGCACAGTGGCGGCCGCACTCCTCAGGTGCAGGCTG

CCTATCAGAAGGTGGTGGCTGGTGTGGCCAATGCCCTGGCTCACAAATACCACTGAG

ATCTTTTTCCCTCTGCCAAAAATTATGGGGACATCATGAAGCCCCTTGAGCATCTGA

CTTCTGGCTAATAAAGGAAATTTATTTTCATTGCAATAGTGTGTTGGAATTTTTTGTG

TCTCTCACTCGGAAGGACATATGGGAGGGCAAATCATTTAAAACATCAGAATGAGT

ATTTGGTTTAGAGTTTGGCAACATATGCCATATGCTGGCTGCCATGAACAAAGGTGG

CTATAAAGAGGTCATCAGTATATGAAACAGCCCCCTGCTGTCCATTCCTTATTCCAT

AGAAAAGCCTTGACTTGAGGTTAGATTTTTTTTATATTTTGTTTTGTGTTATTTTTTTC

TTTAACATCCCTAAAATTTTCCTTACATGTTTTACTAGCCAGATTTTTCCTCCTCTCCT

GACTACTCCCAGTCATAGCTGTCCCTCTTCTCTTATGAAGATCCCTCGACCTGCAGCC

CAAGCTTAGATGGGCGGGAGTCTTCTGGGCAGGCTTAAAGGCTAACCTGGTGTGTG

GGCGTTGTCCTGCAGGGGAATTGAACAGGTGTAAAATTGGAGGGACAAGACTTCCC

ACAGATTTTCGGTTTTGTCGGGAAGTTTTTTAATAGGGGCAAATAGGAAAATGGAGG

ATAGGAGTCATCTGGGGTTTATGCAGCAAAACTACAGGTATATTGCTTGTATCCGCC

TCGGAGATTTCCATGAGGAGATAAAGACATGTCACCCGAGTTTATACTCTCCTGCTT

AGATCCTACTACAGTATGAAATACAGTGTNGCGAGGTAGACTATGTAAGCAGATTT
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AATCATTTTAAAGAGCCCAGTACTTCATATCCATTTCTCCCGCTCCTTCTGCAGCCTT

ATCAAAAGGTATTTAGAACACTCATTTTAGCCCCATTTTCATTTATTATACTGGCTTA

TCCAACCCCTAGACAGAGCATTGGCATTTTCCCTTTCCTGATCTTAGAAGTCTGATGA

CTCATGAAACCAGACAGATTAGTTACATACACCACAAATCGAGGCTGTAGCTGGGG

CCTCAACACTGCAGTTCTTTTATAACTCCTTAGTACACTTTTTGTTGATCCTTTGCCTT

GATCCTTAATTTTCAGTGTCTATCACCTCTCCCGTCAGGTGGTGTTCCACATTTGGGC

CTATTCTCAGTCCAGGGAGTTTTACAACAATAGATGTATTGAGAATCCAACCTAAAG

CTTAACTTTCCACTCCCATGAATGCCTCTCTCCTTTTTCTCCATTATAACTGAGCTATN

ACCATTAATGGTTTCAGGTGGATGTCTCCTCCCCCAATATACCTGATGTATCTACATA

TTGCCAGGCTGATATTTTAAGACATNAAAGGTATATTTCATTATTGAGCCACATGGT

ATTGATTACTGCTACTAAAATTTTGTCATTGTACACATCTGTAAAAGGTGGTTCCTTT

TGGAATGCAAAGTTCAGGTGTTTGTTGTCTTTCAATTGAAGCTTGGCGTAATCATGG

TCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGA

GCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATT

AATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCGGAT

CCGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCC

CTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTT

ATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGC

TTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTAACTTGTTTATTGCAGCTTATAATGG

TTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCA

TTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGATCCGCTGC

ATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCG

CTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAG
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CTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAG

AACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGC

TGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAA

GTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGA

AGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCT

TTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTC

GGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGA

CCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTT

ATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCG

GTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTAT

TTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTT

GATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGA

TTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTG

ACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAA

AGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGT

ATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATC

TCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAA

CTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGAC

CCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGA

GCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCG

GGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGC

TACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCC

CAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCC
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TTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTT

ATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGA

CTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCT

CTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTG

CTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTG

AGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTT

TCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGG

AATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTG

AAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAA

AAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG-3’ 
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